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1. Introduction

Chemical functionalization of carbon nanotubes (CNTs), i.e., attachment of individual
atoms/molecules or their aggregates to CNTs, can extend the field of application of these
nanosystems in nanoelectronics, sensorics, hydrogen power engineering, bioengineering,
medicine, etc. (Dresselhaus & Dresselhaus, 2001; Burghard, 2005). In this respect, the
fluorination of CNTs is of special interest because the fluorination results in a considerable
decrease in the chemical inertness of the initial systems. Therefore, the fluorination is
considered as a promising technological process for the first stage of the CNT chemical
functionalization (Mickelson et al., 1998; Mickelson et al., 1999; Khabashesku et al., 2002;
Lee, 2007). However, carbon materials react with fluorine over a wide range of external
conditions. Consequently, the chemical composition, as well as the atomic and electronic
structures of fluorinated carbon nanotubes (F-CNTs), depends substantially on the structure
and properties of the initial materials and fluorination conditions, such as the reaction
temperature and duration, the presence of catalysts, pressure, and concentration of
fluorinating reactants (Touhara & Okino, 2000). All these factors need comprehensive
investigations of fluorination products by different experimental methods.

Fitting of fluorination conditions that are necessary to perform the preset controllable
restructuring of the CNT electronic structure remains at present the most topical problem of
the carbon nanomaterial chemistry. Therefore, their atomic and electronic structures have
been studied by using a limited number of experimental techniques. First and foremost,
these are different microscopic techniques ensuring their visualization (Mickelson et al.,
1998; Mickelson et al., 1999; Khabashesku et al., 2002; Lee, 2007; Touhara & Okino, 2000),
Hamwi et al,, 1997; Yudanov et. al,, 2002; Hayashi et al., 2002; Lee et al., 2003), x-ray
diffraction methods characterizing the degree of F-CNT crystallinity (Hamwi et al., 1997;
Yudanov et. al,, 2002) UV spectroscopy (Mickelson et al.,, 1999), Raman spectroscopy
(Mickelson et al., 1998; Mickelson et al., 1999; Khabashesku et al., 2002; Lee, 2007; Touhara &
Okino, 2000; Hamwi et al.,, 1997; Lee et al.,, 2003) and C 1s and F 1s core-level x-ray
photoelectron spectroscopy (XPS) (Touhara & Okino, 2000; Hamwi et al., 1997; Lee et al,,
2003; An et al, 2002) which provide information on the nature of chemical bonding between
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68 Carbon Nanotubes

carbon C and fluorine F atoms in F-CNTs. The investigations performed made it possible to
determine the main conditions for the fluorination of single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) to characterize their atomic
structure and to obtain preliminary information on the specific features of their electronic
structure due to the chemical bonding between C and F atoms. However, the data obtained
in those works even with due regard for the results of the first theoretical calculations
(Kudin et al., 2001; Park et al., 2003; Lebedev et al., 2003; Van Lier et al., 2005; Ewels et al.,
2006) do not provide clear perception of the CNT fluorination mechanism and properties of
fluorination products, which is necessary for expansion of practical use of F-CNTs.
Near-edge x-ray absorption fine-structure spectroscopy (NEXAFS) is at present one of the
most efficient experimental methods (Stohr, 1992; Chen, 1997). NEXAFS spectroscopy uses
the relation between the spectral characteristics of the near-edge fine structure of x-ray
absorption spectra and the parameters of the local atomic and electronic structures of the
material under investigation in the vicinity of absorbing atoms. There are a few works in
which NEXAFS spectroscopy has been successfully used to characterize pristine and
oxidized CNTs (Kuznetsova et al., 2001; Tang et al., 2002; Schiessling et al., 2003; Banerjee et
al., 2004; Banerjee et al., 2005; Hemray-Benny et al., 2006; Zhou et al., 2007). Total electron
yield (TEY) mode is the most popular for recording of NEXAFS spectra (Gudat & Kunz,
1972). At the same time, TEY mode with probing depth approximately equal to the average
MWCNT diameter (several tens of monolayers) does not allow one to get information about
characteristics of investigated fluorinated multi-walled carbon nanotubes (F-MWCNTs) in
their near-surface region where fluorination process can differ from that at greater depths.
However, these data are of genuine fundamental interest and is indeed necessary for
optimization of the MWCNT fluorination techniques. Such information for near-surface
region only several graphene layers thick can be obtained, particularly, by XPS providing C
1s and F 1s core-level spectra of FF-MWCNTs under investigation. XPS is an effective surface-
sensitive method for investigation of material electronic structure (Huefner, 2003). In this
case, the probing depth is adequate to the depth the registered electrons are emitted from,
which depends on the electron kinetic energy. Therefore, the probing depth can vary from
several tenth of nanometer (two to three atomic monolayers) to nanometers, depending on
the energy of excitation photons. Presently, several works with XPS used to characterize
fluorinated SWCNTs (F-SWCNTs) (Lee et al., 2007; Lee et al.,, 2003; An et al.,, 2002),
fluorinated multiwalled nanoparticles (Okotrub et al., 2000), and F- CNTs (Shul’'ga et al.,
2007) are known.

In this chapter, the results of combined investigation of electronic structure of F-CNTs are
presented. The high-resolution NEXAFS and XPS spectroscopies were used. The main goal
of the present project is to elucidate the nature of chemical bonding between the carbon and
fluorine atoms in the SWCNTs and MWCNTs, to evaluate a chemical state of fluorine and
carbon atoms in these CNTs, to analyze modification of electronic structure of CNTs under
fluorination, to characterize mechanism of CNT fluorination. The defluorination process of
F-CNTs on thermal annealing has been investigated.

2. Experimental Details

MWCNTs were produced by arc-discharge evaporation of graphite rods (extremely pure,
spectral purity, 99.9992 wt %) in the helium atmosphere (500 Torr) at current density of 175
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Electronic Structure of Fluorinated Carbon Nanotubes 69

A/cm? and voltage of 23 V. Material with MWCNTs was withdraw from the cathodic
deposit center and had a columnar structure with the column length of up to 10 mm
(Kiselev et. al., 1999). The carbon-based material containing nanotubes was only grinded
and screened by using a sieve with 0.25 mm mesh without any chemical treatment.

The powdered samples of MWCNTs were fluorinated in a nickel reactor at the temperature
Tr=420 °C in a flow of molecular fluorine produced by electrolyzing acidic potassium
trifluoride KF 2HF containing up to 3 wt % of HF.

SWCNTs were synthesized by the electroarc method using nickel-yttrium catalyst.
Amorphous carbon and metal catalyst were removed from the initial condensation products
(containing 15-20 weight % of SWCNTs) by multiple alternating air oxidations at
temperatures up to 550 °C and by rinsing with hydrochloric acid (Krestinin et al., 2003a).
After purifying, nanotubes in the form of SWCNT powder were obtained, their main
substance content being about 80-85 weight %.

Diameters of the purified nanotubes varied within a narrow range around the average value
of about 1.5 nm; the nanotubes existed in the SWCNT powder in a highly aggregated state
in the form of bundles, micro-crystal films, and carpets with polycrystalline structures
(Krestinin et al., 2003b). SWCNTs were isolated from the main impurity by dispersing
SWCNT powder in aqueous solution of surfactants. As a result, high-purity SWCNT were
obtained in the form of paper (SWCNT paper) where the main substance content was over
98-99 wt %, and also there was a small dope of ultra highly-dispersed particles of
graphitized soot less than 20 nm in size.

Direct fluorination was carried out in a stainless steel reactor. The SWCNT sample in an
aluminum boat was placed into the reactor, which was evacuated at room temperature until
the residual vapor pressure became about 10-! mbar. Next, undiluted fluorine (the amount
of impurities in fluorine did not exceed 0.1 volume %) was inserted into the reactor to
achieve the pressure of 0.8 bar, and the reactor was heated for one hour to 222 °C (sample 1)
and 190 °C (sample 2). Thereafter, the samples were kept at the given temperature for four
hours more. Fluorine content was estimated by the increase in the sample weight and
appeared to be 35% for sample 1 (SWCNT+F35%) and 40% for sample 2 (SWCNT+F40%).

In this work, the spectra of “white” graphite fluoride (WGF) (Cr=62.4 wt %), a highly
oriented pyrolytic graphite (HOPG) crystal (Brzhezinskaya et al., 2008, 2009) and
nanodiamond (Brzhezinskaya et al., 2010) were used as the reference spectra.

The C 1s and F 1s x-ray absorption spectra of the pristine and fluorinated MWCNTs, HOPG,
and WGF were measured using monochromatic synchrotron radiation and the facilities of
the Russian-German beamline (RGBL) at the BESSY 1II (Berlin) (Molodtsov et al., 2009). The
samples for x-ray absorption and photoelectron measurements were prepared in air. For
other details of sample preparation see (Brzhezinskaya et al., 2009).

The NEXAFS spectra were obtained by recording the TEY of the x-ray photoemission
(Gudat & Kunz, 1972) in the mode of measurement of the drain current of the sample by
varying the energy of incident photons. All x-ray absorption and photoelectron spectra were
measured under ultrahigh vacuum (~2x10-10 Torr).

The energy resolutions AE of the monochromator in the range of the F 1s x-ray absorption

edge (hv~680 eV) and the C 1s x-ray absorption edge (hv~285 eV) were equal to ~150 and 70
meV, respectively. The hv in the range of the fine structure of the F and C x-ray absorption
spectra was calibrated against the energy positions of the first narrow peak in the F 1s x-ray
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70 Carbon Nanotubes

absorption spectrum of K;TiFs (683.9 eV) and the C 1s x-ray absorption spectrum of HOPG
(285.45 eV).
In recording x-ray photoelectron spectra, hv varied from 345 to 1130 eV. Energy resolution

AE of the monochromator with the 200 pum exit slit was 145-750 meV within the above

mentioned range of hv. Photoelectron spectra of all the samples were measured in the
normal photoemission registration mode by using the Phoibos 150 spherical analyzer from
Specs whose resolution in recording the spectra remained equal to 200 meV. The analyzer
was calibrated against energy based on photoelectron spectra of Au atom 4f7/2,5/2
electrons. The monochromator was calibrated by recording the basic photoelectron lines of
C 1s spectra exited by radiation reflected from the diffraction grating in the first and second
diffraction orders.

For more experimental details see (Brzhezinskaya et al., 2009; 2010).

3. Experimental Results and Discussion

3.1 NEXAFS spectra

Fig. 1 presents C K(1s) absorption spectra of initial SWCNTs, MWCNTs, HOPG crystal and
nanodiamond measured under the same experimental conditions (Brzhezinskaya et al.,
2008, 2009, 2010). All the spectra were normalized to the same level of continuous C 1s
absorption at photon energy of 315 eV. The number and energy positions of A-F fine
structure features of the initial MWCNTs, SWCNTs and HOPG C 1s spectra are similar.
This fact confirms the crucial role a single graphene layer plays in formation of the structure
of carbon 1s absorption spectra in HOPG, MWCNTs and SWCNTs (Brzhezinskaya et al.,
2008, 2009; Krestinin et al., 2009). It also confirms that the SWCNT conduction band
structure is slightly affected by nanotube curvature (Louie, 2001). In the scope of this
philosophy, we associate the A and B-C peaks in the HOPG spectrum with dipole-allowed
electron transitions from 1s carbon states to the unoccupied 7 and ¢ symmetry states in the
conduction band that are formed from carbon 72p, and 02py states oriented perpendicular
to and parallel to the carbon layer plane (graphene), respectively. Such states are mostly
associated with free electron states of individual carbon atoms. The states are actually quasi-
molecular as they are similar to those of benzene molecule CsHg and are localized within one
carbon hexagon (Brzhezinskaya et al., 2008; Comelli et al., 1988). The broad A' band that
determines high level of continuous absorption between the A and B resonance peaks is
associated with electron transitions to unoccupied s type states that are less localized in
graphene layer than the state responsible for 7 resonance peak A. The broad D-F absorption
bands are associated with electron transitions to the unoccupied o states in the graphite
conduction band arising due to interaction between carbon hexagons in graphene layer.
Comprehensive investigation of spectra has revealed slight differences between nanotube
and HOPG spectra, as well as between SWCNT and MWCNT spectra. Those are mostly the
differences in the low-energy spectral region (hv=284-295 eV). All structural features become
a little broader in nanotube spectra as compared to HOPG spectrum, the broadening being
different for SWCNTs and MWCNTs. This is most clearly seen for 7 band A: its full width at
half maximum (FWHM) increases from 1.15 eV (for HOPG spectrum) to 1.3 eV for SWCNT
spectra and up to 1.45 eV for MWCNT spectra. Moreover, for SWCNT and MWCNT spectra,
extra weak structural features a and g, b, c arise in the gaps between absorption bands A and
B-C, respectively.
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Fig. 1. C 1s absorption spectra of HOPG (1), MWCNTs (2), SWCNTs (3) and nanodiamond (4)

Naturally, the observed broadening of 7 band A in CNTs carbon spectrum as compared to
HOPG spectrum can be associated with splitting of the graphite 72p, conduction sub-band,
which is caused by the reduction in local symmetry of nanotubes carbon atoms due to the
fact that graphene layers become curved. However, for single-walled nanotubes, one should
have expected greater broadening of band A since the SWCNT diameters (~1.5 nm) are an
order of magnitude less than those of MWCNTs (~10-30 nm). In reality, as shown above, the
situation is quite opposite.

In interpreting the differences in the C 1s absorption spectra recorded by measuring the total
electron yield, it is necessary to take into account that the nanotube spectra under
consideration are obtained by averaging a great number of individual SWCNTs in the
bundles or in MWCNTs within the area limited by the size of the focused beam spot (0.2 x
0.1 mm?) on the sample surface and by the probing depth (15-20 nm) (Chen, 1997). In this
case, the differences in chemical states of carbon atoms in different tubes or parts of
individual tubes result in energy dispersion of C 1s electron transitions to 7 symmetry
electron states and, hence, can contribute significantly to broadening of s band A. Thus, the
greater broadening of 7 band A in MWCNT spectrum may be attributed to greater
variations in the carbon atom chemical states in MWCNTs as compared to SWCNTs. Greater
variations in diameters and concentration of defects in the MWCNTs as compared to
SWCNTs may be the reasons for this. It is also possible that just the higher degree of order
of carbon atoms and their electron states in the SWCNT bundles provides high energy of
interaction (about 0.5 eV per 1 nm of length) between individual SWCNTs in the bundles.
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Fig. 2. (a) C 1s absorption spectra of (1) MWCNTs, (2-5) F-MWCNTs containing (2) 10%, (3)
25%, (4) 39%, (5) 55% and (6) WGF (62.4%); and (b) C 1s absorption spectra of SWCNTs (1),
F-SWCNTs containing 40% (2) and 35% (3) and MWCNTs+F39% (4)

In its turn, the rise of weak structures a and 4, b, c between 7 and o peaks in the nanotubes
spectrum is typically attributed to the C 1s electrons transitions to free 2p states of carbon
atoms localized on nanotube surface areas oxidized during synthesis (Banerjee et al., 2004;
Kuznetsova et al., 2001). It is quite possible that the weak structures under discussion are
partly associated with the 1s->2p absorption transitions in carbon atoms at the fullerene-like
edges of nanotubes.

Comparing the spectra of pristine and fluorinated CNTs (Fig. 2), we can see that their fine
structures differ significantly. What is most important is that the C 1s NEXAFS spectra of the
F-MWCNTs with the highest fluorine content (Cr=55 wt %) (MWCNTs+F55%) and WGF
[Fig. 2(a), curves 5 and 6] are very similar and differ substantially from the spectra of HOPG
and MWCNTs (Fig. 1, curves 1 and 2). The most significant differences involve a drastic
decrease in the intensity of the resonance A and the band A’ associated with the free i states
and the appearance of the high-energy o band E*-F*. It is evident that the observed changes
are governed by the fluorination of the HOPG and MWCNTs. The resonance A is retained in
the spectra of the fluorinated samples but has a considerably lower intensity with respect to
the other spectral portion associated with the transitions of the 1s electrons to the free

states of the conduction band. The band B is also retained in the spectra, whereas the other
specific features in the spectra of HOPG and MWCNTs have no clear analogs in the spectra
of the fluorinated samples. New specific features B*-F* in the spectra of the F-MWCNTSs
and WGF should be unambiguously treated as a result of the transitions of the C 1s electrons
to the free states of the new phase formed in the MWCNTs and HOPG due to their
fluorination. It should be emphasized that in the given case, only one particular phase can
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be formed. In the presence of several fluorocarbon phases, the C 1s spectra would be
virtually structureless and similar in this respect to the spectrum of amorphous carbon
(Rosenberg et al., 1986). Hence, the spectra of the F-MWCNTs and WGF are a superposition
of the dominant C 1s spectrum of the fluorocarbon phase and the low-intensity spectrum of
the pristine sample (MWCNTs and HOPG). In other words, despite the maximum possible
fluorine content in the F-MWCNTs and WGF (55.0 and 62.4 wt %, respectively), they are
incompletely fluorinated and contain regions composed of the pristine HOPG and
MWCNTs. This is most probably explained by the fact that a limiting depth of fluorination
exists under these conditions of the synthesis. This fluorination depth is less than the
probing depth (d~15 nm) of the sample when the TEY method is employed for recording the
NEXAFS spectra (Stohr, 1992; Chen, 1997). Since the sample contains MWCNTs of different
sizes (L~0.5-2.0 pm and D~10-30 nm), including nanotubes with a diameter D>15 nm, the
measured C 1s spectrum should involve the contributions of the fluorinated and pristine
carbon phases.

B <
D.* S spectrum

E*

F*

Absorption (Total Electron Yield)

680 \ 6é5 ' GSIBO ' 6€I)5 ' 7(I)0 ' 7(I)5 ' 7‘iO '
Photon Energy (eV)
Fig. 3. Comparison of C 1s (1) and F 1s (2) NEXAFS spectra of MWCNTs+F39% and F 1s
NEXAFS spectra of SWCNTs+F40% (3) and WGF (4). The F 1s absorption spectra are
reduced to the energy scale of the C 1s absorption spectrum with the use of energy spacing

AE(F 1s-C 1s) = 398.4 eV (measured by x-ray photoemission spectroscopy) between the F 1s
and C 1s core levels.

Since the C 1s NEXAFS spectra of the F-MWCNTs and WGF do not contain the intense

resonance A and the 7 band A’, we can make the inference that the C atoms are involved in
the chemical bonding upon formation of the fluorocarbon phase. This implies that upon
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fluorination, the F atoms are attached to the graphene layer perpendicular to it rather than
replace the C atoms in the layer. In this case, the F atoms form bonds with the C atoms with
the participation of the C 2p, states. As a result, the C atom has a spatial coordination rather
than the planar coordination.

One more indirect evidence for the change in the coordination of the C atom in HOPG and
MWCNTs during fluorination can be the appearance of a single o band E*-F* in the x-ray
absorption spectra of the fluorinated samples (hv~303-310 eV). A similar high-energy band,
together with the absence of the 7 resonance, is considered as a characteristic difference
between the C 1s NEXAFS spectrum of diamond (Fig. 1, curve 4) with the sp3 tetrahedral
coordination of the C atoms and the spectrum of HOPG with the sp? trigonal coordination.
This conclusion is in good agreement with the results obtained from the investigation into
the mechanism of the formation of graphite fluoride C,F by Raman spectroscopy (Gupta et
al., 2003).

It is interesting to compare the C 1s x-ray absorption spectra of the F-MWCNTs with
different fluorine contents (0%-55%) [Fig. 2(a)] because they correspond to different stages
of the MWCNT fluorination. These spectra demonstrate a monotonic character of variations
in the fine structure with an increase in the degree of MWCNT fluorination. As a result, a
gradual disappearance of the 7 structure (the resonance A and the band A”), as well as the
formation of the characteristic resonances and in the region of the o structure in addition to a
single high-energy band E*-F*, is observed. These changes manifest the uniform character of
the interaction between the F and C atoms in all stages of the fluorination process.

In analyzing C 1s absorption spectra of fluorinated SWCNTs with the almost equal fluorine
content of 35 and 40 wt % [Fig. 2(b), curves 2 and 3] it is necessary to notice, first of all,
similarity of their general spectral shape manifesting itself in coincidence of the fine
structure features number and energy positions. The only slight difference between those
spectra is somewhat better resolution of band B1* on the spectra of the SWCNTs with lower
fluorine content. Obviously, similarity of fine structures of the spectra of two fluorinated
SWCNT samples reflect the similarity of their atomic and electronic structures; therefore,
this confirms the reproducibility of SWCNTs fluorination results for the fluorination process
described above.

Comparing the spectra of pristine and fluorinated SWCNTs, we can see that their fine
structures differ significantly. Indeed, after fluorination, the only fine structure feature still
remaining in the nanotube spectra is the depressed 7 resonance of A, all other features B,*-F*
being new. Evidently, the presence of band A typical of the pristine nanotube spectrum in
the F-SWCNT spectra concurrently with the new absorption bands is the evidence of
incomplete fluorination of single-walled nanotube bundles within the probing depth of 15-
20 nm. Probably, it is caused by the fact that the SWCNT bundle fluorination depth is much
shorter than the probing depth in the absorption spectra under consideration.

The above-described variations in the F-SWCNT carbon absorption spectra fine structures
are quite similar but not identical to the variations observed in the structures of F-MWCNT
spectrum [Fig. 2(b), curve 4] with respect to the pristine MWCNT spectrum (Fig. 1, curve 2).
Indeed, Fig. 3 demonstrates clearly that, having the general form quite similar to that of
spectrum of F-MWCNTs with almost the same content of fluorine (39 wt %), the F-SWCNT
spectra (F35 wt % and F40 wt %) are less structured and manifest broader absorption bands.
Bands B*-C* and D* in F-SWCNT spectra were assumed to be the result of superposition of
individual absorption bands B* and C*, D1* and D,* in FFMWCNT spectra.
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Getting back to the differences between F-SWCNT and F-MWCNT C 1s spectra, we can
briefly characterize them as significant broadening and blurring of prominent and well-
resolved features of F-MWCNT spectrum as compared with the F-SWCNT spectra, the
general spectrum shape character remaining almost unchanged. Assuming that only one
fluorine-carbon phase arises in fluorination in both SWCNTs and MWCNTs, we can
attribute the observed differences in their spectra to different levels of structural ordering in
the phase formed. This could be due to different temperatures of nanotubes fluorination by
molecular fluorine: 420 °C for multi-walled (Brzhezinskaya et al., 2008, 2009) and 190 °C and
222 °C for single-walled nanotubes. Indeed, the differences in structural ordering of
fluorinated regions of single-walled nanotubes should be accompanied by differences in the
strength of chemical carbon-fluorine bonding and, hence, by dispersion of charge (chemical)
states of those atoms. In its turn, this should cause noticeable dispersion of energies of
identical electron transitions and, hence, broadening and casual blurring of fine structure
features of the carbon and fluorine absorption spectra of F-SWCNTs.

However, the nature of differences in C 1s absorption spectra of F-SWCNTs and F-
MWCNTs is, probably, more complicated. In the case of FF-MWCNTs with diameters of
approximately 10 to 30 nm, the spectra under consideration are related to the major (bulk)
fluorine-carbon phase due to quite large probing depth (15-20 nm) (Brzhezinskaya et al.,
2009). This phase is highly ordered because of strong covalent carbon-fluorine bonding; it
dominates in the F-MWCNTs over the less structured near-surface phase that coexists with
the major phase within 2-3 graphene monolayers (Brzhezinskaya et al., 2009). The two
phases revealed in F-MWCNTs are characterized by chemical bonding with different
electron transfers between carbon and fluorine atoms, which gives rise to different carbon
atomic states in those phases. Relying on these facts, we assume that, in the case of F-
SWCNTs (with diameters ~ 1.5 nm), similar phases should coexist in all tubes of the bundles
and, consequently, their C 1s absorption spectra should manifest structural features of both
phases concurrently. So, blurring of fine structure features in the F-SWCNT spectra as
compared to F-MWCNT spectrum may be attributed to superposition of the spectral
structure features characteristic of the two fluorine-carbon phases whose carbon atoms are
in different chemical states. Theoretical calculations (Ewels et al., 2006) also point to the
possible presence of two fluorine super-lattices that give rise to fluorine-carbon phases with
the C4F and CoF stechiometries on the SWCNTs lateral surface in the temperature range of
200-250 °C.

The above conclusion is confirmed by the results of comparison of the F 1s x-ray absorption
spectra of F-MWCNTs and F-SWCNTs (Fig. 3). All the F 1s x-ray absorption spectra of the F-
MWCNTs and WGEF exhibit a similar fine structure (Brzhezinskaya et al., 2009). The main
difference between the spectra is that the measured intensity of the spectra increases
monotonically with respect to the background intensity with increasing fluorine content in
the FFMWCNTs. This behavior of the F 1s x-ray absorption spectra of the F-MWCNTs with
an increase in the fluorine content in the samples can be interpreted only as a result of the
formation of a fluorocarbon phase, which is identical in all stages of the fluorination process.
This conclusion, of course, should correlate with the probing depth (~15 nm) of the
nanotube samples during the recording of the x-ray absorption spectra in this work. The F 1s
x-ray absorption spectra are also characterized by rich and clearly pronounced fine
structure. This circumstance indicates a well-defined atomic structural order in the
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fluorinated samples. In other words, the fluorine atoms, such as the carbon atoms, have an
identical coordination, which reflects chemical bonding of the C and F atoms.

The above-made conclusion on the covalent character of fluorine-carbon bonds in F-
MWCNTs and retention of laminar character of the carbon atomic structure up to maximal
fluorine concentrations ensuring the binary (CF) stoichiometry of fluorination products
agrees well with wellknown results of graphite fluorination. It was found out for graphite
that when it is maximally fluorinated, fluorinecarbon phase poly(carbon monofluoride)
(CF), predominates (Gupta et al., 2003; Sato et al., 2003) which is characterized by the
retention of laminar graphitelike structure, although the layers are no longer planar but
become corrugated because fluorine atoms are attached to them. What is important is that
this graphite fluoride is characterized by covalent binding with sp3 hybridization of carbon-
atom valent states. This fact is confirmed also by the similarity of absorption spectra of F-
MWCNTs and WGF reference samples. All this confirms the above conclusion that
MWCNTs retain their basic structure at high fluorination levels, such as 55 wt %, where
almost every carbon atom throughout all CNT layers is in the sp3 configuration.

F 1s absorption spectra of F-SWCNTs with almost the same fluorine content of 35 and 40 wt
% are in general similar: numbers of their spectral features are identical, their energies are
close to each other (Brzhezinskaya et al., 2010). The only slight difference between them is
somewhat better fine structure resolution of the spectra of tubes with less fluorine content;
this is clearly seen when comparing the B* bands.

It is very important that both F 1s and C 1s absorption spectra of F-SWCNTs are, in general,
very similar to respective F-MWCNT spectra (Fig. 3, curve 4). The main difference is that the
fluorine spectra for E-MWCNTs are better structured (as the carbon spectra are). This fact
clearly confirms our conclusion made above that the major covalent fluorine/carbon phases
arising in fluorination of single- and multi-walled nanotubes are similar to each other.
Hence, we can assume that SWCNT fluorination occurs mainly by bonding fluorine atoms
to carbon atoms on nanotube sidewalls (similar to MWCNT fluorination); this is
accompanied by generation of ¢(C-F) bonds by covalent mixing of valence F 2p and C 2p,r
electronic states without any destruction of the tubular structure of carbon layers
(Brzhezinskaya et al., 2008, 2009). Such fluorine bonding transforms carbon triangular
arrangement of initial nanotubes into almost tetrahedron one of fluorinated nanotubes,
which becomes possible only if sp2 hybridization of carbon atom valence states in pristine
nanotubes transforms into sp® hybridization of F-SWCNTs. Such transformation of atomic
structure should cause corrugation of nanotube sidewalls.

It is interesting to analyze the fluorinated sample unoccupied electronic state spectrum by
using C 1s and F 1s X-ray absorption spectra that reflect energy distribution of free electron
states formed from the 2p states of the carbon and fluorine atoms, respectively, because of
the dipole nature of absorption transitions. For this purpose, the carbon and fluorine atom
spectra for F-MWCNTs with the 35 wt % fluorine content (curves 1 and 3) are given in Fig. 3
on the photon energy scales that are brought into coincidence by using the AE (F 1s - C 15)
=398.4 eV energy shift between the fluorine and carbon 1s states in the system. In this work,
energy positions of the core levels were measured the by X-ray photoemission technique at
the exciting photon energy of 1030 eV.

Comparing the spectra, we can clearly see that both spectra manifest fine structures similar
in the number and energy positions of their key features Bi*-F* (the A band in the carbon
spectrum is associated with non-fluorinated tubes). Vertical dashed lines in Fig. 3 indicate
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that energy positions of bands By and B*-C* in the carbon and fluorine absorption spectra of
F-SWCNTs and F-MWCNTs are close to each other. Such correlation in the F-CNT carbon
and fluorine spectra means that carbon and fluorine 1s electron transitions to the
unoccupied electronic states formed from C 2p and F 2p electronic states are responsible for
the key features of the spectra compared. It indicates the hybrid (covalent) F 2p + C 2p
nature of the free electronic states in the systems discussed, which complies with the
conclusion about sp? hybridization of the carbon atom valence states, which was made as a
result of independent analyses of carbon and fluorine spectra.

3.2 XPS spectra

X-ray photoelectron spectra of SWCNTs and MWCNTs were measured by using exciting
photons with energies from 385 to 1030 eV. All the measurements were carried out under
the same experimental conditions. For both SWCNTs and MWCNTs, the A line in the C 1s
spectra is a narrow peak at BE=284.8 eV which is asymmetrically shaped at the higher
binding energy side and whose full-width at half maximum (FWHM) is 0.7 eV.

B C 1s spectra
hv=485 eV

Intensity (Arb.Units)

F10%

MWCNTs+F0%

SWCNTs+F0%
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285 290 295 300
Binding Energy (eV)

Fig. 4. C 1s x-ray photoelectron spectra of (1) SWCNTs, (2) MWCNTs and F-MWCNTs with
fluorine concentrations: 10% (3), 25% (4), 39% (5), 55% (6).

Fig. 4 demonstrates that C 1s photoelectron spectrum structure changes radically as pristine
MWCNTs are transformed into F-MWCNTs. Shoulder A1 shows up near the main line A at
BE=285.7 eV, and the second line B arises at BE=288.8 eV. As the fluorine concentration in F-
MWCNTs is growing, the intensities of the spectrum new features increase, while their
energy positions do not change. When the concentration reaches Cr=39 wt %, intensity B
becomes almost equal to the main C 1s line intensity A. Spectrum measured at the maximum
fluorine concentration (Cr=55 wt %) differs significantly from the other spectra: band A
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almost fully disappears against the background of the intense band into which shoulder A is
transformed, whereas band B becomes the most intense structure feature having an intense,
extended and poorly structured tail C on the high-energy side.

A y

hv

1130 eV

‘\-.\\W__‘___v~

Intensity (Arb.Units)
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282 284 286 288 290 292 294
Binding Energy (eV)

Fig. 5. C 1s x-ray photoelectron spectra of MWCNTs+F39% measured at photon energies of
385 eV (1),485eV (2), 630 eV (3), 785 eV (4) and 1130 eV (5).

As shown in our work (Brzhezinskaya et al., 2009), appearance of new features in the F-
MWCNT C 1s spectra structure as compared with those of MWCNTSs can be attributed to
CNT fluorination; therefore, it can be regarded as a result of carbon-fluorine chemical
bonding. This interaction results in formation of fluorine-carbon phases and is accompanied
by charge transfer from carbon atoms to fluorine atoms due to the fact that fluorine
electronegativity is higher. Charge states (oxidation rates) of carbon atoms in at least two of
the fluorine-carbon phases are different and can be characterized by chemical shifts of their
C 1s photoelectron lines (peaks A; and B) from the energy position of this line in pristine
MWCNT spectrum (peak A). Energy positions of bands A; and B relative to peak A are
significantly different (0.9 eV and 4.0 eV, respectively). This large difference (>3 eV)
indicates considerable differences in the natures of C-F atom interactions in the analyzed
fluorine-carbon phases that are formed in F-MWCNTs.

Relative intensities of bands A and B do not change much with hv increasing up to 1030 eV,
while the A; band intensity decreases, and the corresponding shoulder gets barely visible
against band A background. It is reasonable to connect those observations with the probing
depth increase from ~0.6 nm (1-2 graphene layers) to 2 nm (5-6 layers). The weak
relationship between the peaks A and B relative intensities indicates that the ratio of the
initial and fluorinated MWCNTs phases for the samples with Cr=10-39 wt % changes only
slightly with depth within several graphene layers. This statement is consistent with the
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conclusion that the fluorination process in MWCNTs under investigation remains uniform
within the depth limits of ~15 nm (Brzhezinskaya et al., 2008).

A significant decrease in the band A; intensity with the probing depth increase from 0.6 to 2
nm shows unambiguously that phase 2 is of the near-surface character and is formed by
fluorination of only a few outer graphene layers. This conclusion is consistent with the
specific shape of C 1s photoelectron spectrum obtained for MWCNTs+F55%.
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Fig. 6. C 1s x-ray photoelectron spectra of (a) SWCNTs+F35% and (b) SWCNTs+F40%
measured at photon energies of 385 eV (1), 730 eV (2), 788 eV (3), 888 eV (4), 1030 eV (5).

The energy gap between bands A and B grows by ~0.5 eV as photon energy changes from
hv=385 eV to hv=1130 eV. It means that chemical shift of the C 1s level grows from 4.0 to 4.5
eV with increasing probing depth for spatial fluorocarbon phase. Such an increase in the
chemical shift is observed for hv>700 eV only. It may be a result of a small change in the
chemical state of phase 1 carbon atoms located deeper in the samples. In this case, the
chemical shift of 4.5 eV for C 1s level is practically equal to the 4.45 eV chemical shift in the
C 1s absorption spectra (Brzhezinskaya et al., 2008).

The feature A; behavior is similar in all F-MWCNTs spectra; Fig. 5 represents
MWCNT+F39% to illustrate this fact. The band A; intensity gradually decreases with
increasing probing depth (d=0.4-2 nm and hv=345-1130 eV). It is reasonable to connect the
gradual band A; weakening with formation of fluorocarbon phase in the very near-surface
layer of the tubes. This layer is one to two graphene monolayers thick as this is just the
depth (0.4-0.8 nm), where from C 1s photoelectrons generated by absorption of photon with
hv=345-630 eV and having kinetic energies of E;=60-345 eV can be emitted without energy
losses (Huefner, 2003; Brown et al., 1978; Martin et al., 1985).
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The spectra of F-SWCNTs (Fig. 6) were measured at photon energies from 385 to 1030 eV.
According to the universal curve of electron mean free path versus kinetic energy
(Brzhezinskaya et al., 2009), the escape depth of C 1s photoelectrons excited by photons with
energies of 385 to 1030 eV varies from about 0.5 to 1.5 nm; thus, the probing depth lays
actually within the subsurface layer about one nanotube diameter wide. As compared with
F-MWCNTs (Fig. 4), for F-SWCNTs, C 1s photoelectron spectrum structure changes even
more radically as initial SWCNTs are being transformed into F-SWCNTs. In the C 1s
photoelectron spectrum of SWCNTs+F35%, there are 4 peaks, A (BE=284.6 eV), A1 (BE=286.1
eV), B (BE=288.8 eV) and C (BE=290.9 eV). Notice that at small photon energies (<888 eV)
band A manifests itself as a shoulder next to peak A; on the lower binding energy side. In
the C 1s spectra of SWCNTs+F40% there are only three explicit features: bands A; (BE=286.1
eV), B (BE=288.8 eV), and shoulder C (BE=290.9 eV). The presence of band A is indicated by
only the large width and slight low energy asymmetry of band A;. Coincidence of bands A;
positions and bands B positions in the F-SWCNTs and F-MWCNTs indicates their
connection with two fluorine-carbon phases that are similar for the single- and multi-walled
nanotubes. This fact indicates their relation to two different fluorine-carbon phases that are
respectively similar in single- and multi-walled nanotubes. As shown above, a single
fluorine-carbon phase uniformly distributed within the sample probing depth is formed in
fluorination of both MWCNTs and SWCNTs. Peak B in C 1s photoelectron spectra of F-
MWCNTs is attributed to this phase. Then the same peak B should correspond to this phase
in the F-SWCNT C 1s photoelectron spectra.

Energy positions of bands A1, B and C relative to peak A are significantly different (1.3 eV,
4.0 eV and 6.1 eV, respectively) for SWCNTs+F35%. For SWCNTs+F40%, energy shifts of
peaks Ai, B and C are the same when measured relative to peak A energy position for
SWCNTs+F35%. Note that peak A cannot be clearly identified in the SWCNTs+F40% spectra
[Fig. 6(b)]. This large difference (~3 and 6 eV) indicates considerable differences in the
natures of C-F atom interactions in the analyzed fluorine-carbon phases formed in F-
SWCNTs.

It is interesting that in the C 1s spectra of SWCNTs+F35% [Fig. 6(a)] measuring with photon
energy increasing from 485 to 1030 eV and, hence, with probing depth increasing from ~0.5
nm to ~1.5 nm, band A; relative intensity becomes more than twice lower than that of band
B. Probably, this indicates a significant decrease in the fluorination level of inner nanotubes
located inside the bundle, namely, all the nanotubes that do not participate in forming the
bundle surface layer. This conclusion correlates well with the earlier revealed increase in the
SWCNT fluorination level accompanied by improvement of their dispersion, i.e., by the
decrease in transverse size of the bundles formed by the nanotubes (Krestinin et al., 2009).
However, the decrease in SWCNTs+F40% band A; intensity is not so dramatic [Fig. 6(b)].
Generally, shapes of SWCNTs+F40% [Fig. 6(b)] and MWCNTs+F55% (Fig. 4, curve 5) C 1s
spectra are similar, except for the band C shape.

Thus, the first fluorine-carbon phase (phase 1, peak B) is apparently formed by fluorine
atoms covalent bonding with the graphene layer. Contrary to phase 2 (peak A1), this phase is
uniformly distributed within the sample probing depth (0.5-1.5 nm for XPS). Moreover, this
fluorine-carbon phase contributes most to C 1s absorption spectra of fluorinated nanotubes
at larger probing depths (Brzhezinskaya et al., 2010). In addition, just phase 1 is associated
with formation of the CoF super-lattice on the surfaces of both F-SWCNTs and F-MWCNTs.
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This is confirmed by most theoretical calculations (Bettinger et al., 2001; Kudin et al., 2001;
Seifert et al., 2000).

Chemical shift in the second phase (phase 2, peak A1) of the C 1s electron binding energy
(1.2 eV) is significantly smaller than that in the first phase (4.0 eV). Hence, unlike phase 1,
phase 2 formation is accompanied by significantly lower carbon-fluorine electron density
transfer resulting in a weaker chemical bond. Phase 2 is most probably associated with
formation of C4F superlattice on the surfaces of both F-SWCNTs and F-MWCNTs. This idea
is consistent with the calculation results (Ewels et al., 2006) showing that the most stable
phase is (1,2) (CoF) phase followed by the (1,4) (C4F) phase. When the probing depth
increases from ~0.5 nm to ~1.5 nm, the band A; intensity decreases relatively to the band B
intensity. For F-SWCNTs, such a transformation of band A; is likely to confirm the above
conclusion about incomplete SWCNT fluorination inside the bundles. Therefore, phase 2 is
developed only on SWCNTs located in the bundle near-surface layers, at least SWCNTs
located on the bundle outer periphery having the greatest chance to become completely
fluorinated. It is known that individual SWCNTs are arranged in the bundles almost
coaxially and practically without tangles, the number of tubes per bundle being about 300.
The F-SWCNT defluorination experimental results discussed below also point to a weaker
carbon-fluorine bond.
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Fig. 7. F 1s x-ray photoelectron spectra of (a) SWCNTs+F40% and (b) MWCNTs+F39%
measured at photon energies of 788 eV (1), 888 eV (2), 1030 eV (3).

In addition to new peaks A; and B in the F-SWCNT C 1s photoelectron spectra there is one
more feature C whose intensity is significantly lower than that of peaks A-B. Feature C is
approximately 6 eV apart peak A itself in the case of SWCNTs+F35% or from peak A
assumed position in the case of SWCNTs+F40%. In this case, chemical shift of feature C
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carbon atom 1s electron binding energy (~6 eV) is much larger than the shift corresponding
to phase 1 (4.0 eV). Hence, this peak is obviously associated with F-SWCNT carbon atoms
with higher oxidation levels as compared with carbon atoms of phase 1. Relative intensity of
peak C is independent of the excited photon energy (Fig. 6). It is possible that, contrary to
MWCNTs, an extra fluorine-carbon phase 3 is formed as a result of SWCNT fluorination. As
compared with phase 1, formation of phase 3 is accompanied by even higher carbon-
fluorine electron density transfer resulting in formation of a stronger chemical bond. Phase 3
is probably formed due to covalent bonding of fluorine atoms to carbon atoms on the
SWCNT open edges. Theoretical calculations performed for nanographite and STM
measurements (Saito et al., 1999; Maruyama et al., 1994; Kobayashi et al., 2005) also point to
such possibility. Notice that destruction of nanotube fullerene-like edges is a particular
feature of just the SWCNT purification process (Krestinin et al., 2003). If this is true, fluorine
atoms should be able to get attached to SWCNT graphene mesh not only by sharing carbon
atom 2mp, orbitals but also by using dangling 20p,, bonds at the SWCNT graphene mesh
edges at the points where fullerene-like structures were previously attached. This would
result in formation of even stronger carbon-fluorine chemical bond of the CF type due to
covalent mixing of the F 2p and C 20p,, electron states.

(Saito et al., 1999) showed, the fluorine atoms get first attached to the edge carbon atoms and
only later they begin bonding to carbon atoms located along the nanotube perimeter. It was
shown that doped F is more stable at the edge than in the interior region. The dopant’s
electron is strongly localized around the F site, and even two F atoms can interact with a
single carbon atom, i.e., CF; (x>1) clusters are formed. There are two ways for fluorine
atoms to get attached to the edges of nanotubes: by forming either Klein's bearded zigzag
edge (Klein, 1994) (two fluorine atoms are attached to a single carbon atom at the edge) or
Fujita's normal zigzag edge (Fujita et al., 1996) (one fluorine atom is attached to one carbon
atom). This conclusion is confirmed by the peak C behavior in the process of
SWCNTs+F40% thermal defluorination (see below), which shows that, contrary to peaks B
and Ay, peak C can not be totally reduced. Seifert et al., 2000 calculated that equimolar (CF),
nanotubes are stable. However, the authors believe that formation of stable (CF), nanotubes
may be hindered by the height of the energy barrier preventing fluorine atoms penetration
into CNTs. But in our case, when the most part of fullerene-like nanotube edges are already
destructed, it is easier for fluorine to penetrate into SWCNTs.

This difference in carbon atom chemical states in the fluorine-carbon phases compared
should manifest itself in different spatial structures, particularly, in the increase of
interatomic spacing when moving from phase 1 to phase 2 and then to phase 3.

F 1s spectra with hv=788-1088 eV were also measured for F-SWCNTs and F-MWCNTs (Fig.
7). Here the photoelectron kinetic energies were about E;~100-400 eV, which corresponds to
the probing depth of about d~0.5+1.0 nm. F 1s spectra of SWCNTs+F35% and
SWCNTs+F40% are the same. F 1s photoelectron spectra of FFMWCNTs keep their energy
positions and, contrary to the C 1s spectra, do not exhibit any significant changes in their
shapes up to Cr=39 wt %. F 1s photoelectron spectra of F-CNTs [(Fig. 7(a)] consist of the
main peak B only. The binding energy corresponding to the F 1s peak of F-SWCNTs is
BE=687.4 eV; it is shifted by 0.5 eV towards smaller BE as compared with MWCNTs+F39%
(BE=687.9 eV) [Fig. 7(b)] (Brzhezinskaya et al., 2009). At the same time, its FWHM is 2.1 eV,
which is 0.2 eV larger than that of F 1s peak of FF-MWCNTs (1.9 eV).
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F 1s spectra are less informative as compared to C 1s spectra. The effective charge of fluorine
atom in F-SWCNTs, as in the most of other compounds, is negative and varies in a limited
range of 0 to -1 when the atom’s chemical state changes. A small change in the valence
electron density in a fluorine atom is accompanied, due to its participation in chemical
bonding with carbon atoms, by a weak change in screening of F 1s core level electrons by
valence electrons, which manifests itself in small values of chemical shifts of F 1s electron
bonding energies.

Thus, the fluorine spectrum is a superposition of contributions from all the F 1s electrons
involved in chemical bonds with carbon atoms. In the case of F-SWCNTs, there is one extra
fluorine-carbon phase with much stronger fluorine-carbon bond (as compared with the
other two phases observed also in FF-MWCNTs) and, hence, with greater carbon-fluorine
electron charge transfer. C 1s photoelectron spectra showed that the phase 3 contribution is
smaller than that from phases 1 and 2, and, hence, the shift of the F-SWCNTs F 1s peak as a
whole towards the lower binding energies is also insignificant (0.5 eV).

3.3 Results of defluorination experiments

Investigation of CNT defluorination process makes it possible to estimate the type and
power of carbon-fluorine bonding and to find out whether the graphene mesh is distorted.
Thermal annealing is one of the possible methods of F-CNT defluorination. Our data
obtained for F-MWCNT annealing (Brzhezinskaya et al.,, 2009) showed that annealing
started at temperatures almost equal to the fluorination temperature (Tr). As was shown
above the results of fluorination process is more complicated for F-SWCNTs (Brzhezinskaya
et al., 2010). Therefore, the results of defluorination experiments are presented here for F-
SWCNTs only (for FFMWCNTs see Brzhezinskaya et al.,, 2009). The thermal annealing
process was controlled by both NEXAFS and XPS.

The first changes in the C 1s absorption spectrum structure of SWCNTs+F40% were
observed only after the fifth annealing carried out temperature close to Tpr and Tr of F-
MWCNTs (T4=350 °C) [Fig. 8(a) and 8(b), curves 2]. The changes manifested themselves in
small reduction of bands B:* and D* relative intensities and growth of bands A and B
intensities [Fig. 8(a), curve 3]. Bands B1* and D * in the C 1s absorption spectrum correspond
to the transitions of C 1s electrons to the free hybridized states formed from C 2p and F 2p
states. Bands A and B correspond to the spectra of the pristine regions of hexagonal
graphene mesh without any fluorine atoms attached. At the same time, no changes are
observed in F 1s spectrum features [Fig. 8(b), curve 3]. Obviously, such changes in C 1s and
F 1s absorption spectra of F-SWCNTs [Figs. 8(a) and 8(b), curves 4] demonstrate the onset of
defluorination process, i.e., partial breakage of C-F bonds, which, apparently, occurs mainly
in the outer SWCNTs in SWCNT bundles. After the eighth annealing performed at Tpr=420
°C, defluorination becomes even more evident, namely, the F 1s spectrum begins changing
as intensely as the C 1s spectrum does [Figs. 8(a) and 8(b), curves 5]. Therefore, F-SWCNT
and F-MWCNT defluorination temperatures are equal to each other and to the F-MWCNT
fluorination temperature (Tpr=Tr=420 °C). This fact seems to be quite natural. It is generally
recognized that the rolling of the graphene sheet induces strain, but for large-diameter
CNTs the strain energy per carbon atom E; is small. It was shown that E,~D-2, where D is the
tube diameter (Mitmire & White, 1997; Hernandez et al., 1999). That is why the chemistry of
wide CNTs should be similar to that of graphite, whereas the narrower tubes are expected to
be more reactive due to larger strain of the carbon framework (Bettinger, 2001). Accordingly,
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fluorination temperature of SWCNTs with 1.4-1.6 nm in diameter (Tr~200 °C) is much lower
than fluorination temperature of MWCNTs with 10-30 nm in diameter. We have
demonstrated that the absorption and photoelectron spectra of F-SWCNTs and F-MWCNTs
and, hence, SWCNT and MWCNT fluorination results are similar, which manifests itself in
covalent attachment of fluorine atoms to carbon atom n2p, orbitals. Thus, at least two of the
fluorine-carbon phases formed as a result of fluorination are identical in F-SWCNTs and F-
MWCNTs, and, hence, the carbon-fluorine chemical bonds within each phase are equally
strong. Consequently, the same amount of energy is needed to break those bonds in either of
the tube types. It is due to this that the defluorination temperatures of F-SWCNTs and F-
MWCNTs are equal.
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Fig. 8. (a) C 1s and (b) F 1s absorption spectra of SWCNTs+F40% before and during
annealing

Notice that even the last 12th annealing did not ensure complete defluorination of F-
SWCNTs. It appears from the fact that band B:*, though dramatically reduced, is still
retained on the C 1s absorption spectrum of F-SWCNTs. This fact indirectly confirms the
presence of phase 3 with stronger fluorine carbon bonds than in phases 1 and 2.

Contrary to the C 1s spectrum, the F 1s absorption spectrum [Fig. 8(b)] changes stepwise.
The intensities of bands B1*-F* drop instantly, the absorption spectrum as a whole becomes
less structured. From the above, it is reasonable to believe that at Tpr=Tr (MWCNTs) intense
breakage of earlier formed C-F bonds takes place. Therefore, we can assume that the
hexagonal carbon mesh destruction is insignificant, though more significant than in this case
of F-MWCNTs. This is demonstrated by restoration of C 1s spectrum features typical of the
initial MWCNTs and HOPG (r resonance A, o resonance B, bands D-F). Such restoration of
the A-F bands takes place concurrently with the reduction of bands associated with the
transitions of C 1s electrons to the hybridized C-F states (bands B:*-F*). Such a behavior of
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the main spectrum features does not contradict the interpretation of new absorption bands
arising in C 1s spectra of F-SWCNTs after fluorination as those reflecting the C 1s electrons
transition to the hybridized C-F states of the new C-F phase.
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Fig. 9. (a) C 1s and (b) F 1s x-ray photoelectron spectra of SWCNTs+F40% before and during
annealing

Actually, defluorination of F-SWCNTs is accompanied by modification of the E*-F* bands
typical of sp® hybridized electron states of carbon atoms into the E and F bands typical of
HOPG with sp? hybridization of electron states of carbon atoms. After the further annealing
of the sample (Tpr=440 °C), the C 1s spectrum features reduced after fluorination were
restored almost fully [Fig. 8(a), curves 6-8], whereas the F 1s spectrum varies only slightly
[Fig. 8(b), curves 6-8]. The most important modification of the latter is the emergence of new
features at hv=704-713 eV after the 8t annealing. Those new features became well
pronounced in Fe 2p absorption spectrum [Fig. 8(b), curves 6-8] after the 9t annealing. It
should be noticed that, upon the 12th annealing, F 1s spectrum does not look like HOPG or
CNT spectrum any more. As in the case of the F-MWCNT absorption spectra, we can
assume that F 1s absorption spectra of F-SWCNTs become similar to the 3d transition-metal
fluorides spectra. It is notable that in the spectrum there is an extra low-energy structure,
namely, feature a (hv= 683.6 eV) that is caused by transitions of the F 1s electrons to low-
lying empty electronic states with the e; and t»; type symmetry of the transition-metal 3d -
fluorine 2p hybridized character (Vinogradov et al., 2005). In addition, a broad band (~15
eV) at the photon energies of 685-700 eV becomes more and more pronounced in the
spectrum structure at the last stages of annealing (after the 9t annealing); this band is
caused by core-electron transitions to the unoccupied 4sa;; and 4pt1y electronic states of the
transition-metal atom hybridized with the 2p states of the ligand atoms. Notice that the Fe 2p
spectrum consists of two bands whose intensities grow with heating. Thus, that it is not only
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the stainless steel sample holder responsible for the signal detected but that fluorine-iron
interaction has happened as a result of F-SWCNT defluorination. The presence of two
spectral bands under consideration is, most probably, the result of superposition of the iron
spectra from the stainless steel and iron fluorides. The substrate signal is detected not only
in the absorption spectra (probing depth of 15 nm) but also in overall photoelectron spectra
measured at 1030 eV (probing depth of 1.5 nm). This may be the evidence of micro-cracks
formation in the sample (the micro-crack number increasing with the annealing time), since
no visible cracks were detected in the sample even after the end of heating.

To our point of view, the scanning transmission microscopy (STM) results (Kelly et al., 1999)
support this idea. STM images present the fluorinated zones as well-defined closed rings
along the nanotube perimeters. At the same time, complete fluorination of C>F results in
radial distortions of CNTs (van Lier et al., 2005). Therefore, we can assume that thermal
defluorination of SWCNTs may result in both destruction of bundles and slight distortion of
nanotubes themselves. The first of the processes is more probable and preferable as our F-
SWCNTs absorption and photoemission spectra show no evidence of any significant
amount of amorphous phase in the samples after annealing.

The F 1s spectrum shape after the 12th annealing possibly points to formation of iron
fluoride FeF,. These findings (fluorination of metal substrate) testify that separate fluorine
atoms are mainly detached during the thermal defluorination of F-SWCNTs, as we found
for E-MWCNTs also (Brzhezinskaya et al., 2009). Moreover, formation of FeF, indirectly
proves that in defluorination C-F bonds get broken and fluorine is ejected from the sample
not in the form of CFy clusters but in single atoms as in the case of -MWCNTs.

At the same time, there is significant difference between F-SWCNT and F-MWCNT
defluorination results. For F-MWCNTs, the identity of C 1s absorption spectra of
defluorinated F-MWCNTs and pristine MWCNTs points to the absence of any remarkable
amount of amorphous component in the sample after annealing. As for F-SWCNTs, thermal
annealing did not result in complete restoration of resonance B associated with C 1s electron
transitions to the unoccupied o symmetry states in the conduction band, which arise from
02pxy carbon atomic states. This may be the evidence of partial distortion of SWCNT
graphene mesh in fluorinated zones provided we assume them to be located around the
tube circumference (van Lier et al., 2005). On the other hand, defluorination can lead to
destruction of the outer (fully fluorinated) tubes of the bundles and to the increase in the C
1s absorption spectrum signal from non-fluorinated tubes from the bundles inner parts. The
7 resonance is restored almost completely. Therefore, we can conclude that SWCNTs are
destructed by defluorination only scarcely, the destruction manifesting itself as a small
number of point defects in the graphene mesh. At the same time, defluorination still
destructed a negligible number of tubes, which resulted in emergence of a small amount of
amorphous component in the sample; the evidence of this fact was some blurring in the
high-energy region of the C 1s absorption spectra (hv=295-315 eV) after the 12th annealing
[Fig. 8(a), curve 8]. Such blurring may also be the result of incomplete fluorination of
SWCNTs in the bundles or of the existence of two different ways of graphene fluorination:
the first one is that fluorine atoms are attached to positions (1,2) of the carbon hexagons, the
second one is that they get attached to positions (1,4) (Ewels et al., 2006; Khabashesku et al.,
2002). These two types of fluorine atoms attachment to carbon correspond to the two
fluorine-carbon phases described above (CoF and C4F, respectively). As both structures are
assumed to be formed on a nanotube wall concurrently (Khabashesku et al., 2002), transition
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zones with low fluorination degree would appear along the boundaries of the zones with
different types of fluorine attachment. On the other hand, defects can emerge in the
transition regions in the process of defluorination (Khabashesku et al., 2002).

The photoelectron spectra (Fig. 9) analysis supports our conclusions about the
defluorination processes in F-SWCNTs. The first changes in the C 1s photoelectron spectrum
structure were observed only after the firth annealing carried out at the temperature close to
Tor and Tr of F-MWCNTs (Tpr=350 °C) [Fig. 9(a), curves 2]. The changes manifested
themselves in big reduction of peak's B and small reduction of peaks' B and C relative
intensities and growth of peak's A intensity [Fig. 9(a), curve 3]. Peak A corresponds to the
spectra of the pristine regions of hexagonal graphene mesh. Fig. 9(a) shows that the band A;
intensity decreases drastically, and peak A increases with respect to band B already at the
first stages of annealing. Hence, such a behavior of peak A; during annealing is
unambiguously consistent with its interpretation as a signal from carbon atoms forming a
fluorine-carbon phase with fluorine-carbon chemical bond weaker than the bond in phase 1.
At the same time, contrary to F 1s absorption spectrum, F 1s photoelectron spectrum begins
to change after the 5th annealing [Fig. 9(b), curve 3]. Shoulder A" arises on the low-energy
side of peak B. These findings become even more evident after the annealing at Tpr=400°C.
Obviously, such changes in C 1s and F 1s photoelectron spectra of F-SWCNTs [Figs. 9(a) and
9(b), curves 4] demonstrate the onset of defluorination process, i.e., partial breakage of C-F
bonds, which, apparently, occurs mainly in the outer SWCNTs in SWCNT bundles. After
the annealing at Tpr=420°C defluorination becomes even more evident [Figs. 9(a) and 9(b),
curves 5]. Contrary to the absorption spectra, the F 1s photoelectron spectrum changes more
dynamically. After the 8th annealing, the new structural feature A* was still looking like a
small bulge on the low-energy side of the main peak B; however, immediately after the 9th
annealing [Fig. 9(b), curve 6], relative intensities of the two structural features changed
dramatically: the A® bulge turned into an intense peak having on the high binding energy
side a bulge that had been previously peak B associated with the new C-F phases. After the
10th annealing this bulge becomes even less intense, and the spectrum exhibits a single peak
A' with the binding energy of 686 eV and FWHM=2.5 eV [Fig. 9(b), curve 7]; peak A' is
asymmetric on side of high binding energies. In effect, annealing caused drastic changes in
the F 1s photoelectron spectrum: peak B (687.6 eV, FWHM=2 eV) has disappeared, and new
peak A' (686 eV, FWHM=2.5 eV) [Fig. 9(b), curve 8] has arisen. Such transformations of the F
1s photoelectron spectrum can be easily explained by our hypothesis that the process of F-
SWCNT defluorination is accompanied by fluorination of the sample substrate with
formation of a new FeF, phase.

Similarly to the F 1s spectrum, C 1s photoelectron spectrum undergoes principal changes
after the 9th annealing: the features associated with the new C-F phases, namely, A1, B and C,
are not clearly seen in the spectrum any more. Notice that, contrary to the A; and B features,
feature C intensity remains almost the same. This observation supports the idea that band C
can be best interpreted as the signal from a fluorine-carbon phase with stronger chemical
bonds than those in phases 1 and 2. The presence of this phase is also confirmed by the
asymmetrical shape of F 1s photoelectron spectrum and by the fact that, even after the 12th
annealing, initial shape of the C 1s spectrum is not restored: C 1s peak (FWHM=1.6 eV,
BE=284.8 eV) becomes evidently broader, which points to surface deformations of the outer
tubes in the bundles.
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6. Conclusion

The goal of this work was to study electronic structure of fluorinated single-walled and
multi-walled carbon nanotubes. High energy resolution X-ray C 1s and F 1s absorption and
photoelectron spectra of F-SWCNTs with different fluorine contents (35 and 40%) and F-
MWCNTs with fluorine contents (10-55%) were measured. By comparing fine structures of
F-SWCNTs and F-MWCNTs absorption spectra with HOPG, WGF and nanodiamond
spectra we have found out that fluorination processes in single- and multi-walled carbon
nanotubes are partly similar. Fluorine atoms interact with single-walled and multi-walled
carbon nanotubes by getting covalently attached to 72p, orbitals of the carbon atoms similar
to WGEF. It was found out that SWCNTs and MWCNTs cannot be completely fluorinated at
the given fluorination temperatures (190-222 °C and 420 °C, respectively). The NEXAFS
measurements demonstrated that within the probing depth (~15 nm) of E-MWCNTs, the
process of fluorination occurs uniformly and does not depend on the fluorine concentration.
Our experimental data confirm the previously predicted possibility of existence of two
fluorine super-lattices on the F-CNTs lateral surface, which results in developing of fluorine-
carbon phases with CF and C4F stoichiometries. Phase 1 (CoF) content in F-SWCNTs and F-
MWCNTs does not change with the increase in probing depth. It was assumed that phase 2
(C4F) whose electron transfer is smaller than that in phase 1 is formed only on the SWCNTs
located in the near-surface layer of the bundles and at the surface of the F-MWCNTs (1-2
monolayers). At the same time, only in the case of F-SWCNTs, phase 3 (CF) exists. It is
characterized by greater electron transfer than phase 1. Probably, phase 3 arises due to
fluorine atoms attachment to carbon atoms located at the open edges of SWCNTs. We have
revealed that at the temperatures of 190 °C and 222 °C the bundles of single-walled
nanotubes are not completely fluorinated within the probing depth of 15-20 nm. The process
of F-SWCNT and F-MWCNT defluorination by thermal annealing has been investigated.
Defluorination temperatures of F-SWCNTs and F-MWCNTs have been found to be equal to
each other and to the F-MWCNTs fluorination temperature (Ipr = Tr = 420 °C). We have
shown that thermal defluorination of F-SWCNTs contrary to F-MWCNTs is impossible
without partial deformation of graphene mesh of F-SWCNTs located on the bundle surface.
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