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jerome.
journal homepage: www.elsevier.com/locate/jssc
Solid-state NMR and EPR study of fluorinated carbon nanofibers
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a b s t r a c t

Carbon nanofibers were fluorinated in two manners, in pure fluorine gas (direct fluorination) and with a

fluorinating agent (TbF4 during the so-called controlled fluorination). The resulting fluorinated

nanofibers have been investigated by solid-state nuclear magnetic resonance (NMR) and electron

paramagnetic resonance (EPR). This underlines that the fluorination mechanisms differ since a (CF)n

structural type is obtained, whatever the temperature, with the controlled reaction, whereas, during the

direct process, a (C2F)n type is formed over a wide temperature range. Through a careful characterization

of the products, i.e. density of dangling bonds (as internal paramagnetic centers), structural type (acting

on molecular motion) and specific surface area (related to the amount of physisorbed O2), the effect of

atmospheric oxygen molecules on the spin-lattice nuclear relaxation has been underlined.

& 2008 Published by Elsevier Inc.
1. Introduction

Due to their numerous applications, such as electrode in
primary lithium batteries, solid lubricants, storage reservoir for
strong oxidant and fluorinating agent (BF3, ClF3), fluorinated
carbons have, during the last decades [1–8], been extensively
studied. In each application, the chemical, electrochemical and
tribological properties depend strongly on both the nature of the
C–F bonding (within the fluorocarbon matrix) and the involved
structural type, i.e. (CF)n, (C2F)n or fluorine-GIC (CxF)n. In
particular and because of their high discharge potential (up to
2.4 V) and high specific capacity (up to 800 mA h g�1) [8,9],
fluorinated carbons are commonly used as cathode in non-
aqueous primary lithium batteries. When carbon nanofibers
(CNFs) are used as precursor, a specific power of 8000 W kg�1

and a maximum of 6 C of current density have been obtained. This
is because insulating fluorinated parts are closely mixed, at
nanoscale, to conductive non-fluorinated carbons [10].

High-resolution solid-state nuclear magnetic resonance (NMR)
is a well-adapted technique for the study of fluorinated graphite
fluorides and fluorine graphite intercalation compounds [4,11–19].
Both the intercalated species (containing 19F and 1H nuclei for
example) and the fluorocarbon matrix (19F and 13C) can specifi-
cally be identified [11,14,19]. In particular, the 13C and 19F spin-
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lattice relaxation times T1 are quite useful in establishing
fluorination mechanisms and also in identifying the type of
fluorinated carbons formed during the process. For instance,
covalent (CF)n-and (C2F)n-type graphite fluorides exhibit different
19F T1 values, at 282 MHz, close to 450 and 210 ms [15,18]. Our
previous studies revealed that physisorbed paramagnetic oxygen
acts both in nuclear and in electron resonances [15,16]. This
results in changes of the 19F nuclear spin-lattice relaxation time,
T1, which significantly increases when the oxygen molecules were
removed from the sample surface. In the case of covalent (CF)n,
the T1 values were 0.45 s in presence of O2 and 10.10 s after its
removal upon out-gassing [15]. This O2 effect depends on the
specific surface area (SSA) of the solid i.e. on the amount of
physisorbed oxygen.

Other effects also regulate magnetic relaxation [20]. They are
as follows:
(i)
 Molecular motions related to structural parameters, for
instance, the stacking of fluorocarbon sheets gives rise to
structural defects, such as CF2 and CF3 groups, and dangling
bonds (DB).
The measured 19F T1 obtained using IF5 catalyst and post-
treated at 530 1C is 595 ms in air atmosphere [18]. For a
conventional covalent (CF)n (T1 ¼ 450 ms), the presence of a
molecular motion having an activation energy of
1.169 kJ mol�1 has been found [15] and shown to be
compatible with a simple C–F bond oscillation.
(ii)
 The presence of internal paramagnetic centers (PC) (which, in
the case of fluorinated carbons, are often DB having a localized
spin). Panich [11] found, at 44 MHz, a shorter T1 for (C2F)n
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(53 ms) than for (CF)n (400 and 660 ms for samples prepared
starting from petroleum coke and natural graphite, respec-
tively) and attributed this difference to the presence of PC
[11,12]. The effect of PC on nuclear spin relaxation has been
the subject of many studies [21–23] and results from a
coupling between nuclear spin and unpaired electrons (even
when the latter are in very small concentration because,
compared with nuclei, electrons have a much larger gyro-
magnetic ratio). The internal PC are either DB having a
localized electron whatever the fluorinated carbon [12,24–26]
and spin carriers due to the charge transfer between the
residual catalysts [27,28]).
The various contributions to the spin-lattice relaxation times
make the comparison between different fluorinated carbons very
difficult; all contributions depend on the starting carbonaceous
material, structural order, initial granulometry, surface properties,
dimensionality (graphite, nanotube and fullerene) and fluorina-
tion method (duration, fluorinating agent, and temperature). The
particular example of (CF)n underlines the difference between the
various T1 values found in the literature: 400 and 660 ms at
44 MHz for samples prepared starting from petroleum coke and
natural graphite, respectively [11,18]. At 282 MHz, the values for
the same samples are 450 (coke) and 785 ms (graphite).

In this work, in addition to the study of the fluorination
processes, we focus on the effect of adsorbed oxygen molecules on
the magnetic nuclear relaxation in fluorinated CNFs. All these
samples present an identical structural phase. Their electronic
spin density (DS) (formed only by DB [29]) only slightly changes
upon fluorination. On the other hand, their SSAs, i.e. B.E.T.
surfaces, change with the fluorination temperature and F:C molar
ratio; this results in a large variation of the amount of physisorbed
O2 molecules. This allows us to examine this particular point of
the effect of absorbed O2 on T1 without having to consider major
changes of the other parameters (molecular motion, density of
PC). The first part will be devoted to a comparison between
samples obtained using either F2 gas (direct fluorination) or a
fluorinating agent, terbium tetrafluoride (TbF4), (controlled
fluorination). The presence of paramagnetic oxygen will be
confirmed by electronic paramagnetic resonance. Finally, the
evolution of spin-lattice relaxation times as a function of SSA will
be discussed.
2. Experimental

2.1. Synthesis and chemical composition of the fluorinated carbons

nanofibers

High-purity (490%) CNFs, 2–20mm in length, were supplied by
courtesy of the MER Corporation, Tucson, Arizona. They were
obtained by chemical vapor deposition (CVP) and heat treated
at 1800 1C in an argon atmosphere to enhance their graphitization
degree. The well-defined periodicity of the layers was confirmed
both by transmission electron microscopy and X-ray diffraction
(interlayer distance d ¼ 0.337 nm). The diameter distribution is
between 80 and 350 nm. The average diameter (/FS) is estimated
equal to 150 nm from observations of various parts of the raw
sample.

Two types of fluorinated CNFs have been studied. The first was
synthesized by direct fluorination in pure F2 gas for temperatures
TF ranging between 380 and 480 1C; the corresponding materials
will be named D-TF. Details on synthesis and direct fluorination
mechanism have been already published elsewhere [29]. A second
batch was synthesized using a fluorinating agent, TbF4; its
thermal decomposition generates mainly atomic fluorine F� rather
than molecular fluorine F2 [30]. TbF4 was obtained in pure F2 gas
at 500 1C starting from TbF3 (Aldrich, 99.9%). Its purity (i.e. the
absence of residual TbF3) was systematically checked by X-ray
diffraction. A thermogravimetric analysis of TbF4, run till 350 1C,
indicated that exactly one mole of F� was released per mole of
TbF4 between 100 and 300 1C. This experiment was carried out
under argon flow in order to avoid the formation of oxyfluorides.

For the CNFs fluorination with TbF4 (denoted C-TF), a closed
reactor was used in order to preserve the defined fluorine amount
(atomic and/or molecular) released by the thermal decomposition
of TbF4. A two temperatures oven was used: the part containing
TbF4 was heated at 450 1C whatever the experiment whereas CNFs
were heated at temperatures TF between 420 and 500 1C.

A reaction time of 16 h was used. Prior to heating, a primary
vacuum (�10�2 atm) was set in the reactor. The reactions involved
during the fluorination are the following:

TbF4!
D

TbF3 þ F� or=and 1
2F2 (1)

Cþ xF� or=and
x

2
F2 ! CFx (2)

An excess of TbF4 (1.5 times the stoichiometric values) was used
in each case. The total conversion of TbF4 into TbF3 was checked
by both weight loss and X-ray diffraction analysis.

The F:C molar ratio of fluorinated CNFs was determined by
quantitative 19F NMR measurements (Table 1). The static spectra
of the samples and of polyvinyldifluoride (CF2–CH2)n, which was
used as a reference, were recorded with similar receiver gain, scan
number and recycling time D1 (D145T1 using the longest spin-
lattice relaxation times T1 in air atmosphere, which corresponds
to C-420 and D-480, so D1 ¼ 5 and 3 s for C-TF and D-TF,
respectively). The intensities are divided by the sample mass.
This method has been successfully checked with two conventional
(CF)n samples of compositions CF1.1, CF1.0, obtained by direct
reaction of natural graphite and petroleum coke, respectively,
with fluorine gas at 600 1C, and a (C2F)n sample of composition
CF0.6, obtained by direct reaction of natural graphite with fluorine
gas at 380 1C.

2.2. Physico-chemical characterizations

Nitrogen adsorption isotherms were measured at 77 K by a
Micromeritics ASAP 2020 automatic apparatus. Before measure-
ments, samples were pre-treated under secondary vacuum at
300 1C during 2 h for sufficient removal of impurities.

Electron paramagnetic resonance (EPR) spectra were run using
a X band Bruker EMX spectrometer operating at 9.653 GHz at
room temperature. Diphenylpicrylhydrazyl was used to calibrate
the resonance frequency (gE2.003670.0002) and densities of
spins carriers Ds. Data processing and simulations were performed
using Bruker WIN-EPR and SimFonia software, respectively.

NMR experiments were carried out with a Bruker Avance
spectrometer, at working frequencies for 13C and 19F of 73.4 and
282.2 MHz, respectively. A Magic Angle Spinning probe (Bruker)
operating with a 4 mm rotor was used. For MAS spectra, a simple
sequence was performed with a single p/2 pulse length of 4 and
3.5ms for 19F and 13C, respectively. Spin-lattice relaxation time T1

was measured using a saturation recovery sequence. The p/2 pulse
width was between 1 and 5 ms.

NMR experiments were also performed at higher frequency on
a Tecmag spectrometer (working frequency for 19F 470.7 MHz). A
special Cross Polarization/Magic Angle Spinning probe (Doty)
with fluorine decoupling on a 4 mm rotor was used. The 19F p/2
pulse width was 3ms. High MAS spinning speeds, 35 and 70 KHz,
were also performed with Bruker probe on a Bruker spectrometer
(working frequency for 19F 470.7 MHz).
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Table 1
Physico-chemical data of the fluorinated CNFs as a function of the fluorination conditions

Sample TF (1C) F:C % sp2 Carbon

atoms

Ds�1019

(spin g�1)

SSA (m2 g�1) Air T1 (ms) (75)

vacuum

Vacuum+air

D-390 390 0.08 –a 5.071.0 24.070.5 492

D-405 405 0.15 –a 7.871.6 30.270.5 254

D-420 420 0.39 82 9.371.9 65.170.6 223 885

D-428 428 0.59 26 16.273.2 93.770.7 230

D-435 435 0.68 25 16.473.3 110.570.8 232

D-450 450 0.74 20 24.975.0 112.970.8 243

D-472 472 0.90 10 24.374.9 111.170.7 320

D-480 480 1.04 9 77.3715.5 139.870.5 417 709

C-420 420 0.12 87 5.271.0 50.970.5 906 1580 824

C-450 450 0.56 46 3.370.7 104.870.7 565

C-480 480 0.70 35 5.571.1 102.770.5 541 1540 498

C-500 500 0.91 20 8.17 1.6 137.270.7 444

a Cannot be estimated.
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13C and 19F chemical shift were externally referenced to
tetramethylsilane (TMS) and CF3COOH, respectively. 19F chemical
shift were referenced with respect to CFCl3 (dCF3COOH ¼ �78.5 ppm
vs. dCFCl3

).
Scanning electron micrographs (SEM) were recorded using a

Cambridge Scan 360 SEM operating at 3 kV. Transmission electron
microscopy was performed with FEI CM200 operating at 200 kV.
The CNFs were dispersed in chloroform using ultrasonic treatment
and a few drops of suspension were deposited onto copper
observation grids covered with ultrathin carbon/formvar films.
The grids were subsequently dried at ambient conditions.
3. Results and discussion

3.1. Fluorination mechanisms

19F and 13C solid-state NMR results (Figs. 1 and 2) show that
the mechanisms of the two fluorination routes are different. The
19F chemical shift (d19F) of the main NMR line (Fig. 1a) observed
whatever the fluorination condition indicates that the C–F
bonding is covalent. This is because the observed d19F is equal to
�190 ppm/CFCl3 close to the one for covalent graphite fluorides
[11–19]. This C–F bonding implies that the carbon hybridization is
mainly sp3. On the other hand, compared with direct fluorination,
the TbF4 route generates lower surface disorder and lower
structural defects, which consist of CF2 and CF3 groups located
on the sheet edges. As a matter of fact, for the direct fluorination
sample, the presence of a second isotropic line at �120 ppm (its
first spinning sideband is visible as a shoulder on the C–F isotropic
line) indicates the presence of CF2 groups. Their amount is small
but sufficient to be detected by 19F MAS NMR. The content of CF2

is generally well correlated with the amount of CF3 groups. CF3 are
also detected by several narrow lines which are present in the
�60/�90 ppm range in the case of the direct fluorination and
superimposed with spinning sidebands of C–F and CF2 lines. These
groups can be localized on the fluorocarbon sheet edges and
probably rotate rapidly around the C–C bonds, explaining the
narrowness of their resonance line.

High field measurements (at 470.7 MHz) were also carried out
in order to better separate the various contributions. 19F NMR
spectra of fluorinated CNFs (D-480, D-472 and C-500) were
recorded with MAS, spinning rates of 15 KHz (Fig. 1b), 35 and
70 KHz (Fig. 1c).

As expected due to an improved homogeneity of the magnetic
field and a better resolution of the line, the increase of the
working frequency from 282.2 to 470.7 MHz results in a
significant narrowing of the CF2 line. On the contrary, the full
width at half maximum (f.w.h.m.) is still constant for C–F line
whatever the working frequency (f.w.h.m. E4700 Hz).

The linewidth of the C–F line could result from an envelop
of several lines with close chemical shifts rather than one
contribution.

Due to a better resolution of the various lines, except C–F line,
these experiments allow the various chemical shifts to be
confirmed: �190, �126 and �86 ppm for C–F, CF2 and CF3 groups,
respectively. When two samples of similar fluorine content are
compared, i.e. 0.90 and 0.91 for D-472 and C-500, respectively, the
amounts of CF2 and CF3 groups are lower for the sample prepared
by the controlled route. Another difference appears with a
working frequency of 470.7 MHz by the presence, for D-472 only,
of an additional shoulder at �180 ppm on the isotropic line of C–F
bonds (Figs. 1b and c). This line has never been observed for
covalent fluorinated carbons and its origin is unclear.

Its chemical shift of �180 ppm indicates carbon–fluorine
interaction lower than in covalent C–F bond (d19F ¼ �190 ppm).
It is to note that ‘‘semi-covalent’’ C–F bond, i.e. the bonding due to
the hyperconjugation involving C–C bonds into the carbon sheets
and C–F bonds, results in the lowering of the C–F bonding order
[6] and exhibits a chemical shift of �170 ppm [31]. Taking into
account 13C NMR data of CNFs fluorinated by F2 at 472 1C [29] and
by TbF4 at 500 1C (see after) the relative amounts of ‘‘semi-
covalent’’ C–F bonds are closed in the two samples. Such an
assignment for the additional line is not further retained.

As this line is not present for D-480 and C-500, which exhibit a
(CF)n type whereas (C2F)n is still present in D-472, the additional
line could be related to the presence of (C2F)n phase rather than to
structural disorder. The fluorocarbon sheets stacking differs in
(C2F)n and (C2F)n phases and the coexistence of the two phases
implies the presence of intermediate regions in the layers, which
separated the two phases. We believe that the additional line is
assigned to these intermediate regions but this hypothesis
remains to be verified by comparing various covalent graphite
fluorides obtained by different syntheses.

A major advantage of the process using fluorinating agent is
the smaller amount of CF3 and CF2 groups as shown by their
corresponding NMR lines which are decreased for CF2 or absent
for CF3 in the spectra of CNFs fluorinated using TbF4 (except for
C-480 and C-500 for which the CF3 line is very weak).

The formed fluorinated parts exhibit different structural phase.
In the case of direct fluorination (C2F)n type is formed in a wide
temperature range except at 480 1C where (CF)n type is also found
due to a partial exfoliation of the sample [29]. Only (CF)n type is
formed during the controlled fluorination and this whatever the



ARTICLE IN PRESS

∗*

CF2
CF3

C-F

CF2
CF3

C-F in (C

C-F

70 kHz

35 kHz

C-500

o

o

o o

o

o

*

*

∗

∗

∗

∗
∗

∗

∗
∗

∗
∗

∗
∗

∗
∗

∗∗

CF2

Covalent C-F

D-420

C-420

D-450

C-450

D-480

C-480

* ∗∗

D-472

15 kHz

-50

∗
∗

C-F in (C2F)n

C-F in (C2F)n

0

o

o

o

o

∗

∗

∗

∗
∗

∗

∗
∗

∗
∗

∗
∗

∗
∗

∗∗

CF3

CF2

CF

CF0.91

CF1.04

CF0.90D-472

D-480

C-500

CF3

∗

∗ ∗ ∗ ∗

∗∗∗∗∗

∗
∗ ∗ ∗∗

∗

-80

δ19F / CFCl3 (ppm) δ19F / CFCl3 (ppm) δ19F / CFCl3 (ppm)

-100 -200 -300 -120 -160 -200 -240 -280 -100 -150 -200 -250 -300 -350

Fig. 1. 19F MAS NMR spectra at 282.2 MHz (a) and at 470.7 MHz (b) and (c); the spinning speeds were 14 KHz (a), 15 KHz (b), 35 and 70 KHz (c). * and J denote spinning

sidebands.

300

0.91C-500

C---F

D-420

C-420

D-450

C-450

D-480

C-480

C sp3
C sp2 C-F

δ / TMS (ppm)

0.39

0.12

0.74

0.56

1.04

0.70

F:C

200 100 0 -100

Fig. 2. 13C MAS NMR spectra of the fluorinated CNFs; the spinning speed was

10 kHz.

W. Zhang et al. / Journal of Solid State Chemistry 181 (2008) 1915–19241918
temperature. As the carbon hybridization is sp3, the fluorocarbon
layers are corrugated in both structural phases and consist of
trans-linked cyclohexane chairs or cis–trans-linked cyclohexane
boats. Contrary to (CF)n in which each carbon atom is covalently
bonded to a fluorine atom, in (C2F)n, pairs of buckled sheets are
present and only half of the carbon atoms are fluorinated. In
accordance with the structural model presented by Sato et al. [32],
every pair of adjacent carbon sheets are bonded to each other by
covalent C–C bonds (forming diamond-like carbon atoms). The 13C
spectra of (CF)n and (C2F)n types exhibit a common line at 88 ppm/
TMS and is assigned to carbon atoms in strong interaction
with fluorine, i.e. covalently bonded [4,11,14,15,18,19] (noted C–F
in Fig. 2) Moreover, diamond-like carbon atoms, which ensure the
connection between the fluorocarbon layers in (C2F)n type, results
in a 13C chemical shift (dCsp3 ) of 42 ppm, close to the one of pure
diamond which is found to be 35 ppm [33]. This line is not
significant in the case of CNFs fluorinated using TbF4 contrary to
what is found for the direct route (Fig. 2). In the latter, a (C2F)n-
type structure is present till 472 1C. At higher fluorination
temperature, (C2F)n is converted into (CF)n and the relative
intensity of the line at 42 ppm decreases for D-480. Whatever
the fluorination temperature, another broad resonance peak
appears at 120 ppm i.e. close to the one of pure graphite, and is
therefore assigned essentially to residual graphitic carbons plus a
certain amount of sp2 carbon atoms in weak interaction with
fluorine (dC?F ¼ 140 ppm). Its relative percentage, estimated by
spectral fitting, decreases when the fluorination temperature in-
creases and then with the fluorine content. Table 1 summarizes the
percentage of the sp2 carbon atoms estimated by the ratio S(Csp2)/
[S(Csp2)+S(C–F)+S(C?F)+S(Csp3)] where S is the area of the line.

The amount of reactive fluorine atoms in the reactor is
kinetically controlled for the fluorinating agent TbF4. TbF4 is
thermally decomposed into TbF3 with a progressive release of
either atomic F� or molecular F2 fluorine. This leads to an
equilibrium between the two types of fluorine: 2F�3F2. Atomic
F� is known to be more reactive than F2 and therefore constitutes
the main fluorinating agent. This displays the equilibrium towards
more F� and allows a higher fluorination level to be obtained, i.e.
(CF)n type even at low temperature. Moreover, fluorination occurs
more progressively with lower structural defects.

Selected fluorinated CNFs using both TbF4 and F2 were
characterized by TEM (Fig. 3, see also Ref. [29]) and SEM (Fig. 4)
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d = 0.6 nm

d = 0.34 nm

20 nm

d = 0.34 nm

10 nm

Fig. 3. TEM image of the raw material (a) and of CNFs fluorinated at 480 1C using TbF4 (b).

Fig. 4. SEM image of selected fluorinated carbon nanofibers C-420 (a) C-480 (c) and D-480 (d) and (b) schematic illustration of the fluorination mechanism in accordance

with reference [34].
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allowing the fluorinated parts to be underlined. In these small
domains, due to the accommodation of fluorine atoms within the
graphene layers, the disorder increases and the interlayer distance
increases from the one of raw CNFs (0.34 nm) up to the classical
value of (CF)n-type graphite fluoride structure (d-spacing equal to
0.60 nm) for the controlled fluorination. Using the direct fluorina-
tion, d-spacing of the fluorinated layers indicates the formation of
(C2F)n type. The dispersion of the fluorinated parts depends on the
reaction temperature; they are dispersed in the overall bulk at
480 1C (Fig. 4) whereas, for the lower fluorination temperature, at
420 1C for both the direct and controlled fluorinations the
distorted layers were located near the nanofiber surface. In the
case of the direct fluorination, such disordered layers dispersion
has not been observed at 480 1C and some exfoliation occurs [29].

The fluorination starts on the defective or unsaturated carbons
sitting at outlayers or the nanofiber tips although their amount is
quite low since the sample were post-treated at 1800 1C under
argon atmosphere. The fluorination could then progresses toward
the core through an opening of some external walls in order to
permit the volume expansion resulting from the accommodation
of fluorine atoms and the carbon hybridization change from sp2

into sp3. SEM image of C-420 and C-480 in Figs. 4a and c,
respectively, supports this proposed model schematically
shown in Fig. 4b in accordance with Ref. [34]. Using F2 gas at
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480 1C (Fig. 4d), this process occurs with a partial exfoliation
resulting in some cracks due to the expansion.
3.2. EPR study

Fig. 5 displays the EPR spectra of three selected samples, C-480,
C-500 and D-480.

It should be noted that no EPR signal is present for pristine
CNFs. The origin of the EPR lines is identified as carbon DB having
a localized spin. Such spin carriers have been proposed for other
fluorinated carbon obtained in F2 atmosphere [12,14–16,24–26].
Because of the progression of the fluorinated part containing the
DB, the larger the F:C ratio, the larger the spin density and thus
the higher the intensity of the EPR line (Table 1). The g-factor is
close to 2.00370.002 (typical for free radicals and localized
structural defects in carbons). Simulation of the spectra reveals
3350

H (G)

Line 3
Line 2

Line 1

C-480 air

Line 3
Line 2

Line 1

C-480 

vacuum

Line 3
Line 2

Line 1

C-480 

Vacuum 

+ air

3400 3450 3500

3350

H (G)

3400 3450 3500

3350

H (G)

3400 3450 3500

Fig. 5. EPR spectra and simula
that three contributions (Lorentzian) are needed to perfectly fit
the spectra of C-480, C-500 and D-480 acquired in ambient air
atmosphere (Fig. 5, Table 2). For all fluorinated CNFs, except D-480
and C-500, the spectra consist of two lines (1 and 2) related to DB
having different environments; the peak-to-peak linewidths
(DHpp) are equal to 6.3 and 14.970.2 G (C-480). The third line
(line 3) is broad (DHpp ¼ 6072 G), and assigned either to the
interaction of the DB with the paramagnetic oxygen molecules
(adsorbed on the CNF surface) or to a non-resolved superhyperfine
structure (SHFS). This latter results from the hyperfine interaction
of the DB with neighboring fluorine nuclei (nuclear spin number
I ¼ 1/2). For the higher temperature, using direct fluorination
(D-480) or TbF4 (C-500), this SHFS, due to n ¼ 6 19F nuclei, is
resolved resulting in 2nI+1 ¼ 7 lines (Figs. 5d–f); its origin is
probably the higher fluorine content (F:C ¼ 1.04 and 0.91 for
D-480 and C-500, respectively). Simulation of the signal leads to a
hyperfine parameter A ¼ 4572 G, a linewidth DHpp ¼ 36 G72 G
3300

H (G)

D-480 air

Line 2

Line 3

SHFS
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Vacuum

SHFS
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Line 2

C-500 air
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3400 3500 3600

3300
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Table 2
Parameters of the EPR spectra

Line 175 G Line 2 Line 3 SHFS

C-480 air

DHpp (G) 6.3 14.9 60 –

%Sa 18.1 34.3 47.6

C-480 vacuum

DHpp (G) 4.5 14.8 60 –

%Sa 41.9 24.4 33.7

C-480 vacuum +air

DHpp (G) 6.5 14.9 60 –

%Sa 11.0 31.0 58.0

C-500 air

DHpp (G) 16.2 60 b

%Sa 28.4 28.8 42.8

D-480 air –

DHpp (G) 15.8 60 b

%Sa 26.4 31.5 42.1

D-480 vacuum –

DHpp (G) 16.0 60 b

%Sa 30.1 19.9 50.0

a %Si ¼ Si/
P

SLines with Si the area of the line integral and
P

SLines the sum of the

integral.
b Superhyperfine structure (SHFS) with (2nI+1) ¼ 7 lines where n ¼ 6 is the

number of neighboring fluorine nuclei (nuclear spin number I ¼ 1
2) (coupling

constant A ¼ 4572 G, linewidth DHpp ¼ 36 G72 G16.
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Fig. 6. Initial 19F magnetization curve of fluorinated CNFs, 1�(Mz(t))/M0 vs. t1/2, in

presence of air (J and K), after out-gassing (n) and after out-gassing and re-

exposure to air (&). J, n and & refer to the sample obtained using the controlled

fluorination and K is used for CNFs fluorinated using F2. The abscissa has been

shifted to separate the curves (0.5 or 1.0 s1/2).
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and a g-factor of 2.00370.001. These EPR parameters are close to
the ones proposed by Panich et al. [12] who have study fluorinated
petroleum cokes and interpreted the large linewidth by the joint
effect of dipole–dipole and exchange interactions between PC. For
covalent graphite fluoride, similar SHFS has been observed
starting from petroleum coke [15,16], natural graphite [18] or
room temperature graphite fluorides post-fluorinated at high
temperature [14]. In addition to SHFS, the spectra of D-480 and
C-500 only exhibit line 2 (DHpp ¼ 15.8 G70.2 G and 16.2 G70.2 G,
respectively) and 3 (DHpp ¼ 60 G72 G). The non-resolved hyper-
fine structure, which was also observed, is due to different
configurations of the fluorine atoms surrounding the DB [18].
Comparison of the spin density Ds for the two fluorination routes
(Table 1) reveals that the amount of DB at a given fluorination
level is lower using the controlled process. Ds slightly increases
with temperature except for D-480 for which a partial exfoliation
occurred resulting in an important increase of the structural
defects, in particular the DB.

Interactions between carbon DB and paramagnetic oxygen
adsorbed on the surface of CNFs could modify the magnetic
properties. This behavior has been already observed for (CF)n and
(C2F)n graphite fluorides [15,16] and in conducting polymers such
as polypyrrole [35], protonated emeraldine form of polyaniline
[36,37] and of polyaniline sulfonate-based hybrid nanocomposite
[38]. In order to verify this hypothesis in the present case, EPR
spectra of C-480 and D-480 were recorded after out-gassing for
one hour at 120 1C and 2 h at 300 1C under secondary vacuum
(Figs. 5b and e, sample C-480 vacuum and D-480 vacuum). After
the out-gassing, the samples are transferred under N2 and into a
quartz EPR tube in a glove box (filled with argon). The EPR tubes
are then sealed off. Out-gassing results in the removal of
physisorbed molecules from the sample surface, such as atmo-
spheric paramagnetic O2 and HF molecules. In the case of C-480,
the spectrum was also recorded after re-exposure to air atmo-
sphere (Fig. 5c, denoted C-480 vacuum+air). Taking into account
the relative ratio %Si ¼ Si/

P
SLines, where Si is the area of the line

integral for the i signal and
P

SLines the sum of the area, the out-
gassing of C-480 leads to a decrease of this ratio for lines 2 and 3
whereas the percentage of the line 1 increases from 18.1% to 41.9%
(Table 2). The removal of O2 molecules from the surface results in
the suppression of the interaction between paramagnetic O2 and
DB; this leads to the narrowing of the line from DHpp close from
14.9 G (line 2) to 6.3 G (line 1) showing that these two
contributions concern similar DB but with different interaction
with O2. This process is reversible since the area ratio after re-
exposure to air atmosphere is quite similar to the initial state. Due
to the initial presence of HF and H2O molecules in the sample
porosity, the surface properties and the amount of O2 are not
rigorously equal before and after out-gassing explaining why the
area ratio slightly differs. In the case of D-480, the percentages of
SHFS and line 2 increase after out-gassing whereas that of line 3
decreases due to a conversion into SHFS. The presence of O2

results in an increase of the linewidth for the seven lines of SHFS;
this leads to the observed non-resolved SHFS (line 3). EPR clearly
underlines the interaction between adsorbed O2 molecules and
DB. O2 species act as a relaxation agent, which lowers the T1 spin-
lattice relaxation time and/or the T2 spin–spin relaxation time
(which is inversely proportional to the linewidth DHpp).
3.3. Effect of PC and of physisorbed oxygen molecules on nuclear

spin-lattice relaxation

Coupling between nuclear spin and unpaired electron spin,
even in small concentration, produces an effective channel for
nuclear spin-lattice relaxation. The relaxation behavior depends
on the spin diffusion constant. In the case of diffusion limited
relaxation, the magnetization Mz(t) possess two different regions:
for very short time Mz(t) is proportional to t1/2 and proceed
asymptotically to an exponential function of time [21]. For a
diffusionless process, the growth of magnetization has been
shown to be in t1/2 for very short time [21], for longer time the
magnetizable evolves as exp[�(t/T1)1/2] [22,23]. In absence of
relaxation by PC or in the case of rapid spin diffusion, Mz(t) follows
an exponential function of time for all values of t without the
transient region in t1/2 [21]. In Fig. 6 are reported the characteristic
magnetizable growth (in the form of [1�Mz(t)/Mz0)] as a function
of t1/2 for various samples fluorinated at the lowest and highest
temperatures (420, 480 and 500 1C). The recovery is linear
whatever the sample and for longer time the magnetization is
an exponential function of the time. Presence of PC is then a factor
of relaxation.
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The following part will focus on the quantification of the effect
of paramagnetic O2 molecules as a function of the small surface
area (SSA). First, the surface properties were investigated by
nitrogen adsorption at 77 K. The raw CNFs present a low SSA
(18 m2 g�1); the adsorption and desorption curves are super-
imposed (Fig. 7). The porosity is essentially interparticular
because, whatever the sample, the adsorption data deviate
significantly from a flat to a curved feature above P/P0 ¼ 0.1
(above the monolayer formation) indicating uptake on the
external surface. Fluorination results in (i) a small ill-defined
mesoporosity as revealed by the small hysteresis found between
the adsorption and desorption branches, (ii) microporosity is
increased as shown by a significant increase of the amount of
nitrogen adsorbed in the low relative pressure domain (P/P0o0.1).
Moreover, the slope after the curvature is more pronounced,
indicating the progressive filling of the external surface. This
behavior occurs for the two kinds of fluorination; nevertheless, it
is more pronounced for direct fluorination than in for the
controlled process indicating a larger surface disorder when pure
F2 is used; the SSA (i.e. B.E.T. surface) is also systematically higher
for the direct fluorination at the same reaction temperature. For
both the controlled and direct fluorination, the evolution of SSA
with TF exhibits three distinct parts:
�
 The results obtained in the case of direct fluorination at
TFp435 1C, and for C-420 and C-450 (Table 1) show that
fluorination starts on the nanofibers surface, leading to surface
disorder and an opening of the porosity; the SSA increases
steadily.

�
 Between 435 and 472 1C for D-TF and for C-480, fluorination

progresses towards the core without significant change of the
surface, the SSA remains constant.

�
 Finally, due to the partial exfoliation at higher temperature in

F2 gas [29], the SSA increases once more reaching a value close
to 140 m2 g�1. This process occurs at 480 1C for direct fluorina-
tion and at 500 1C in the case of controlled fluorination.
The variation of 19F spin-lattice relaxation with fluorination
temperature is shown in Table 1. Rather than T1 values, Figs. 8a
and b show the relaxation rate R1 ¼1000/T1 as a function of
fluorination temperature and SSA, respectively. By comparing our
results with T1 values of well-known graphite fluorides, (CF)n and
(C2F)n types, it is possible to extract some structural-type
information. For these two well-known structures, T1 are equal
to 450 and 210 ms, respectively [15,16,18]. In the case of the
controlled fluorination for TF equal to 450, 480 and 500 1C, the T1

values are in agreement with those of a (CF)n phase (Fig. 8a and
Table 1). For the direct reaction, the T1 values are close to the one
of (C2F)n in a wide reaction temperatures range (420oTFo450 1C).
On the contrary, the T1 values at the lowest fluorination
temperatures significantly differ from the classical values of
(C2F)n types, which is the main structural phase in these
conditions. The same behavior is observed for the controlled
route samples i.e. T1 is higher than the one expected for a (CF)n

type. In both cases, the amount of physisorbed O2, which is related
to the SSA, increases continuously with temperature for
TFp435 1C. The effect of paramagnetic O2 is therefore increased
resulting in a higher relaxation rate in air atmosphere (all other
parameters such as density of DB and structure being quite similar
in the compared samples). This clearly appears in Fig. 8b in the
initial part of the curve. The same phenomenon explains the
higher T1 value of C-420 when compared with C-450. These two
samples exhibit a SSA of 50.970.5 and 104.870.7 m2 g�1,
respectively.

For 435pTFp450 1C and TF ¼ 450 and 480 1C, respectively for
the direct and controlled fluorinations, because the SSA remains
nearly constant (Table 1 and Fig. 8), the relaxation rate of the
various samples do not change significantly for the two series D-TF

and C-TF.
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Table 3
Comparison of two covalent graphite fluorides

TF (1C) F:C T1 (presence of O2) (ms) SSA (m2 g�1) Ds (�1019 spin g�1)

(CF)n-C 600 1 450 230 1.2

CF-530 25+530a 0.92 595 115 0.1

a Synthesis at room temperature using F2(g)–HF(g)–IF5(g) catalytic mixture and a post-fluorination at 530 1C under pure F2 gas.
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Finally, R1 goes on increasing as the SSA of C-500
(137.270.7 m2 g�1) increases. On the contrary, in the case of
direct fluorination, the relaxation rate decreases for the higher TF

although SSA and amount of O2 are larger. For this reaction
temperature, a structural conversion from (C2F)n into (CF)n type
occurs; the spin-lattice relaxation time tends towards the typical
value of (CF)n-type graphite fluoride (T1 ¼ 450 ms), which is
significantly higher than the (C2F)n type (210 ms).

In order to definitively prove the effect of adsorbed O2

molecules, the T1 values were recorded with out-gassed samples
(Table 1); a drastic increase is systematically observed and T1

reaches a value equal to 1.58 and 1.54 s for C-420 and C-480, both
of (CF)n structural type. This value can be considered as the
intrinsic spin-lattice relaxation time of fluorinated CNFs with this
structural stacking. After re-exposure to air atmosphere, the T1

values are close to the initial values but slightly lower; this effect
is probably due to an elimination of both HF and H2O molecules
through out-gassing leading to a total amount of physisorbed O2

molecules slightly larger than before. The fact that the T1 values
are all very similar proves that the out-gassing process does not
modify the chemical nature of the fluorinated CNFs. This is
contrary to the case of (C2F)n-type graphite fluoride whose initial
high content of HF molecules is removed by out-gassing [16]. The
comparison of the values obtained after out-gassing for D-420 and
D-480 cannot be discussed due to structural conversion.

The values of 1.58 and 1.54 s for CNFs fluorinated using TbF4 at
420 and 480 1C, respectively, confirm that the fluorocarbon matrix
is rigid in accordance with the observed broad 19F NMR line width.
The strong correlation of the spin-lattice relaxation rate with the
SSA is well highlighted by the case of C-TF compounds (Fig. 8b).

Taking into account the new results in the present paper,
previous data about two covalent graphite fluorides with (CF)n

structural type are also discussed: the first sample is conventional
(CF)n obtained at 600 1C starting from petroleum coke (noted
(CF)n–C) whereas the second one is prepared using graphite at
room temperature with IF5 catalyst and post-treated at 530 1C (CF-
530). For these samples, contrary to the effect of internal
paramagnetic center, the effect of paramagnetic oxygen is
predominant since the T1 values increased when the sample were
sealed under vacuum [18]. Moreover, although similar structural
type and fluorine content (CF0.92 for CF-530 and CF1 for (CF)n–C),
T1 is longer for CF-530 than for (CF)n–C i.e. 595 and 450 ms,
respectively (Table 3). The difference between these values are
explained by different SSA (50 and 230 m2 g�1 for CF-530 than for
(CF)n–C, respectively) and, consequently, the presence of different
amounts of physisorbed O2 molecules; The tendency is similar
than for fluorinated CNFs.
4. Conclusion

NMR and EPR characterization allows the fluorination of CNFs
using two routes, direct (F2) and controlled (using TbF4 as
fluorinating agent) to be compared. Whatever the fluorination
process a similar structural type is formed: (i) with TbF4, (CF)n is
present whatever the temperature and (ii) by direct fluorination
(using pure F2 gas), over a wide temperature range (390oTFo
472 1C), (C2F)n is the main phase. The amounts of structural
defects, such as DB and CF2, CF3 groups, are limited using the
controlled process thanks to the progressive release of fluorine
during the thermal decomposition of TbF4. For CNFs fluorinated
with TbF4, the decrease of the defects content associated with a
highly fluorinated phase (CF)n is promising for the use as
electrode material in primary lithium battery; their performances
in such an application are under investigation.

Moreover, the direct correlation between 19F spin-lattice
nuclear relaxation times (T1) and SSA has been established for
fluorinated CNFs. This demonstrates the effect of physisorbed O2

molecules on the nuclear relaxation since the amount of
physisorbed paramagnetic O2 is related to the SSA. The other
parameters which govern the T1 exhibit low changes i.e. density of
DB as internal PC (except after the direct fluorination at 480 1C)
and the molecular motion, which is related to the structural type
formed, i.e. (CF)n or (C2F)n. The presence of atmospheric O2

definitely influences nuclear relaxation as does the presence of
internal DB. Removal of O2 upon out-gassing results in a longer T1

value, close to 1.56 s; this value can be considered as the intrinsic
spin-lattice relaxation time of fluorinated CNFs having a (CF)n-
type structure.
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[17] J. Giraudet, M. Dubois, K. Guérin, C. Delabarre, P. Pirotte, A. Hamwi, F. Masin,

Solid State NMR 221 (2007) 131–140.
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