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(57) ABSTRACT

The invention provides fluorinated multi-layered carbon
nanomaterials and methods for their production. In one aspect
of the invention, the carbon nanomaterials are partially flu-
orinated and retain some unreacted carbon. The invention
also provides electrodes and electrochemical devices incor-
porating the fluorinated carbon nanomaterials of the inven-
tion. In one aspect of the invention, the electrochemical has a
first electrode including the at least partially fluorinated car-
bon materials of the invention and a second electrode includ-
ing a source of lithium ions
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FLUORINATION OF MULTI-LAYERED
CARBON NANOMATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of prior U.S.
patent application Ser. No. 11/560,570, filed Nov. 16, 2006,
hereby incorporated by reference, and claims priority from
U.S. Provisional Applications No. 60/775,559, filed Feb. 22,
2006, No. 60/775,110, filed Feb. 21, 2006 and No. 60/737,
186, filed Nov. 16, 2005 hereby incorporated by reference to
the extent not inconsistent with the disclosure herein.

BACKGROUND OF INVENTION

[0002] This invention is in the field of fluorinated multilay-
ered carbon nanomaterials, in particular fluorinated multi-
walled carbon nanotubes, multilayered carbon nanofibers,
multilayered carbon nanoparticles, carbon nanowhiskers and
carbon nanorods.

[0003] Fluorinated carbons are used commercially as a
positive electrode material in primary lithium batteries. Fluo-
rination of graphite allows intercalation of fluorine between
the carbon layers. Other industrial applications of fluorinated
carbons include use as solid lubricants or as reservoirs for
very active molecular oxidizers such as BrF; and CIF .
[0004] Inalithium/CF cell, the cell overall discharge reac-
tion, first postulated by Wittingham (1975) Electrochem. Soc.
122:526, can be schematized by equation (1):

(CF,),+xnLi < nC4+nxLiF (1

[0005] Thus, the theoretical specific discharge capacity
Q,,, expressed in mAh-g-', is given by equation (2):

xF (2)

Qo) = 3o+ 1)

where F is the Faraday constant and 3.6 is a unit conversion
constant.

[0006] The theoretical capacity of (CF,), materials with
different stoichiometry is therefore as follows: x=0.25,
Q,=400 mAh-g-'; x=033, Q,=484 mAh-g-'; x=0.50,
Q,,=623 mAh-g-*; x=0.66, Q,,=721 mAh-g-'; and x=1.00,
Q,,—865 mAh-g-.

[0007] The reactivity of carbon allotropic forms with fluo-
rine gas differs largely owing either to the degree of graphi-
tization or to the type of the carbon material (Hamwi A. et al.;
J. Phys. Chem. Solids, 1996, 57(6-8), 677-688). In general,
the higher the graphitization degree, the higher the reaction
temperature. Carbon fluorides have been obtained by direct
fluorination in the presence of fluorine or mixtures of fluorine
and an inert gas. When graphite is used as the starting mate-
rial, no significant fluorination is observed below 300° C.
From 350 to 640° C., two graphite fluorides, mainly differing
in crystal structure and composition are formed: poly(dicar-
bon monofluoride) (C,F),, and poly(carbon monofluoride)
(CF),, (Nakajima T.; Watanabe N. Graphite fluorides and
Carbon-Fluorine compounds, 1991, CRC Press, Boston;
KitaY.; Watanabe N.; Fujii Y.; J. Am. Chem. Soc., 1979, 101,
3832). In both compounds the carbon atoms take the sp®
hybridization with associated distortion of the carbon hexa-
gons from planar to ‘chair-like’ or ‘boat-like’ configuration.
Poly(dicarbon monofluoride) is obtained at ~350° C. and has
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a characteristic structure, where two adjacent fluorine layers
are separated by two carbon layers bonded by strongly cova-
lent C—C bonding along the c-axis of the hexagonal lattice
(stage 2). On the other hand, poly(carbon monofluoride)
which is achieved at ~600° C. has a structure with only one
carbon layer between two adjacent fluorine layers (stage 1).
Graphite fluorides obtained between 350 and 600° C. have an
intermediary composition between (C,F),, and (CF), and con-
sist of'a mixture of these two phases (Kita, 1979). The stage s
denotes the number of layers of carbon separating two suc-
cessive layers of fluorine. Thus a compound of stage 1 has a
sequence of stacking of the layers as FCF/FCF .. ., and a
compound of stage 2 has the sequence FCCF/FCCF . . .. Both
poly(dicarbon monofluoride) and poly(carbon monofluoride)
are known to have relatively poor electrical conductivity.
[0008] Use of fluorinated carbon nanotubes in batteries has
been reported in the patent literature. Japanese Patent publi-
cation JP2005285440, Mashushita Electric Ind. Co. Ltd.,
reports a nonaqueous electrolyte battery including a positive
electrode made of a fluorocarbon including fluorinated car-
bon nanotubes and a negative electrode made of materials
which can provide a source of lithium ions.

[0009] Reaction of multi-walled carbon nanotubes
(MWCNT) with fluorine has been reported in the scientific
literature. Hamwi et al. (1997) report fluorination of carbon
nanotubes having an outer diameter between 20 and 40 nm
prepared by thermal decomposition of acetylene over silica-
supported cobalt catalysts. Fluorination at about 500° C. for
four hours under pure fluorine atmosphere led to white com-
pounds indicative of complete fluorination. (A. Hamwi, H.
Alvergnat, S. Bonnamy, F. Beguin, 1997, Carbon, 35, 723).
Touhara et al. (2002) report fluorination of template synthe-
sized carbon nanotubes having an outer diameter of 30 nm at
temperatures from 50° C. to 200° C. for 5 days under 1 atm of
fluorine gas. (H. Touhara et al., 2002, J. Fluorine Chem, 114,
181-188).

[0010] Reaction of carbon fibers with fluorine has also been
reported. U.S. Pat. No. 6,841,610 to Yanagisawa et al. reports
fluorinated carbon fibers in which the exposed edges of the
carbon layers are fluorinated. The pristine carbon fiber start-
ing material had a “herring bone” structure and an average
diameter of about 100 nm. The fluorination temperature was
reported as 340° C., the fluorine partial pressure as 460 mm
Hg, the nitrogen partial pressure as 310 mm Hg and the
reaction time as 72 hours. Touhara et al. (1987) reported
reaction of elemental fluorine and heat treated vapor-grown
carbon fibers having a diameter of approximately 10 microns
at temperatures between 330° C. and 614° C. No residual
graphite was confirmed for all compounds. The F/C ratios
reported ranged between 0.53 (at 345° C.) and 0.99 at 614° C.
(Touhara et al., 1987 Electrochemica Acta, Vol. 32, No. 2,
293-298).

[0011] Carbon-fluorine intercalation compounds have been
also obtained by incorporating other compounds capable of
acting as a fluorination catalyst, such as HF or other fluorides,
into the gas mixture. These methods can allow fluorination at
lower temperatures. These methods have also allowed inter-
calation compounds other than (C,F),, and (CF),, to be pre-
pared (N. Watanabe et al., “Graphite Fluorides”, Elsevier,
Amsterdam, 1988, pp 240-246). These intercalation com-
pounds prepared in the presence of HF or of a metal fluoride
have an ionic character when the fluorine content is very low
(F/C<0.1), or an iono-covalent character for higher fluorine
contents (0.2<F/C<0.5). In any case, the bonding energy
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measured by Electron Spectroscopy for Chemical Analysis
(ESCA) gives avalue less than 687 eV for the most important
peak ofthe F,  line and a value less than 285 eV for that of the
C,, line (T. Nakajima, Fluorine-carbon and Fluoride-carbon,
Chemistry, Physics and Applications, Marcel Dekker 1995 p.
13).

[0012] Hamwi et al. have reported room temperature fluo-
rination of MWNT under a gaseous atmosphere of F,, HF and
IF; for about 10 hours. The F/C ratio, determined by mass
uptake, was reported as 0.4. Fourier Transform Infrared Spec-
troscopy spectra were reported to display a broad band cen-
tered at about 1100 cm™, indicating the presence of semi-
ionic C—F bonds (Hamwi 1997 ibid.).

[0013] U.S. Pat. No. 5,106,606 to Endo et al. report fluori-
nated graphite fibers having a composition of CSF to C;,F.
The examples describe room temperature fluorination in the
presence of a silver fluoride catalyst.

SUMMARY OF THE INVENTION

[0014] The invention provides fluorinated multi-layered
carbon nanomaterials. Multi-layered carbon materials suit-
able for use with the invention include multi-walled carbon
nanotubes (MWCNT), multi-layered carbon nanofibers
(CNF), multi-layered carbon nanoparticles, carbon nano-
whiskers, and carbon nanorods. These fluorinated materials
are suitable for use in electrochemical devices such as pri-
mary batteries and secondary batteries. In particular, use of
partially fluorinated nanomaterials in lithium batteries can
provide good battery performance at high discharge rates.
[0015] In an embodiment, the invention provides a fluori-
nated multi-layered carbon nanomaterial obtained by direct
fluorination and having an average chemical composition
CF,, where x is the atomic ratio of fluorine to carbon. In one
aspect of the invention, x is between 0.06 and 0.95, In an
embodiment, the carbon nanomaterial has a substantially
ordered multi-layered structure prior to fluorination

[0016] In an embodiment, the invention provides partially
fluorinated carbon nanomaterials which contain both unflu-
orinated (unreacted) and fluorinated carbon. The unreacted
carbon phase has higher electrical conductivity than the flu-
orinated carbon product. When the partially fluorinated mate-
rial is used in the cathode of Li/CF,, cell, the non-fluorinated
component of the material ensures electronic conductivity
whereas the fluorinated component is electrochemically
active during discharge, following Equation 1. For these par-
tially fluorinated nanomaterials, the combination of these two
phenomena allows high energy densities to be obtained dur-
ing discharge.

[0017] In another embodiment, the invention provides flu-
orinated carbon nanomaterials which contain at least two
fluorinated carbon products: a more lightly fluorinated, more
electrically conductive product and a more heavily fluori-
nated, less electrically conductive product. These fluorinated
carbon materials may also contain unfluorinated carbon. As
previously described, the presence of a component with a
higher electrical conductivity is expected to aid Li/CF, cell
performance at high discharge rates.

[0018] The invention also provides methods for fluorinat-
ing multi-layered carbon nanomaterials. In an embodiment,
the methods of the invention involve contacting the multi-
layered carbon nanomaterials with either fluorine or a fluo-
rine gas mixture at a temperature greater than about 375° C.
for a time greater than four hours.
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[0019] The invention also provides electrochemical
devices that convert chemical energy to electrochemical cur-
rent, such a devices being exemplified by lithium batteries.
Such a device has a first electrode comprising at least one
fluorinated multi-layered carbon nanomaterial of the inven-
tion; a second electrode; and an ion-transporting material
called the electrolyte and a separator material that physically
separates the two electrodes and prevents direct electrical
contact therebetween. In another embodiment, the electrolyte
and the separator may be provided by one material, such as a
solid state polymer (POE, PPE), a gelled electrolyte or a solid
state electrolyte (Lithium phosphorus oxynitride (LiPON)
thin film). In alithium battery, the second electrode comprises
a source of lithium ions. In an embodiment, the first electrode
is a cathode or positive electrode and the second electrode is
an anode or negative electrode. The anode may comprise a
source of an ion corresponding to a metal of Groups 1, 2, or3
of the Periodic Table of the Elements.

[0020] In a further aspect of the invention, an electrode is
provided, the electrode comprising a fluorinated multi-lay-
ered carbon nanomaterial. Generally, the fluorinated multi-
layered carbon nanomaterial is present in a composition that
additionally includes a conductive diluent and a binder. Such
electrodes may be employed in electrochemical devices that
convert chemical energy to electrode current and in electronic
devices.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1. Evolution of the F:C molar ratio with tem-
perature estimated by both weight uptake (o) and quantitative
NMR data (@).

[0022] FIG. 2. TEM bright field images of the pristine
carbon nanofibers (a) and (b); of the fluorinated samples at
420° C. (c) and 480° C. (d).

[0023] FIG. 3. Power spectral density (PSD) functions cal-
culated for the TEM images of FIG. 2: pristine carbon nanofi-
bers (1), fluorinated sample treated at 420° C. (2 and 3). The
curves 2 and 3 correspond to the entire image 2¢ and to the
core of the fiber exclusively. The curves are offset vertically
for clarity. The dotted line indicates the periodicity of gra-
phitic layers.

[0024] FIG. 4. X-Ray diffraction patterns of CNF's fluori-
nated at temperatures ranging between 380 and 480° C. com-
pared with the CNF's patterns.

[0025] FIG. 5. Raman spectra of CNFs fluorinated at tem-
peratures ranging between 380 and 465° C. compared with
CNFs patterns.

[0026] FIG. 6. Static '’F NMR spectra of CNF-FT,
(380<TL<480° C.). The insert shows the spectra of the lowest
fluorinated samples (T=380 and 390° C.).

[0027] FIG. 7. *°F MAS NMR spectra of CNF-FT,, and
(C,F),, graphite fluoride with 10 kHz spinning rate; the * and
o markers denote spinning sidebands related to the isotropic
peaks at =190 and —120 ppm, respectively.

[0028] FIG. 8. Evolution of the spin-lattice relaxation time
T, as a function of the fluorination temperature (a) and of
initial *°F magnetization curve of CNF-F420,

Mz (b)
1- Mo vste.
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[0029] FIG.9. (a) >*C NMR spectra of CNFs fluorinated at
temperatures ranging between 380 and 480° C. compared
with the (C,F), graphite fluoride spectrum. (b) *C MAS
NMR spectra of CNF-T. and (C,F), graphite fluoride
obtained with *°F to **C cross polarization (the spinning rate
is 10 kHz).

[0030] FIG. 10. (a) Time evolution of the **C magnetiza-
tion for carbon atoms covalently bonded to fluorine (o) and
exclusively bonded to carbon (sp> C) (@) of CNF-F472 with
a spinning rate of 14.5 kHz at the n=1 Hartmann-Hahn con-
dition. (b) Fourier transform of the resulting oscillation as a
function of the fluorination temperature. The curve of (C,F),,
graphite fluoride is added for comparison.

[0031] FIG.11. EPR spectra of the fluorinated CNF's (a) (to
facilitate comparison, the intensities are divided by the
sample mass) and simulations of selected samples, CNF-
F380 (b), CNF-F472 (c¢) and CNF-F480 (d).

[0032] FIG. 12. Evolution with the fluorination tempera-
ture of the EPR parameters, linewidth (AH,,) and A/B ratio
(a) and Ds spin density (b).

[0033] FIG. 13. Discharge curve of cell with a lithium
anode and a fluorinated carbon nanofiber cathode, the fluori-
nated nanofibers having a fluorine to carbon ratio of 0.21
[0034] FIG. 14. Discharge curve of cell with a lithium
anode and a fluorinated carbon nanofiber cathode, the fluori-
nated nanofibers having a fluorine to carbon ratio of 0.59.
[0035] FIG. 15. Discharge curve of cell with a lithium
anode and a fluorinated carbon nanofiber cathode, the fluori-
nated nanofibers having a fluorine to carbon ratio of 0.76.
[0036] FIG. 16. Discharge curve of cell with a lithium
anode and a fluorinated carbon nanofiber cathode, the fluori-
nated nanofibers having a fluorine to carbon ratio of 0.82.
[0037] FIG. 17. Discharge curve of cell with lithium anode
and a conventional carbon fluoride cathode, the carbon fluo-
ride having a fluorine to carbon ratio of 1.0

[0038] FIG. 18. Open circuit voltage profiles of lithium/
CF,, cells at different temperatures.

DETAILED DESCRIPTION OF THE INVENTION

[0039] In an embodiment, the invention provides a fluori-
nated multiwalled or multilayered carbon nanomaterial. As
used herein, a carbon nanomaterial has at least one dimension
that is between one nanometer and one micron. In an embodi-
ment, at least one dimension of the nanomaterial is between 2
nm and 1000 nm. For carbon nanotubes, nanofibers, nano-
whiskers or nanorods the diameter of the tube, fiber, nano-
whiskers or nanorod falls within this size range. For carbon
nanoparticles, the diameter of the nanoparticle falls within
this size range. Carbon nanomaterials suitable for use with the
invention include materials which have total impurity levels
less than 10% and carbon materials doped with elements such
as boron, nitrogen, silicon, tin and phosphorous.

[0040] Carbon nanomaterials suitable for use with the
invention have multiple carbon layers prior to fluorination.
For multiwalled nanotubes, the layers are formed by the
graphene layers which make up the walls of the nanotube. For
multilayered nanoparticles, the layers are formed by multi-
layered fullerenes.

[0041] As used herein, the term “nanotube” refers to a
tube-shaped discrete fibril typically characterized by a diam-
eter of typically about 1 nm to about 20 nm. In addition, the
nanotube typically exhibits a length greater than about 10
times the diameter, preferably greater than about 100 times
the diameter. The term “multi-wall” as used to describe nano-
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tubes refers to nanotubes having a layered structure, so that
the nanotube comprises an outer region of multiple continu-
ous layers of ordered atoms and a distinct inner core region or
lumen. The layers are disposed substantially concentrically
about the longitudinal axis of the fibril. For carbon nanotubes,
the layers are graphene layers. Carbon nanotubes have been
synthesized in different forms as Single-, Double- and Multi-
Walled Carbon Nanotubes noted SWCNT, DWCNT and
MWCNT respectively. The diameter size ranges between
about 2 nm in SWCNTs and DWCNTs to about 20 nm in
MWCNTs. In an embodiment, the MWNT used in the inven-
tion have a diameter greater than 5 nm, greater than 10 nm,
between 10 and 20 nm, or about 20 nm.

[0042] Multi-walled carbon nanotubes can be produced by
catalytic chemical vapor deposition (CVD). In an embodi-
ment, carbon nanotubes produced by CVD are heat treated to
improve their structural and micro textural characteristics
before undergoing the fluorination process of the invention.
In particular, the carbon nanotubes are heated to a sufficiently
high temperature so that the graphene layers become substan-
tially straight and well aligned with the tube axis. In an
embodiment, the MWCNT are heated to produce a substan-
tially well ordered structure. As used herein, a carbon nano-
structure is substantially well ordered when it has at least one
peakinits X-ray diffraction pattern, which peak 1) appears in
the angular area comprised between 24.5 degrees and 26.6
degrees in the diffraction angle 2 theta, using a copper mono-
chromatic radiation, and 2) has a full width at half maximum
of less than 4 degrees in the 2 theta diffraction angle.

[0043] As used herein, carbon nanofibers refer to carbon
fibers having a diameter greater than 20 nm and less than 1000
nm. In different embodiments, the carbon nanofibers used in
the invention are between 20 and 1000 nm, between 40 and
1000 nm or between 80 and 350 nm. Carbon nanofibers
having concentric carbon layers similar to those of multi-
walled nanotubes can be produced by catalytic chemical
vapor deposition and heat treatment. In particular, the CVD-
produced carbon nanofibers are heated to a sufficiently high
temperature so that the carbon layers become substantially
straight and well aligned with the fiber axis. In different
embodiments, the carbon nanofibers are heated to a tempera-
ture greater than greater than 1800° C., or greater than 2500°
C. to produce a substantially well ordered structure.

[0044] As is known in the art, vapor-grown carbon fibers
(VGCF) with larger diameters (e.g. 10 microns) can also be
produced by catalytic chemical vapor deposition. These
fibers can have a structure of layer-like growth rings which lie
concentrically on top of each other (Endo, M., 1988,
Chemtech, 568-576). VGCF having a diameter of one micron
or greater are not intended by be encompassed by the term
“carbon nanomaterials™ as used in the present invention.
[0045] Carbonnanoparticles can be thought of as structures
related to large, rather imperfect multilayered fullerenes
(Harris, P., 1999, “Carbon Nanotubes and Related Struc-
tures”, Cambridge University Press, Cambridge, p. 103). One
form of carbon nanoparticle is referred to as a “carbon onion.”
When fully formed, carbon onions appear highly perfect in
structure and have few obvious defects (Harris 1999). Carbon
onions have been formed with diameters in excess of 5 nm
(Harris 1999). Nasibulin et al. report formation of carbon
onions between 5 nm and 30 nm (Nasimbulin, A. G., et al,
2005, Colloid J., 67(1), 1-20), while Sano et al. report forma-
tion of carbon onions between 4 and 36 nm (Sano, N. et al,
2002, J. Appl. Phys., 92(5), 2783). In different embodiments,
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the multi-walled carbon nanoparticles used in the invention
have a diameter greater than 5 nm, greater than 10 nm, greater
than 20 nm, between 5 and 35 nm, or between 10 and 30 nm.
[0046] One form of carbon nanorods, grown by electron
cyclotron resonance chemical vapor deposition, was reported
by Woo et al. The filamentous carbon did not form a hollow
tube. High resolution transmission electron microscopy was
reported to show crystalline walls, with the graphene layers
being somewhat disordered and slanted about the rod axis.
The average distance between the graphene layers was
reported to be larger than that in MWCNT (Woo, Y. et al.,
2003 J. Appl. Phys. 94(10, 6789).

[0047] Carbon whiskers, also known as graphite whiskers,
are known to the art. These materials appear to have a scroll-
like structure made up of an essentially continuous graphitic
structure (Harris 1999).

[0048] As used herein, fluorination of a material involves
introduction of fluorine into the material. In the present inven-
tion, fluorination will typically involve formation of bonds
between carbon and fluorine. As is known in the art, fluorine
is capable of forming both ionic and covalent bonds with
carbon. In some cases, C—F bonds have also been classified
as intermediate in strength between ionic and covalent bonds
(e.g. partially ionic, semi-ionic, semi-covalent). The fluori-
nation method can influence the type of bonding present in the
fluorination product.

[0049] In the present invention, the fluorinated multi-lay-
ered carbon nanomaterials are produced by direct fluorina-
tion. In direct fluorination, the C—F bonds tend to be of
higher energy and have a more covalent character than the
C—F bonds obtained through low temperature fluorine inter-
calation. Fluorine-graphite intercalation compounds are
expected to have carbon-fluorine bonding varying between
the ionic and the semi-covalent depending on the fluorine
content (Matsuo, Y. et al, 1995 Z. Anorg. Allg. Chemie, 621,
1943-1950). For example, Matsuo et al. (1995) classify XPS
F,, spectral peaks at 687 eV, 685 eV and 683 eV, respectively,
as semi-covalent, nearly ionic, and ionic. In contrast, the F
peak in covalently bonded graphite fluoride is at 689.3-689.6
eV (Watanabe 1988 ibid.).

[0050] In one aspect of the invention, at least some of the
carbon in the fluorination product is covalently bound or
nearly covalently bound to fluorine. In another aspect of the
invention, at least some of the carbon in the fluorination
product is covalently bound to fluorine. In an embodiment,
the carbon which is covalently bound or nearly covalently
bound to fluorine is located below the surface of the fluori-
nated carbon nanomaterial.

[0051] As used herein, a carbon-fluorine bond in the fluo-
rination product is classified as nearly covalent if the bond has
an energy greater than the energy of “semi-ionic” or “semi-
covalent” carbon-fluorine bonds in graphite intercalation
compounds of fluorine obtained through low temperature
fluorination of graphite, but less than the typical energy of
covalent carbon-fluorine bonds in the non-surface region of
poly(dicarbon monofluoride) (C,F),, or poly(carbon monof-
luoride) (CF),,.

[0052] The nature of the C—F bonding in the fluorination
product may be determined by suitable analysis techniques.
Such techniques are known to those of ordinary skill in the art,
and include, but are not limited to, Fourier Transform Infrared
Spectroscopy (FT-IR), Nuclear Magnetic Resonance Spec-
troscopy (NMR), X-Ray Photoelectron Spectroscopy (XPS)
or Electron Spectroscopy for Chemical Analysis (ESCA).
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The extent of covalency in the C—F bonds can be assessed by
comparison of the analysis results for the fluorination product
to those obtained for a “standard” commonly accepted to have
covalent C—F bonds. A match (within experimental error)
between the analysis results for the fluorination product and
those of the “standard” may be taken to indicate covalent
bonding. The graphite fluorides poly(dicarbon monofiuoride)
(C,F),, and poly(carbon monofluoride) (CF), are commonly
accepted to have covalent C—F bonds.

[0053] Asis discussed in Example 1, solid state **F-NMR
spectra having a chemical shift peak centered at about —190
pp/CFECl; indicate fluorine atoms covalently bonded to car-
bon atoms. As another example, solid state ">*C-NMR spectra
having a resonance present at a chemical shift of 84-88 ppm/
TMS indicate carbon atoms covalently bound to fluorine
atoms. Fourier Transform Infrared Spectroscopy (FI-IR)
spectra showing vibration bands centered at about 1215 cm ™!
are also indicative of covalent C—F bonds.

[0054] As used herein, a partially fluorinated carbon mate-
rial includes some carbon material which has reacted with
fluorine and some carbon material which has not reacted with
fluorine. Partially fluorinated carbon materials include mate-
rials in which primarily the exterior portion has reacted with
fluorine while the interior region remains largely unreacted.
[0055] The average ratio of fluorine to carbon may be used
as a measure of the extent of fluorination. This average ratio
may be determined through weight uptake measurements or
through NMR measurements as described in Example 1.
When fluorine is not uniformly distributed through the wall
thickness of the carbon material, this average ratio may differ
from surface fluorine to carbon ratios as may be obtained
through x-ray photoelectron spectroscopy (XPS) or ESCA.
[0056] In an embodiment, the invention provides fluori-
nated carbon nanomaterial obtained by direct fluorination and
having an average chemical composition CF, wherein x is the
atomic ratio of fluorine to carbon and has a value between
0.06 and 0.95, wherein the carbon nanomaterial has a sub-
stantially ordered multi-layered structure prior to fluorina-
tion. In other embodiments, x is between 0.06 and 0.68,
between 0.3 and 0.66, or between 0.39 and 0.95.

[0057] In an embodiment, x is between 0.06 and 0.68 and
the fluorinated material displays a) an X-ray diffraction peak
in the 24.5-26.6 degrees angle range using a Cu monochro-
matic radiation source and b) a *°F NMR peak in the range
between (-160) ppm and (-200) ppm/CFCl;. The XRD peak
for unfluorinated carbon nanomaterials is expected to fall in
the cited range.

[0058] In another embodiment, x is between 0.39 and 0.95
and the fluorinated material displays a) an X-ray diffraction
peak in the 9.8-15 degrees angle range, b) a *°F NMR peak in
the range between (-180) ppm and (-200) ppm/CFCl;, and ¢)
three '*C NMR peaks: a first peak in the 100-150 ppm/TMS
range, a second peak in the 84-88 ppm/TMS range and a third
peak in the 42-48 ppm/TMS range.

[0059] In another embodiment, the invention provides a
fluorinated carbon nanomaterial, the fluorinated carbon nano-
material comprising an unfluorinated carbon phase and at
least one fluorinated carbon product in which at least some of
the carbon is covalently bound or nearly covalently bound to
fluorine, wherein the carbon nanomaterial has a substantially
ordered multi-layered structure prior to fluorination. In dif-
ferent embodiments, the average ratio of fluorine to carbon is
between 0.06 and 0.68, between 0.3 and 0.66 or between 0.3
and 0.6.
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[0060] In another embodiment, the invention provides a
carbon nanomaterial which has been partially fluorinated, the
partially fluorinated carbon nanomaterial comprising an
unfluorinated carbon phase and a fluorinated carbon product,
wherein the average ratio of fluorine to carbon is less than 0.4
and the carbon nanomaterial has a substantially ordered
multi-layered structure prior to fluorination.

[0061] In another aspect of the invention, the invention
provides a fluorinated carbon nanomaterial comprising at
least one fluorinated carbon product in which at least some of
the carbon is covalently bound or nearly covalently bound to
fluorine and in which the average interlayer spacing is inter-
mediate between that of graphite poly(dicarbon monofluo-
ride) and that of graphite poly(carbon monofluoride),
wherein the carbon nanomaterial has a multi-layered struc-
ture prior to fluorination. In different embodiments, the aver-
age fluorine to carbon ratio is less than 1.0, between 0.3 and
0.8 or between 0.6 and 0.8, between 0.39 and 0.95, between
0.39 and 0.86, between 0.39 and 0.68, between 0.68 and 0.86,
or between 0.74 and 0.86.

[0062] In an embodiment, the fluorinated carbon product
has some characteristics similar to those which would be
produced by a mixture of graphite fluorides (C,F),, and (CF),,.
X-ray diffraction analysis shows this product to have 20 peaks
centered at 12.0 degrees and 41.5 degrees. The interlayer
spacing of this compound is approximately 0.72 nm. *C-
NMR spectra of this compound have a resonance present at
42 ppm, which indicates non-fluorinated sp> carbon atoms.
NMR analysis also indicates covalent bonding between car-
bon and fluorine. CF, and CF; groups may also be present in
minor amounts.

[0063] Another fluorinated carbon product can have struc-
tural similarities to (CF),,. X-ray diffraction analysis shows
this compound to have 20 peaks centered at greater than 12.0
degrees and less than 41.5 degrees. The interlayer spacing of
this compound is approximately 0.60 nm. NMR analysis also
indicates at covalent bonding between carbon and fluorine.
CF, and CF; groups may also be present in minor amounts.

[0064] Without wishing to be bound by any particular
belief, fluorination of multi-layered carbon nanomaterials at
relatively low temperatures (e.g. temperatures less than 420°
C. for CNF having an average diameter of approximately 150
nm) is believed to result primarily in fluorination of the sur-
face of the carbon material. The remainder of the carbon
material remains unfluorinated. This surface fluorination may
include formation of groups such as CF,, and CF;. In an
embodiment, the ratio of fluorine to carbon associated with
this regime is between 0 and 0.16.

[0065] At intermediate temperatures (e.g. temperatures
between 420° C. and 465° C. for CNF having an average
diameter of approximately 150 nm), fluorination is believed
to proceed past the surface of the material. In an embodiment,
the fluorinated product has some crystallographic similarities
to a mixture of graphite fluorides (C,F), and (CF),,. In one
embodiment, the multi-layered carbon nanomaterials are
partly fluorinated and contain some unreacted carbon. In
another embodiment, a second fluorination product in which
some of the carbon is “lightly fluorinated” and has predomi-
nately non-covalent bonding is present in addition to the first
fluorination product which has at least some of the carbon
atoms covalently or nearly covalently bound to fluorine. In an
embodiment, the ratio of fluorine to carbon associated with
this regime is between 0.31 and 0.79.
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[0066] At higher temperatures (e.g. temperatures above
465° C. for CNF having an average diameter of approxi-
mately 150 nm), the fluorination product begins to display
greater crystallographic similarity to graphite fluoride (CF),,.
Without wishing to be bound by any particular theory, the
(C,F),—like phases present in the material are believed to
begin conversion to a (CF),—like phase which also exhibits
covalent bonding. The conversion is accompanied by exfo-
liation. In an embodiment, the amount of unfluorinated car-
bon is small enough that it cannot be detected by XRD. In an
embodiment, ratio of fluorine to carbon is greater than 0.86.
[0067] The fluorinated multi-layered carbon nanomaterials
of the invention are prepared using a direct fluorination
method, in which the multi-layered carbon nanomaterials are
contacted with a gaseous source of elemental fluorine. The
fluorination conditions (including temperature, time, and
pressure of fluorine) are selected to obtain the desired degree
of fluorination of the carbon materials. In an embodiment, the
fluorination conditions are selected so they are suitable for
fluorination of CNF having an average diameter between 80
and 350 nm.

[0068] In different embodiments, the fluorination tempera-
ture may be between 375° C. and 480° C., between 400° C.
and 475° C. , between 405° C. and 465° C., or between 420°
C. and 465° C.

[0069] In different embodiments, the time period is greater
than 4 hours, between 4 and 40 hours, between 4 and 20 hours,
between 4 and 16 hours, between 4 and 12 hours, between 8
and 20 hours, between 8 and 16 hours, between 8 and 12
hours, or about 16 hours.

[0070] In an embodiment, the fluorination is conducted at
atmospheric pressure with a gas mixture essentially consist-
ing of F, and inert gas The percentage of fluorine in the
mixture may be between 5% and 100%, between 10% and
90%, between 20% and 80%, between 20% and 60%,
between 20% and 50% or about 20%.

[0071] Inother embodiments, the fluorination may be con-
ducted at a pressures less than atmospheric pressure. In an
embodiment, the fluorination may be conducted at pressures
between 1 atm and 0.1 atm, or between 1 atm and 0.25 atm.
[0072] A suitable gaseous source of elemental fluorine will
be known to one of ordinary skill in the art; an exemplary such
source is a mixture F, and a sufficiently inert gas. Suitable
inert gases include, but are not limited to nitrogen, and argon.
Preferably, only trace amounts of HF or other fluorides known
to be fluorine intercalation catalysts are present in the gas
mixture.

[0073] Inan embodiment, the invention provides a method
for fluorinating multi-layered carbon nanomaterials compris-
ing the steps of exposing the carbon nanomaterials to a gas-
eous source of elemental fluorine at a pressure between 1 atm
and 0.1 atm at a temperature between 375° C. and 480° C. for
a time between 4 and 20 hours.

[0074] The fluorinated multi-layered carbon nanomaterials
of the invention can be heat treated following fluorination.
[0075] In the electrochemical devices of the invention, the
fluorinated multi-layered carbon nanomaterials are normally
present in a composition that also includes a conductive dilu-
ent such as may be selected from, for example, acetylene
black, carbon black, powdered graphite, cokes, carbon fibers,
and metallic powders such as powdered nickel, aluminum,
titanium, and stainless steel. The conductive diluent improves
conductivity of the composition and is typically present in an
amount representing about 1 wt. % to about 10 wt. % of the
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composition, preferably about 1 wt. % to about 5 wt. % of the
composition. The composition containing the fluorinated
multi-layered carbon nanomaterial and the conductive dilu-
entalso, typically, contains a polymeric binder, with preferred
polymeric binders being at least partially fluorinated. Exem-
plary binders thus include, without limitation, poly(ethylene
oxide) (PEO), poly(vinylidene fluoride) (PVDF), a poly
(acrylonitrile) (PAN), poly(tetrafiuoroethylene) (PTFE), and
poly(ethylene-co-tetrafluoroethylene) (PETFE). The bind-
ers, if present, represent about 1 wt. % to about 5 wt. % of the
composition, while the fluorinated multi-layered carbon
nanomaterial represent about 85 wt. % to about 98 wt. % of
the composition, preferably about 90 wt. % to 98 wt. % of the
composition.

[0076] The resulting fluorinated multi-layered carbon
nanomaterial is then admixed with a conductive diluent and
binder as described above, with the preferred weight ratios
being about 85 wt/% to about 98 wt. %, more preferably about
90 wt. % to about 98 wt. % at fluorinated multi-layered carbon
nanomaterial; about 1 wt. % to about 10 wt. %, preferably
about 1 wt. % to about 5 wt. %, conductive diluent; and about
1 wt. % to about 5 wt. % binder.

[0077] Typically, the slurry formed upon admixture of the
foregoing components is then deposited or otherwise pro-
vided on a conductive substrate to form the electrode. A
particularly preferred conductive substrate is aluminum,
although a number of other conductive substrates can also be
used, e.g., stainless steel, titanium, platinum, gold, and the
like. The fluorinated multi-layered carbon nanomaterial may
be at least partially aligned during the deposition process. For
example, shear alignment may be used to align the fluorinated
multi-layered carbon nanomaterial.

[0078] Instill a further aspect of the invention, a method is
provided for preparing an electrode for use in an electro-
chemical device, comprising the following steps:

[0079] fluorinating a multi-layered carbon nanomaterial
according to the methods of the invention;

[0080] admixing the fluorinated multi-layered carbon
nanomaterial with a conductive diluent and a binder to form a
slurry; and

[0081] applying the slurry to a conductive substrate.
[0082] In an embodiment, the invention provides an elec-
trochemical device comprising a first electrode and a second
electrode, and an ion transporting material disposed therebe-
tween, wherein the first electrode comprises a fluorinated
carbon nanomaterial according to the present invention.
[0083] Inaprimary lithium battery, for example, the afore-
mentioned electrode serves as the cathode, with the anode
providing a source of lithium ions, wherein the ion-transport-
ing material is typically a microporous or nonwoven material
saturated with a nonaqueous electrolyte. The anode may com-
prise, for example, a foil or film of lithium or of a metallic
alloy of lithium (LiAl, for example), or of carbon-lithium,
with a foil of lithium metal preferred. The ion-transporting
material comprises a conventional “separator” material hav-
ing low electrical resistance and exhibiting high strength,
good chemical and physical stability, and overall uniform
properties. Preferred separators herein, as noted above, are
microporous and nonwoven materials, e.g., nonwoven poly-
olefins such as nonwoven polyethylene and/or nonwoven
polypropylene, and microporous polyolefin films such as
microporous polyethylene. An exemplary microporous poly-
ethylene material is that obtained under the name Celgard®
(e.g., Celgard® 2400, 2500, and 2502) from Hoechst
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Celanese. The electrolyte is necessarily nonaqueous, as
lithium is reactive in aqueous media. Suitable nonaqueous
electrolytes are composed of lithium salts dissolved in an
aprotic organic solvent such as propylene carbonate (PC),
ethylene carbonate (EC), ethyl methyl carbonate (EMC),
dimethyl ether (DME), and mixtures thereof. Mixtures of PC
and DME are common, typically in a weight ratio of about 1:3
to about 2:1. Suitable lithium salts for this purpose include,
without limitation, LiBF,, LiPF,, LiCF;S0,, LiClO,,
LiAICl,, and the like. It will be appreciated that, in use, an
applied voltage causes generation of lithium ions at the anode
and migration of the ions through the electrolyte-soaked
separator to the fluorinated multi-layered carbon nanomate-
rial cathode, “discharging” the battery.

[0084] In an embodiment, the invention provides an elec-
trochemical device wherein the device is a primary lithium
battery in which the first electrode acts at the cathode, the
second electrode acts at the anode and comprises a source of
lithium ions, and the ion-transporting material physically
separates the first and the second electrode and prevents direct
electrical contact therebetween.

[0085] Inanother embodiment, the at least partially fluori-
nated MWCNT or CNF is utilized in a secondary battery, i.e.,
arechargeable battery such as a rechargeable lithium battery.
In such a case, the cations, e.g., lithium ions, are transported
through a solid polymer electrolyte—which also serves as a
physical separator—to the at least partially fluorinated
MWCNT or CNF electrode, where they are intercalated and
de-intercalated by the at least partially fluorinated MWCNT
or CNF material. Examples of solid polymer electrolytes
include chemically inert polyethers, e.g., poly(ethylene
oxide) (PEO), poly(propylene oxide) (PPO), and other poly-
ethers, wherein the polymeric material is impregnated or
otherwise associated with a salt, e.g., a lithium salt such as
those set forth in the preceding paragraph.

[0086] In another embodiment, the invention provides an
electrochemical device, wherein the device is a secondary
battery in which the second electrode comprises a source of
ions of a metal selected from Groups 1, 2, and 3 of the
Periodic Table of Elements and the ion-transporting material
comprises a solid polymer electrolyte that permits transport
of said metal cations and physically separates the first and
second electrodes.

[0087] Instill a further aspect of the invention, a recharge-
able battery is provided that includes:

[0088] a first electrode comprising an at least partially flu-
orinated MWCNT or CNF, the electrode capable of receiving
and releasing cations of a metal selected from Groups 1, 2,
and 3 of the Periodic Table of the Elements;

[0089] asecond electrode comprising a source of the metal
cations; and
[0090] a solid polymer electrolyte that permits transport of

the metal cations and physically separates the first and second
electrodes.

[0091] A characteristic discharge profile of a Li/fluorinated
CNF cell is shown in FIG. 14; the ratio of fluorine to carbon
is about 0.59. These cells exhibit a characteristic plateau
corresponding to the formation of LiF according to Equation
1. The value of the plateau voltage depends upon the dis-
charge rate. For comparison, a characteristic discharge profile
of a commercial Li/CF cell is shown in FIG. 17.

[0092] The discharge profiles of Li/fluorinated CNF cells
differ depending on the fluorine to carbon ratio of the CNF. In
general, the higher F/C, the higher the discharge capacity, as
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indicated by Equation 2. Samples with fluorine to carbon
ratios of 0.15 or less may not show a constant discharge
potential.

[0093] Partially fluorinated MWCNT and CNF can show
reduced over-potential for low discharge times as compared
to fully fluorinated materials. This is related to the decrease of
electrical conductivity of the sample when the fluorinated
parts progress i. e. the decrease of pristine carbon amount in
the sample.

[0094] In addition, cells including i and CNF are partially
fluorinated can display improved performance as compared
to commercial Li/CF cells at higher discharge rates (e.g. at or
above 1C).

[0095] In an embodiment, once the electrochemical cell is
assembled, it may be “pre-discharged” before being put into
actual use. The pre-discharge step involves discharging from
1%-5% of the capacity of the cell. Pre-discharge of the cell
can eliminate the initial voltage delay before establishment of
the voltage plateau which is seen in the characteristic dis-
charge profile of a Li/fluorinated CNF cells.

[0096] In the following examples, efforts have been made
to ensure accuracy with respect to numbers used (e.g.,
amounts, temperature, etc.) but some experimental error and
deviation should be accounted for. Unless indicated other-
wise, temperature is in degrees C. and pressure is at or near
atmospheric. All solvents were purchased as HPL.C grade,
and all reagents were obtained commercially unless other-
wise indicated.

Example 1
Reactivity of Carbon Nanofibers with Fluorine Gas
Overview

[0097] The following study highlights the reactivity of Car-
bon Nanofibers or Nanofibres (CNFs) with fluorine gas.
Highly purified and graphitized CNFs were treated under a
stream of fluorine gas for 16 hours at temperatures ranging
from 380 to 480° C. Different fluorination temperature zones
have been revealed by direct physicochemical analysis such
as XRD, Raman spectroscopy, EPR and solid state NMR (**C
and *°F). The comparison between various parameters such
as covalence of C—F bond, T, spin-lattice nuclear relaxation
time, density and environment of the dangling bonds amongst
others, allows the fluorination mechanism to be determined
i.e. the formation (C,F),, type graphite fluoride as the precur-
sor of richer (CF), compound. This is supported by TEM
characterization as the fluorination proceeds from the exter-
nal parts of the carbon nanofibers and then propagates
through the core without major structural change of the flu-
orinated parts. A low exfoliation of the sheets is necessary for
extended fluorination and conversion into (CF),,; this occurs
for fluorination temperatures higher than 472° C., with con-
comitant disappearance of the graphitic structure.

1. Introduction

[0098] The reactivity of carbon allotropic forms with fluo-
rine gas differs largely owing either to the degree of graphi-
tization or to the type of the carbon material. The higher the
degree of graphitization or the number of shells, the higher
the temperature required for fluorination. The fluorination
temperature of MWCNTs is significantly increased in com-
parison with SWCNT because of the presence of graphitic
multilayers surrounding the nanotube core. This temperature
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depends on the number of MWCNT shells and is generally
close to 400° C. (Hamwi A.; Alvergnat H.; Bonnamy S.;
BéguinF.; Carbon 1997,35,723; Nakajima T.; Kasamatsu S.;
Matsuno Y.; Eur. J. Solid. State Inorg. Chem. 1996, 33, 831).
[0099] In comparison to the fluorination of MWCNTs, the
structure of SWCNTs favors fluorination for temperatures as
low as 50° C. (Mickelson E. T.; Huffman C. B.; Rinzler A. G.;
Smalley R. E. ; Hauge R. H.; Margrave J. L.; Chem. Phys.
Lett. 1998, 296, 188; Kelly K. F.; Chiang I. W.; Mickelson E.
T.; Hauge R.; Margrave J. L..; Wang X.; Scueria G. E.; Radloff
C.; Halas N. J.; Chem. Phys. Lett. 1999, 313, 445. Neverthe-
less, this structure is partially destroyed above 350° C.
[0100] Inthis work, we have studied the reactivity of CNFs
with pure fluorine gas in the 380-480° C. temperature range.
The fluorinated compounds were characterized by different
techniques including: (1) XRD, TEM and Raman spectros-
copy; (2) *°F and 1*C high resolution Nuclear Magnetic Reso-
nance and, (3) Electron Paramagnetic Resonance. The cross
data analysis gives new insights on the mechanism of fluori-
nation, crystal structure and on the nature of the C—F bond-
ing. The properties of the resulting materials will be discussed
and compared to those of conventional (CF), and (C,F),
graphite fluorides, also prepared for this study.

2. Experimental

[0101] High purity (>90%) Carbon Nanofibers, 2-20
microns in length, were supplied by courtesy of the MER
Corporation, Tucson, Ariz. They were obtained by Chemical
Vapor Deposition (CVD) and heat treated at 1800° C. in an
argon atmosphere to enhance their crystallinity. Fluorinated
carbon nanofibers (denoted CNF-FT) were prepared with
200 mg of CNFs at temperatures () ranging between 380°
C. and 480° C. in a F, stream. A reaction time of 16 h was
used. The fluorination level ‘x’ (i.e. F:C molar ratio) was
determined by gravimetry (weight uptake) and by quantita-
tive '°F NMR measurements. X-ray diffraction (XRD) pow-
der patterns were obtained using a Siemens D501 diffracto-
meter with Cu(K,,) radiation (A=1.5406 A).

[0102] NMR experiments were performed with Tecmag
Discovery and Bruker Avance spectrometers, with working
frequencies for 'H, *C and '°F of 300.1, 73.4 and 282.2
MHz, respectively. Two NMR Bruker probes were used: a
static and a special Cross Polarization/Magic Angle Spinning
probe with fluorine decoupling on a 4 mm rotor. The *°F-'3C
match was optimised on polytetrafluoroethylene (PTFE); the
°F n/2 pulse width was 4 us. For MAS spectra, a simple
sequence (tT-acquisition) was used with a single m/2 pulse
length of 3.5, 4 and 3.5 us for 'H, *°F and '*C, respectively.
Spin-lattice relaxation time T, was measured using a satura-
tion recovery sequence and calculated taking into account a
magnetization curve evolving as exp(-t/T,). '‘H and *C
chemical shifts were externally referenced to TetraMethylSi-
lane (TMS). *°F chemical shifts were referenced with respect
to CFCl,;. In order to confirm the molar ratio F:C obtained by
weight uptake and to determine the limit of this method, in
particular for the highest fluorination temperature for which
partial exfoliation and departure of volatile fluorides can
occur, quantitative **F NMR measurements were carried out
using the same conditions for each sample i.e. similar receiver
gain, recycling time D, (D,>5T | using the longest spin-lattice
relaxation time T, which corresponds to CNF-F480, so D,=3
s) and scan number. The intensities are divided by the sample
mass. For comparison, two conventional (CF), samples,
obtained by direct reaction of natural graphite and petroleum
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coke with fluorine gas at 600° C., and a (C,F), sample
obtained by direct reaction of natural graphite with fluorine
gas at 380° C., with compositions CF, |, CF, ; and CF, 4,
respectively were also analyzed by quantitative NMR. Poly-
vinyldifluoride —(CF,—CH,)—,, was used as reference for
the fluorine content.

[0103] EPR spectra were performed with a Bruker EMX
digital X band (v=9.653 GHz) spectrometer. Diphenylpicryl-
hydrazil (DPPH) was used as the calibration reference to
determine both the resonance frequency and the densities of
spin carriers.

[0104] Raman spectra were recorded at room temperature
using a JOBIN YVON T64000 with a charge coupled device
multichannel detector. The radiation source was a 514.5 nm
Argon laser line. The laser power was tuned to 10 mW.
[0105] The different samples were characterized by Trans-
mission Electron Microscopy (TEM, FEI CM200 operating
at 200 kV). The carbon nanofibers were dispersed in chloro-
form 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.

[0106] The quantitative analysis of TEM images was per-
formed in reciprocal space. The details of the method can be
found elsewhere (Basire C.; Ivanov D. A.; Phys. Rev. Lett.
2000, 85, 5587). The two-dimensional power spectral density
function (P,(s)) was computed from TEM images (u(r)) up to
the critical, or Nyquist, frequency depending upon the experi-
mental sampling interval as:

1 o op @
Pals) = X‘ f wW (Dexp(ris-rd*r] |
A

where A denotes the image area, W(r) window function (Press
W. H.; Numerical Recipes in C, The Art of Scientific Comput-
ing, 1988, Plenum Press, New York) and s the 2D reciprocal
space vector. The P,(s) function was then transformed into the
one-dimensional PSD (P, (s)), where s stands for the norm of
s, according to:

Py (s)=(2ms) [P5(s)(1s 1=s)ds" @.

3. Results
3.1 Fluorination Process

[0107] 3.1.a.i Chemical Composition vs. Fluorination
Temperature (Ty)

[0108] The F:C ratio of the sample, obtained from weight
uptake and NMR data, are plotted as a function of the fluori-
nation temperature in FIG. 1; the values are also summarized
in Table 1. The two methods yield similar results for T up to
450° C. At higher temperatures, however, a large discrepancy
between the two methods appears as gravimetry underesti-
mates the actual amount of fluorine, which is more accurately
determined by NMR. In fact, the NMR method was tested
with two standard graphite fluorides based on (CF), and
(C,F),, compounds and gives the correct F:C ratio. The origin
of discrepancy most likely comes from the thermal decom-
position of fluorinated CNFs at T>450° C., which generates
volatile alkyl fluorides such as CF,, C,F and others, and,
consequently, results in weight loss. In conclusion, by quan-
titative NMR data, the drastic increase of the fluorine content
for T higher than 420° C. is clearly demonstrated. However,
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a progressive increase of the fluorine content with treatment
temperature is then registered contrary to what is found by
weight uptake.

[0109] Four fluorination temperature zones can be distin-
guished in FIG. 1 and Table 1:

[0110] 1) for T lower than 420° C., the fluorination level is
low: 0<x<0.2; In particular, for T=380° C. the composition
is CF, o, whereas for graphite at the same reaction tempera-
ture CF ¢, is achieved (Dubois M.; Giraudet J.; Guérin K.;
Hamwi A.; Fawal Z.; Pirotte P.; Masin F.; J. Phys. Chem. 8
2006, 110, 11800).

[0111] ii) when T is inthe 420-435° C. range, the F:C ratio
is drastically increased: 0.31<x<0.7.

[0112] 1iii) when T, is included between 435 and 450° C.,
the F:C ratio is nearly constant: x~0.7-0.8.

[0113] iv) for I-higher than 450° C., a jump in composition
is observed up to 465° C., then the later stabilizes around
x~1.0.

[0114] Contrary to SWCNTs, MWCNTs and larger diam-
eter CNTs react with fluorine at higher temperatures because
of'their graphitic structure. Indeed, SWCNTs react with fluo-
rine at a temperature as low as 50° C. to form the CF, .
compound (Mickelson 1998; Kelly 1999 ibid.). For
MWCNTs, the greater the number of shells, the higher the
reaction temperature with fluorine (Hamwi 1997 ibid.). Inour
case the number of graphene layers (similar to shells in
MWCNT) of the pristine CNFs is about 35. This value dem-
onstrates a high graphitization degree for the CNFs.

[0115] Probably a surface fluorination of CNFs occurs dur-
ing the first temperature range, whereas fluorination of the
less accessible graphene layers takes place during the second
temperature range. In order to confirm this interpretation,
different physicochemical characterisations were investi-
gated at increasing T values.

3.1.a.ii Chemical Composition vs. Fluorination Time

[0116] For a fluorination temperature of 430° C., the fluo-
rination time was varied between 4 and 16 hours (with the
other fluorination conditions being the same). The F/C ratios
obtained from a weight uptake measurement were as follows:
0.22 for a fluorination time of 4 hours, 0.38 for a fluorination
time of 8 hours, 0.55 for a fluorination time of 12 hours, and
0.60 for a fluorination time of 16 hours.

3.1.a.ii Chemical Composition vs. Fluorination Pressure
[0117] For a fluorination temperature of 430° C., and a
fluorination time of 16 hours, the fluorination pressure was
reduced to 0.3 atm (with the other fluorination conditions
being the same). For this pressure the F/C ratio obtained from
aweight uptake measurement was 0.53, as compared to a F/C
ratio 0of 0.60 at 1 atm.

3.1.b. Layers Stacking Structure and Morphology

[0118] TEM bright-field images of the post-treated CNFs
underline this structural order by showing the presence of
graphitic layers (FIG. 2a). The well-defined periodicity of the
layers is reflected by a Bragg peak in the corresponding PSD
curve (FIG. 3), which is positioned at about 0.34 nm. The
diameter distribution is quite narrow, included between 80
and 350 nm (FIG. 24). The average diameter (<®>) is esti-
mated near 150 nm from observations of various parts of the
raw sample. Due to the accommodation of the fluorine atoms
within the graphene layers, fluorination results in a moderate
increase in the average diameter after reaction at 420° C.
(<®>=160 nm), and to a larger extent at 480° C. (<d>=180
nm). The graphitic structure is maintained for fluorination at
420° C. (FIG. 2¢), contrary to fluorination at 480° C. (FIG.
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2d). For CNF-F420, the fiber morphology shows two difter-
ent structures present at the periphery and in the core of the
fiber. The PSD function (FIG. 3) corresponding to the image
in FIG. 2¢ displays a broad peak with a maximum at about
1.5-2.0 nm™ in addition to the usual graphene layer period-
icity found for the untreated sample (FI1G. 2a). This additional
feature in the PSD curve indicates the presence of layers,
which are less ordered and are more spatially separated due to
the accommodation of fluorine atoms. Note that the fiber core
of'the same sample does not exhibit this increased periodicity
(FIG. 3).

[0119] By considering the crystalline order and the
graphene layers orientation resulting from the posttreatment
at 1800° C., the pristine nanofibers and MWCNTs have many
things in common. So, calculation similar to those applied for
MWCNTs will be discussed in the following parts.

3.2 Structural Evolution

[0120] XRD patterns of pristine and fluorinated CNF's are
compared in FIG. 4. The pristine CNF's pattern is similar to
that of MWCNTs synthesized by the arc discharge (Okotrub
A.V.;Yudanov N. F.; Chuvilin A. L.; Asanov 1. P.; Shubin Y.
V.; Bulusheva L. G.; Gusel’nikov A. V.; Fyodorov 1. S.; Chem.
Phys. Lett. 2000, 323, 231) or by CVD (Nakajima 1996,
ibid.). The main peaks correspond to the graphite (002),
(100), (101), (004) and (110) diffraction lines for 26 values of
26°3 (interlayer distance d=0.338 nm), 43°5 (0.207 nm), 45°
(0.201 nm), 54°4 (0.169 nm) and 77°9 (0.123 nm), respec-
tively. The strongest (002) reflection is associated to an aver-
age interlayer spacing of 0.338 nm, in agreement with the
TEM bright field results. The width of the (002) peak (A26=0.
72° characterizes both the average number of carbon layers
(close to 35) and the coherence length L. along the c-axis
(11.8 nm). As for MWCNTs, the symmetry of the (hkO) lines
and the weak intensity of the (hkl) peaks reflect the lack of
positional correlation between carbon atoms in different lay-
ers of a nanoparticle. The fluorination of CNF's progressively
changes the structure as a function of T as shown by the
XRD. For 405<T »<420° C., a new phase appears with corre-
sponding peaks at 26 values centred at 12.0° and 41.5° attrib-
uted to the (001) and (100) peaks of a fluorographite matrix in
a hexagonal system. This phase co-exists with that of the
pristine CNFs. However, the observed peak broadening of
this new phase may be caused by lower stacking order of the
fluorinated layers. For 435<T<450° C., the pristine CNFs
phase disappears and only the fluorinated nanofibers phase is
present. The fluorinated CNF's exhibit an inter-layers spacing
01 0.72 nm, which ranges between that of (C,F), (d-spacing
01 0.81 nm) and that of (CF),, (d-spacing equal to 0.60 nm)
(Nakajima et al,. 1991, ibid.). For T about 480° C., a (CF),,
like structure is obtained with an inter-layer spacing of 0.60
nm.

[0121] In FIG. 5, the Raman spectra of the fluorinated
CNF's are compared with that of the starting CNFs. The later
exhibits two bands: one at 1345 cm™" attributed to the D mode
and a second one at 1570 cm™" correspondingto the G mode
and assigned to a double resonance Raman effect in sp?
carbon atoms. In MWCNTs, the D band probably originates
primarily from defects in the tube walls (Osswald S.; Flahaut
E.; Ye H.; Gogotsi Y.; Chem. Phys. Lett. 2005, 402, 422).
However, both in the tube walls and in other forms of carbon,
the contribution of defects to the D band is still not completely
understood. The G mode is due to an optical in-plane lattice
vibration with E, symmetry of the Raman active graphitic
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mode. As reported by Rao et al., no Raman active vibrational
modes for either fluorine or carbon-fluorine bonds exist
between 1250 and 1700 cm™" (Rao A. M.; Fung A. W. P; di
Vittorio S. L.; Dresselhaus M. S.; Dresselhaus G.; Endo M. ;
Oshida K.; Nakajima T.; Phys. Rev. B 1992, 45, 6883).
[0122] Asthe F:C ratio increases so does the intensity of D
band. For temperatures lower than 420° C., the CNF-FT .
spectra are similar to that of CNFs. More particularly, the
ratio I,/1; of the integrated intensity of D and G bands are
nearly constant (I,,/1;=0.30, Table 1) within experimental
errors. This ratio relates to the structural disorder in CNFs.
Therefore, as fluorination proceeds, the I,/1 ratio increases
and so does disorder. For 420<T<435° C., disorder is dras-
tically increased (see Table 1) and a new mode appears at
around 1620 cm™. This weak intensity feature was reported
using a high density of states phonon for midzone phonons
(Chien T. C.; Dresselhaus M. S.; Endo M. Phys. Rev. B 1982,
26, 5867). For 435<T <465° C., the disorder-induced D band
increases but moderately and the ratio 1,,/1; reaches a maxi-
mum of 1.12. Finally, for T higher than 465° C., Raman
spectra of the resulting materials cannot be recorded due to
fluorescence phenomena.

[0123] Complementary to XRD measurements, Raman
spectroscopy underlines the decrease of structural coherency
caused by fluorine bonding. Further proof of this evolution is
provided by the investigation of the average crystal planar
domain size (L) obtained using the inverse relation between
domain size and the intensity ratio I,,/I ; given by Knight and
White (Knight D. D.; White W. S.; J. Mater. Res. 1989, 4,
385). The L, value decreases substantially from 14.7 nm for
CNFs to 3.9 nm for CNF-F480.

3.3 Solid State NMR

[0124] Exceptinthe case of CNF-F380, for which the static
F.NMR spectrum shows two asymmetric contributions at
-170 and -190 ppm/CFCl,, all spectra exhibit similar shape
irrespective of the fluorination temperature (FIG. 6). The '°F
NMR’s full width at half maximum (FWHM), of similar
value (5.10* Hz) for all samples, is explained by a strong
dipolar homonuclear coupling between fluorine nuclei such
as found in other fluorinated carbons, as covalent graphite
fluorides: (C,F), and (CF),, (Dubois, 2006 ibid.; Panich A.
M.; Synth. Metals 1999, 100, 169;Touhara H.; Okino F.; Car-
bon 2000, 38, 241; Panich A. M.; Shames A. 1.; Nakajima T.;
J. Phys. Chem. Solids 2001, 62, 959; Krawietz T. R.; Haw J.
F.; Chem. Commun. 1998, 19, 2151; Dubois M.; Guérin K.;
Pinheiro J. P.; Fawal Z.; Masin F.; Hamwi A.; Carbon 2004,
42, 1931; Giraudet I.; Dubois M.; Guérin K.; Pinheiro J. P;
Hamwi A.; Stone W. E. E.; Pirotte P.; Masin F.; J. Solid State
Chem. 2005, 118, 1262. hereafter termed Giraudet 2005a) ,
semi-ionic compounds (Guérin 2004 and Giraudet 2005a
ibid.) and fluorinated charcoal (Touhara 2000 ibid.; Hagaman
E. W.; Murray D. K.; Cul G. D. D.; Energy & Fuel 1998, 12,
399). The center of this symmetrical resonance peak is
located at —190 ppm and attributed to fluorine atoms
covalently bonded to carbon atoms (Dubois 2006 ; Dubois
2004; Giraudet 2005a ibid.). The increase in the fluorine
nuclei content occurs without significant change in peak
shape indicating a similar environment for fluorine atoms
even though the F:C ratios are different. The case of CNF-
F380 is different since two groups of fluorine nuclei are
detected (8=-170 and -190 ppm) (insert in FIG. 6); they
result from either different interactions between carbon and
fluorine atoms or different environments. The intercalation of
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mobile F-resulting from traces of HF molecules can not be
excluded as in the case of (C,F),-type (Panich 1999 ibid.).
The low fluorine content (F:C=0.04) may lead then to inho-
mogeneous fluorination at the CNF surfaces.

[0125] The room temperature °F MAS NMR spectra of
CNF-FT recorded at a spinning rate of 10.0 kHz are dis-
played in FIG. 7. The spectrum for (C,F), is also added to
show its strong similarity with fluorinated CNFs. CNF-
F428's FWHM (6800 Hz) is larger than the one of the other
fluorinated samples (4100 Hz). This can be explained by the
efficiency of the MAS experiment, which depends on the
structural order of the studied sample; this particular com-
pound is less ordered as revealed by XRD. (C,F), and all
types of CNFs studied above 428° C. exhibit similar MAS
spectra, hence unaffected by the degree of fluorination. This
confirms that both C—F bonding and fluorine environment
are similar in these samples. An intense isotropic peak at -190
ppm/CFCl; is present together with its spinning sidebands.
This peak corresponds to fluorine atoms involved in covalent
C—F bonds. This covalent character was confirmed by FT-IR
spectroscopy (not shown here) which shows a vibration band
at1215cm™, assigned to covalent C—F bond in (C,F),, (Kits
1979 ibid.).

[0126] A second less intense resonance at —-120 ppm
(present as a shoulder on one of the spinning sidebands of the
C—F line) indicates the presence of CF, groups. Neverthe-
less, the content of the CF, groups is small but sufficient to be
detected by '*F MAS NMR. The sidebands of the >CF,
resonance are also present, in particular the one superimposed
on the left side of the isotropic peak of the C—F groups and
resulting in a shoulder. These groups could be assigned either
to fluorine atoms located at the edge of graphite layers or to
structural defects. These *F MAS experiments allow other
groups (—CF;) to be detected in spite of their very low
amount. Several narrow lines are present in the -60/-90 ppm
range, superimposed with spinning sidebands of C—F and
>CF, peaks. These groups can be localized on the fluorocar-
bon sheet edges and probably possess a spinning motion
around the C—C bonds, explaining the narrowness of the
resonance.

[0127] The evolution of the *°F spin-lattice relaxation time
(T,) with fluorination temperature shown on FIG. 8a gives
complementary information about the fluorine accommoda-
tion if the values are compared to those of conventional high
temperature graphite fluorides types (CF),, and (C,F),,, which
are equal to 450 and 210 ms, respectively (Dubois 2006 ibid.;
Giraudet J.; Dubois M.; Guérin K.; Hamwi A.; Masin F.; J.
Phys. Chem. Solids 2006, 67(5-6), 1100.). For a large range of
fluorination temperatures (405<T -<450° C.) i.e. correspond-
ing to a large range of F:C ratios from 0.16 to 0.74, the
spin-lattice relaxation times are close to the value found in
(C,F),, (FIG. 8a). This fact, in accordance with the other
characterizations, suggests a fluorination mechanism involv-
ing (C,F),, formation and its propagation towards the core
without major structural change. This assumption will be
confirmed below by '*C MAS-NMR experiments. Hence,
when the reaction temperature is increased to 480° C., T,
progressively approaches a 450 ms value, which is similar to
that measured in (CF),, prepared using petroleum coke. The
conversion from (C,F),-type to (CF),-type structure goes
through a partial exfoliation of fluorinated layers to allow for
additional fluorine uptake.

[0128] The case of CNF-F390 is special since the fluorine
content is very low (F:C=0.09) and the fluorinated parts are
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located essentially on the CNF's surface. We believe that the
external surface is heavily fluorinated and it could explain the
high T, value (492 ms) registered for this compound.

[0129] Contrary to (CF), carbon fluoride (fluorinated
coke), the presence of paramagnetic centers is an important
factor of relaxation in the case of (C,F),, (Dubois 2006 ibid.;
Panich 2001 ibid.; Giruadet 2006 ibid.). Such a process is
underlined by the linearity of the magnetization curve

Mz
_ Z( ) VS[I/Z
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for short recovery times (FIG. 8b). In fact, under certain
conditions when the spin diffusion constant is of appropriate
value, the magnetization for short recovery times develops as
tY2 (Blumberg W. E.; Phys. Rev. 1960, 119, 79). This curve is
linear for all fluorinated CNFs, as exemplified by the sample
obtained at 420° C., giving additional proof of the structural
similarities between CNF-FT . and (C,F),,.

[0130] '*C-NMR gives additional information about the
nature of the interaction between carbon and fluorine atoms,
i.e. the C—F bonding, and presence of non-fluorinated car-
bon atoms. Here again, the lowest fluorinated sample (CNF-
F380) differs from the other CNF-FT. since it exhibits only
one broad resonance centered near 120 ppm/TMS (FIG. 9a).
Such a shape is close to that of pure graphite. Because of the
low fluorine content, only a small part of the carbon atoms are
bonded to fluorine atoms. When the fluorine content reaches
0.16, the line becomes asymmetric and two well defined
resonances are present at 84-88 and 42 ppm for F:C=0.31,
both related to carbon atoms exhibiting sp> hybridization. The
first line (with area denoted S ) is assigned to carbons atoms
covalently bonded to fluorine atom as expected from the
fluorine content found in this range of temperatures (Panich
1999; Dubois 2004.; Giraudet 2005a ibid). The other peak is
related to non-fluorinated sp® carbons atoms (Csp®) as in the
case of (C,F), (Dubois 2006 ibid.). A chemical shift of 42
ppm corresponds to sp> carbon atoms as proposed by Wilkie
etal. for (C,F),, (x>1) (Wilkie C. A.; Yu G.; Haworth D. T.; J.
Solid Sate Chem. 1979, 30, 197). In accordance with the
proposed structural model of (C,F),, which consists in fluo-
rographite layers connected in pairs by interlayer covalent
C—C bonds Watanabe N.; Physica B 1981, 105, 17; Sato Y.;
Itoh K.; Hagiwara R.; Fukunaga T.; Ito Y.; Carbor 2004, 42,
3243), this line could be attributed to sp> carbon atoms. As
only half of the carbon atoms are fluorinated, sp> hybridized
carbon atoms are exclusively bonded to other carbons. The
resonance peak of pure diamond is expected at 35 ppm
(Duijvestjn M. J.; Van der Lugt C.; Smidt J.; Wind R. A.; Zilm
K. W.; Staplin D. C.; Chem. Phys. Lett. 1983, 102, 25), there-
fore a weak fluorine-carbon interaction can lead to a chemical
shift value similar to that observed in the case of (C,F),, (8=42
ppm) (Hamwi 1996 ibid; Dubois 2004 ibid.).

[0131] The third large resonance peak centered near 120
ppm is mainly assigned to non-fluorinated sp” carbon atoms
but also to carbon atoms in low interaction with fluorine 140
ppm) (Hamwi 1996 ibid; Dubois 2004 ibid.).

[0132] The area ratio of the two sp carbon resonance is
nearly constant regardless of the fluorine content; we have
Sc #Segpa=2.43,2.37 and 2.34 for CNF's fluorinated at 428,
465 and 472° C., respectively. For comparison, the spectrum
of (C,F), graphite fluoride is also shown (this sample was
obtained by fluorination of graphite at 380° C., exhibits a F:C
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ratio of 0.60 and few sp> C has been identified (Dubois 2006
ibid.). In this case, the S /S, ; ratio is close to 1.5.

[0133] On the other hand, the content of sp* carbon atoms
decreases continuously when the fluorination temperature
increases i.e. increase in the F:C content. It should be noted
that such a process also occurs with (C,F),, when the tempera-
ture is increased from 350 to 380° C. (CF, 5, and CF, ,,
respectively) (Dubois 2006 ibid.). Then, fluorination of CNFs
results in an increase of the F:C ratio without significant
structural modification. The formed C—F bonds are mainly
covalent.

[0134] NMR measurements performed using MAS and
1F—13C cross-polarization may differentiate between the
various carbon atoms. A comparison of the spectra acquired
with MAS and CP-MAS for CNF-FT,. and (C,F),, (FIGS. 9a
and 9b) confirms our assignments for the three kinds of car-
bon atoms. As C—F groups are favoured with CP-MAS in
comparison to carbon second neighbours, i.e. sp> carbon
atoms, only the peak corresponding to C—F bonds from the
fluorocarbon matrix increases contrary to both sp> hybridized
carbon atoms exclusively bonded to other carbon atoms (S
) and sp> graphitic carbon atoms (S,), the latter completely
disappearing. Considering the peak at 145 ppm, which is
revealed using these conditions, the measurements also show
the presence of sp® carbon atoms in weak interaction with
fluorine as in the case of room temperature graphite fluorides
(Dubois 2004.; 2005a ibid.). However, these atoms are only
present in very low concentration.

[0135] Moreover, resonance of >CF, groups is also
favoured with CP-MAS and a small line is observed at 110
ppm as a shoulder of the S, peak (FIG. 95). Such groups
have already been observed elsewhere in various (CF),, (Kita
1979; Touhara 2000; Panich 2001; Krawietz 1998; Wilkie
1979 all ibid.).

[0136] Whereas the MAS spectra are similar for samples
treated between 428 and 472° C., the intensity of the peak
related to sp® carbon atoms significantly decreases for CNF-
F480 showing that the nature of this sample has been
changed. The spectrum of CNF-F480 is very near to that
observed for (CF),, contrary to the other spectra which exhibit
similarities with (C,F),, spectrum.

[0137] The C—F bond length can be determined by NMR
because this data is included in the expression of the dipolar
coupling. This latter information is lost when Hartmann-
Hahn cross polarization (CP) associated to MAS is used but
the dipolar coupling can be reintroduced into the spectrum
thanks to the Inverse Cross Polarization (ICP) sequence. This
method and the experimental conditions are fully explained in
a previous paper concerning (CF),, (Giraudet J.; Dubois M.;
HamwiA.; Stone W.E. E.; Pirotte P.; Masin F.; J. Phys. Chem.
B 2005, 109, 175, hereafter referred to as Giraudet 2005b).
[0138] For short contact times, the amplitude of the CP
signal is found to be oscillatory with a frequency y related to
the C—F bond length (Bertani P.; Raya J.; Reinheimer P.;
Gougeon R.; Delmotte L.; Hirschinger J.; Solid State Magn.
Res. 1999, 13, 219). This behaviour is only observed for
carbon covalently bonded to fluorine and not for sp® carbon
atoms. Using the ICP sequence, the integrated peak intensity
of'the carbon spectra was calculated as a function of contact
time thus revealing the CP dynamics (FIG. 10a); the extracted
frequency was 0=3976.0+18.6 Hz. From
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10.0463
yep =3 " rer = 0.136 £ 0.001 nm

(Dubois 2006; Giruadet 2005b; Bertani 1999, all ibid.).

[0139] As for (C,F), (Dubois 2006 ibid.) and (CF),, (Girua-
det 2005b ibid.), Fourier transform of the **C magnetization
evolution for C—F groups gives the Pake-like structure for all
fluorination degrees of CNFs (FIG. 105). The C—F bond
length (r ;) can be deduced from the Pake structure using the
wings which are related to dipolar fluctuation. S1 is the sepa-
ration between these wings. The bond length can be estimated
from the equation:

20.0926
S1

rep = (nm)

(Dubois 2006; Giruadet 2005b; Bertani 1999, all ibid.) ...

The S1 value is equal to 7700 Hz for all the fluorinated CNF's
samples. A C—F bond distance equal to 0.138+0.002 nm is
found in all studied cases. It must be noted that these values as
estimated by NMR could be overestimated because of pos-
sible molecular motions which decrease the value of the
second moment, inversely proportional to the C—F distance.
The C—F bond lengths in CNF-FT. are close to those
obtained by the same NMR procedure for (C,F), (Dubois
2006 ibid.) and (CF), (0.138 nm) (Giruadet 2005b ibid.)
indicating that the nature of the C—F bonding is similar in
these three compound types.

3.4 EPR Study

[0140] The pristine sample does not exhibit within the
detection limits of the spectrometer, an EPR signal. FIG. 11a
displays the EPR spectra of fluorinated CNFs. The origin of
the main broad line was attributed to carbon dangling bonds
having a localized spin. Such spin carriers have been pro-
posed for other fluorinated carbons obtained in F, atmosphere
at 600° C. starting from graphite (Panich 2001 ibid.) or room
temperature graphite fluoride (Dubois 2004; Giraudet 2006
ibid), but also for amorphous carbon thin film (Yokomichi H.;
Morigaki K.; J. Non-Cryst. Solids 2000, 266, 797; Yokomichi
H.; Hayashi T.; Amano T.; Masuda A.; J. Non-Cryst. Solids
1998, 227, 641) or nanosized graphite fluorides (Takai K.;
Sato H.; Enoki T.; Yoshida N.; Okino F.; Touhara H.; Endo
M.; Mol. Cryst. Lig. Cwt. 2000, 340, 289).

[0141] The EPR parameters are summarised in FIGS. 124
and 125 and in Table 2. Once again, the CNFs fluorinated at
the lowest and the highest temperatures (T <405° C. and
T=480° C.) differ from the other samples. The spectrum of
CNF-F380 is asymmetric (the A/B intensity ratio of positive
and negative parts of the derivative curve is close to 0.6 (FIG.
124)). This asymmetry, revealing different contributions to
the spectra, disappears gradually as fluorination is increased.
So, A/B leads to 1. Simulation of the spectra reveals three
contributions for CNF-F380, CNF-F472 and CNF-F480
(FIGS. 115, 11c¢ and 11d, respectively, and also Table 2).
These simulations were performed using WinSimfonia
(Bruker software).



US 2011/0003149 Al

[0142] First, by analogy with (C,F), and (CF),, the
observed broad line 4 may be due to the combined contribu-
tions of both the dangling bonds in interaction with oxygen
(Dubois 2006 ibid.) and, in the cases of (CF), and CNF-F480,
the unresolved superhyperfine structure which for both
samples exhibits nearly the same linewidth (Giraudet 2005b
ibid). Because the linewidths are close, line 2 could be related
to dangling bonds located in neighboring similar to (C,F),,
(Tab. 2). For the same reason, we can assign line 3 to struc-
tural defects similar to those present in (CF),, (Giraudet 2006
and 2005b ibid). The content of these spin carriers increases
with the fluorination temperature and becomes predominant
for CNF-F480 (dangling bonds of line 2 completely disap-
peared). Line 1, responsible for the asymmetry (FIG. 115),
appears for the lowest temperature reaction (380 and 390° C.)
when inhomogeneous fluorination occurs close to the sur-
face. The narrowness of this signal results from different
interactions with the fluorocarbon matrix and/or presence of
intercalated F—. On one hand, the spin density (D, i.e. the
number of dangling bonds per mass of the sample) continu-
ously increases with the fluorination temperature, as shown in
FIG. 125, because of the propagation of the fluorinated parts,
which contain paramagnetic defects; it must be noted that
CNF's do not exhibit EPR lines. For T included between 380
and 472° C., D, is close to that of (C,F), (17 10*° spins.g™!,
see table 2). On the other hand, D, drastically increases for
CNF-F480 and becomes more and more similar to that of
(CF),, type (15.6 10°° spins.g™", this sample was obtained
with natural graphite) in accordance with the structural con-
version of (C,F),, into (CF),,, which has been proposed before
in the present work.

4. General Discussion

[0143] The particular structure of CNF's seems to favor the
formation of (C,F), type materials as fluorination proceeds.
This (C,F), structure which consists of pairs of fluorographite
layers, is formed and conserved irrespective of the fluorina-
tion temperature (405<T -<450° C.), through a wide range of
composition (from F:C of 0.16 to 0.74). This feature can be
explained by a fluorination process occurring close to the
external walls when low temperatures are applied and then
progressing towards the internal walls when the temperature
is increased. This mechanism is different from that of the
fluorination of graphite, as a progressive conversion from
(C,F), into (CF),, occurs when the temperature is increased
within the 350/600° C. range (Nakajima 1991; Kupta V.;
Nakajima T.; Ohzawa Y.; EZemva B.; J. Fluorine Chem.
2003, 120, 143). Whereas (C,F), and (CF), are formed via a
fluorine-intercalated phase with planar graphene layers
(Kupta 2003 ibid), this intermediate phase does not seem to
be involved during the fluorination of CNFs. An increase in
fluorination temperature up to 480° C. results in a partial
decomposition of the CNFs. The mechanism could be similar
to that of a partial exfoliation. The >C-NMR spectrum (FIG.
11) of this resulting material clearly shows the low contents of
both the pristine sp> carbons and sp> carbon atoms related to
(C,F), type. The partial decomposition of the fluorinated
parts leads to a conversion of (C,F),, into (CF),,.

[0144] Evenifthe evolution ofthe F:C ratio for CNFs could
be expected under the fluorination conditions applied here,
some new and interesting features can be highlighted from
this study. Contrary to previous works concerning MWCNT
(Hamwi 1997 ibid.), the high degree of purity of our raw
CNFs allows the chemical composition to be accurately
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deduced from the F:C ratio. In the previous studies, this was
underestimated because of the presence of reactive carbon in
the pristine sample which formed volatile-carbon fluorine
derivatives. Moreover, the F:C ratio increase within the nar-
row temperature range [420-435° C.] had never been reported
before; only a high fluorination process between 400 and
500° C. had been previously suggested (Nakajima 1996
ibid.). Furthermore, another important finding in this study is
the determination of both a temperature limit before CNFs
decomposition and a fluorination level limit for CNFs. On the
basis of complementary characterization using NMR, Raman
and XRD, the fluorinated materials can be classified into three
different types depending on the treatment temperature:
[0145] For the lowest fluorination temperatures (T<420°
C.), the fluorinated samples exhibit a low fluorine content and
their structure is close to that of pristine CNFs as shown by
Raman diffusion and XRD. The fluorine atoms are located on
the CNF's surface i.e. on the external walls.

[0146] In the 420-465° C. temperature range, drastic
changes take place as a consequence of the F:C ratio increase,
which s rapid for T<435° C. The fluorination level then slows
down; first, the samples become biphasic (CNF and CNF-F)
and the new CNF-F phase exhibits cristallographic similari-
ties with (C,F),, type graphite fluoride involving paired fluo-
rographite layers connected by interlayer covalent C—C
bonds. This has been demonstrated by the presence of sp”
hybridized carbon atoms exclusively bonded to carbon atoms
in the fluorocarbon interlayer. The curvature of the graphene
layers and/or their stacking seems both to limit the fluorina-
tion in comparison with graphite and to favor the formation of
this (C,F), type phase. Raman scattering reveals that the
concentration of structural defects increases with the fluorine
content. Moreover, the incorporation of fluorine atoms occurs
through the formation of covalent C—F bonds. The type of
interaction between carbon and fluorine atoms does not vary
with the fluorine content. Therefore, the fluorination process
must start from the outer walls, forming a (C,F),, configura-
tion, and then progresses towards the CNF core.

[0147] When the fluorination temperature is increased
above 465° C., a low exfoliation occurs and decomposes the
CNF-FT as clearly shown in the case of CNF-F480. This
mechanism was evidenced by both *C-NMR and XRD
which clearly show the conversion of (C,F), into (CF),
allowed by a partial exfoliation. Nevertheless, the (C,F),, into
(CF),, conversion is low for treatment temperatures equal to
472° C. and mainly occurs for TZ480° C. The occurrence of
fluorescence in the Raman scattering spectra may be the
signature of (CF),, formation at higher T .

5. Conclusion

[0148] Fluorine gas reaction with carbon nanofibers for
temperatures ranging between 380 and 480° C. has been
studied. Fluorine content increases from CF, 5, up to CF, -,
in a narrow temperature range [420-435° C.]. 472° C. appears
as the upper temperature before partial CNF decomposition.
For lower temperatures, only a surface fluorination occurs. In
the 420-435° C. temperature range, the samples become
biphasic and the new cristallographic phase in addition to the
raw CNFs exhibits some similitudes with (C,F),, type graph-
ite fluoride. This phase is formed irrespective of the fluorine
content, above a reaction temperature of 420° C., suggesting
that fluorination occurs from the external walls towards the
core with increasing fluorination temperature. Moreover, the
incorporation of fluorine atoms occurs through the formation
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of covalent C—F bonds whatever the fluorine content. Com-
paring (CF), and (C,F), graphite fluorides, the structural
parameters such as interlayer distance, T, spin-lattice relax-
ation time, paramagnetic dangling bonds density and envi-
ronment, are sufficiently different to enable us to determine
which phase is formed during the fluorination of the carbon
nanofibers as a function of temperature.

TABLE 1

F:C ratio obtained by weight uptake and by quantitative NMR together
with Raman ratio I,/ of the various fluorinated CNFs.

F:C F:C
Material Tz(°C.) Gravimetry NMR I/l
CNF-F380 380 0.04 0.06 0.30
CNF-F390 390 0.09 0.09 0.29
CNF-F405 405 0.16 0.15 0.26
CNF-F420 420 0.31 0.39 0.78
CNF-F428 428 0.59 0.59 0.89
CNF-F435 435 0.70 0.68 1.02
CNF-F450 450 0.74 0.74 1.12
CNF-F465 465 0.78 0.86 0.90
CNF-F472 472 0.73 0.90 Fluorescence
CNF-F480 480 0.70 1.04 Fluorescence
CNF-F490 490 Partial Decomposition

TABLE 2

Data from EPR spectra

AHPP (G)
Line Line Line
1 2 3
+0.2 0.2 0.2 Line4 Ds
G G G +5G Line 5 A/B (spins- g™)
CNF-F380 6.2 150 — 60 0.6 0.5 10%°
CNF-F472 — 110 195 60 1 2.410%
CNF-F480 — — 174 80  SHFS* 1 7.710%°
(C,F), — 135 80 1 1.710%°
(CF), 20.9 80  SHFS* 1 15.6 10%°
(from
petroleumn
coke)

*superhyperfine structure (SHES) with (2nl + 1) = 7 lines where n = 6 is the number of
neighbouring fluorine nuclei (nuclear spin number I = %/2) (coupling constant A =45 +2 G,
linewidth AHPP = 36 G =2 G) (Dubois 2006; Giraudet 2006)

*#§1 = SSHFS + Sunresolved SHES

Data for (C2F),, from Dubois 2006;
data for (CF),, from Giraudet 2005b

Example 2
Electrochemistry of Fluorinated Carbon Nanofibers

[0149] For the electrochemical tests, electrodes were com-
posed of the at least partially fluorinated carbon nanofiber
sample, a conductive material and a binder. For the samples
tested at a constant discharge rate of 10 Akg™ whose results
are shown in Table 3, the electrode composition was about
80% by weight of the fluorinated nanofibers, 10% by weight
graphite, and 10% polyvinylidene difluoride (PVDF) 10% by
weight as binder. The electrode was then mounted in a two
electrode cell where the electrolyte was composed of a 1
mol.L ™! solution of LiClO,, dissolved in propylene carbonate.
A microporous PVDF film containing the electrolyte was
sandwiched between the graphite fluoride electrode and a
lithium metal foil.
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[0150] For the samples whose results are shown in FIGS.
13-16 and Table 4, the electrode composition was about 75%
by weight of the fluorinated nanofibers, 10% by weight acet-
lylene black graphite, and 15% polyvinylidene difluoride
(PVDF) 10% by weight as binder. These three materials were
mixed together in acetone solution with Bis(n-butyl)phtha-
late (DBP) 20%. The solution was then evaporated until a thin
film of CF_ was obtained. The film was cut to the desired
diameter and dried overnight in vacuum. The electrolyte was
LiBF, dissolved in propylene carbonate (PC) and dimethyl
ether (DME). The separator was Celgard®, 25 microns thick,
55% porous. The separator containing the electrolyte was
sandwiched between the graphite fluoride electrode and a
lithium metal foil.

[0151] Forthe samples whose results are shown in FIG. 18,
the electrolyte was 1 M LiBF,, dissolved in propylene carbon-
ate (PC) and dimethyl ether (DME) (3:7) (5% discharge at
C/20 RT).

[0152] The discharge profile of the Li/fluorinated carbon
nanofiber cells is shown in FIGS. 13-16. For reference, FIG.
17 shows a discharge profile for a conventional Li/CF cell.
These cells exhibit a characteristic plateau corresponding to
the formation of LiF according to equation 1.

[0153] The main electrochemical characteristics of fluori-
nated CNF are summarized in Tables 3 and 4. In Table 3, the
discharge rate was constant and equal to 10 Akg™". The
achieved energy density, B, (units Whke), and power den-
sity, P,,,... (units Wkg™!), are determined from the discharge
curves using equations (5) and (6):

_ghx(e) s
e = ——
ix{e;y (6)
Popec =
m
[0154] In the equations for B, and P, . q(i) and <e>

respectively represent the discharge capacity (Ah) and the
average discharge voltage (V) at current i (A), and m is the
mass of active (CF,),, in the electrode (kg).

[0155] Ataconstantdischarge rate of 10 Akg™", the average
potential of all the studied samples is about the same and
equal to 2.5 V. This result is in agreement with a covalent
C—F bond which does not change upon fluorination as char-
acterized by '*C NMR. Moreover, as the fluorination tem-
perature range is narrow, the non-dependence of the C—F
bond nature with reaction temperature is easily understand-
able. As the power density P (W kg-1) is directly proportional
to the average discharge voltage and to the current density
applied to the cell (which was a constant of 10 A kg-'), the
power density is also constant at 25 w kg™' whatever the
fluorinated compound.

[0156] On the other hand, the discharge profiles differ
greatly in their voltage and shape. This result is mainly due to
the increase of F/C with fluorination temperature. The higher
F/C, the higher the discharge capacity. Only, the sample flu-
orinated at 405 C does not exhibit a constant discharge poten-
tial as the others fluorinated MWCNTF. This can be related to
the fluorine fixation site. As a matter of fact, as F is expected
to be located at the surface of the MWCNTE, the concentric
form of the sheets results in a slight dispersion of the C—F
bonding energy and the different electrochemical potentials
of LiF formation lead to a gradual discharge plateau. For the
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other samples, a constant discharge potential is present and
corresponds to the LiF formation from fluorine intercalated
between the fluorocarbon matrix. Whereas the discharge volt-
age and the fluorine content F/C of MWCNTF are close to
(C,F), compound, the capacity of the MWCNTF fluorinated
between 428 and 450° C. are 30% higher than those of com-
mercial (C,F).

[0157] Regarding the energy density, the maximum value
obtained is high and the energy density evolution evolves as
the capacity one with fluorination temperature as discharge
voltage is constant. The maximum of electrochemical perfor-
mances of MWCNTF465 is due to the singular evolution of
the faradic yield with fluorination temperature. The faradic
yield which is defined as the ratio of the discharge capacity on
the theoretical specific discharge one is low for the lowest
fluorinated MWCNT and is about 100% for fluorination tem-
perature higher than 450° C. As one could expected the pres-
ence of MWCNT (even in low amounts) of high electrical
conductivity together with insulating carbon fluoride should
favor the coulombic efficiency.

[0158] Forthesamplesin Table 3, the over-potential for low
discharge time was observed to increase with fluorination
temperature. This is related to the decrease of electrical con-
ductivity of the sample when the fluorinated parts progress i.
e. the decrease of pristine MWCNT amount into the sample.
However, lithium diffusion seems to limit the electrochemical
processes and determine the electrode performances. This
could be explained by the MWCNTFTT structure: a biphasic
domain may not constitute a preferential way for lithium
diffusion whereas for a fluorination temperature higher than
450° C., a single graphite fluoride structure with low defect
level allows lithium to diffuse through the overall particles
more easily and more particularly when the current density is
low as in our case.

[0159] A maximum of electrochemical performances (E.-
pee, Py,..) was obtained for the fluorination temperature
where both F/C is maximum and (C2F), type graphite fluoride
phase is mainly present in the compound i. e, for a treatment
temperature equal to 465° C.

[0160] The stability of the open circuit voltage with time
(self-discharge) was investigated for several fluorinated CNF
compositions. FIG. 18 shows the excellent stability of these
materials,

TABLE 3

C
T (mA/  <E>

. P Yield
€C) FC Iyls g V)

spec spec

(Whikg) (Wikg) %

CNF380 380 0.044 0.30
CNF390 390 0.090 0.29
CNF405 405 0.160 0.26 153 249 381 24.9 54
CNF420 420 0312 0.78 325 250 813 25.0 61
CNF428 428 0.587 0.89 530 2.53 1341 25.3 78
CNF435 435 0.700 1.02
CNF450 450 0.737 1.12
CNF465 465 0775 090 760 240 1824 24.0 98
CNF472 472 0730 F 725 250 1813 25.0 96
CNF480 480 0.700 F

*F: fluorescence
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TABLE 4
Theoretical Max. Max. Energy
capacity C-rate density Max. Power

CFx (mAh/g) available (Wh/kg) density (W/kg)
Commercial 865 1C 2012 1370
CFx (x=1.0)
CNF, x=0.21 352 6C 620 3434
CNF, x =0.59 681 6C 1587 7866
CNF, x =0.76 771 6C 1749 8057
CNF, x = 0.82 797 4C 1897 5564

Statement Regarding Incorporation by Reference and
Variations

[0161] All references throughout this application, for
example, patent documents including issued or granted pat-
ents or equivalents; patent application publications; unpub-
lished patent applications; and non-patent literature docu-
ments or other source material; are hereby incorporated by
reference herein in their entireties, as though individually
incorporated by reference, to the extent each reference is at
least partially not inconsistent with the disclosure in this
application (for example, a reference that is partially incon-
sistent is incorporated by reference except for the partially
inconsistent portion of the reference). Any appendix or
appendices hereto are incorporated by reference as part of the
specification and/or drawings. Where the terms “comprise”,
“comprises”, “comprised”, or “comprising” are used herein,
they are to be interpreted as specifying the presence of the
stated features, integers, steps, or components referred to, but
not to preclude the presence or addition of one or more other
feature, integer, step, component, or group thereof. Separate
embodiments of the invention are also intended to be encom-
passed wherein the terms “comprising” or “comprise(s)” or
“comprised” are optionally replaced with the terms, analo-
gous in grammar, e.g.; “consisting/consist(s)” or “consisting
essentially of/consist(s) essentially of to thereby describe
further embodiments that are not necessarily coextensive.
[0162] The invention has been described with reference to
various specific and preferred embodiments and techniques.
However, it should be understood that many variations and
modifications may be made while remaining within the spirit
and scope of the invention. It will be apparent to one of
ordinary skill in the art that compositions, methods, devices,
device elements, materials, procedures and techniques other
than those specifically described herein can be applied to the
practice of the invention as broadly disclosed herein without
resort to undue experimentation. All art-known functional
equivalents of compositions, methods, devices, device ele-
ments, materials, procedures and techniques described herein
are intended to be encompassed by this invention. Whenever
a range is disclosed, all subranges and individual values are
intended to be encompassed as if separately set forth. This
invention is not to be limited by the embodiments disclosed,
including any shown in the drawings or exemplified in the
specification, which are given by way of example or illustra-
tion and not of limitation. The scope of the invention shall be
limited only by the claims.
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We claim:

1. A fluorinated carbon nanomaterial obtained by direct
fluorination of a carbon nanomaterial, the fluorinated carbon
nanomaterial comprising a fluorination product which
includes carbon atoms covalently bound to fluorine atoms and
having an average chemical composition CF, wherein x is the
atomic ratio of fluorine to carbon and has a value between
0.39 and 0.95, wherein the carbon nanomaterial has a sub-
stantially ordered multi-layered structure prior to fluorina-
tion, the layers of carbon being non-planar, and the carbon
nanomaterial is selected from the group consisting of multi-
walled carbon nanotubes, multi-layered carbon nanofibers,
carbon nanowhiskers and carbon nanorods.

2. The material of claim 1, wherein the carbon nanomate-
rial is selected from multiwalled carbon nanotubes and multi-
layered carbon nanofibers.

3. The material of claim 2, wherein the carbon nanomate-
rial is a carbon nanofiber having a diameter between 40 nm
and 1000 nm.

4. The material of claim 2, wherein the average ratio of
fluorine to carbon is between 0.39 and 0.86 and the fluorina-
tion product further includes sp® carbon atoms covalently
bound to carbon atoms.

5. The material of claim 2, wherein the average ratio of
fluorine to carbon is from 0.59 to 0.86, the material includes
a second fluorination product in which carbon is non-co-
valently bound to fluorine and the first fluorination product
further includes sp® carbon atoms covalently bound to carbon
atoms.

6. The material of claim 2, wherein the carbon nanomate-
rial is a multiwalled carbon nanotube having a diameter
greater than 10 nm.

7. The material of claim 1, wherein the average ratio of
fluorine to carbon is between 0.6 and 0.8.

8. The material of claim 4, wherein the fluorinated carbon
nanomaterial comprises an unfluorinated carbon phase,
wherein the unfluorinated carbon phase displays an x-ray
diffraction peak in the 24.6-26.6 degrees angle range using a
Cu K, radiation source.

9. The material of claim 8, wherein the average ratio of
fluorine to carbon is between 0.39 and 0.68.

10. The material of claim 1, wherein the fluorinated mate-
rial displays a) an X-ray diffraction peak in the 9.8-15 degrees
angle range, b) a *°’F NMR peak in the range between (-180)
ppm and (-200) ppm/CFCl,, and c) three '*C NMR peaks: a
first peak in the 100-150 ppm/TMS range, a second peak in
the 84-88 ppm/TMS range and a third peak in the 42-48
ppr/ TMS range.

11. The material of claim 10, wherein the average ratio of
carbon to fluorine is between 0.68 and 0.86.
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12. A method for fluorinating a multi-layered carbon nano-
material comprising the step of exposing the carbon nanoma-
terial to a gaseous source of elemental fluorine at a pressure
between 1 atm and 0.1 atm at a temperature between 400° C.
and 475° C. for a time between 4 and 20 hours, wherein the
carbon nanomaterial has a substantially ordered multi-lay-
ered structure prior to fluorination, the layers of carbon are
non-planar, and the carbon nanomaterial is selected from the
group consisting of multiwalled carbon nanotubes, multi-
layered carbon nanofibers, carbon nanowhiskers and carbon
nanorodss.

13. The method of claim 12, wherein the gaseous source of
elemental fluorine comprises a mixture of fluorine and an
inert gas.

14. The method of claim 12, wherein the temperature is in
the range of 420° C/-465° C.

15. The method of claim 12, wherein the time is in the range
between 8 and 16 hours.

16. The method of claim 12, wherein the pressure is
between 1 and 0.25 atm.
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17. The method of claim 12, wherein the diameter of the
carbon nanomaterial is between 40 nm and 1000 nm.

18. The method of claim 12, wherein the diameter of the
carbon nanomaterial is between 80 nm and 350 nm.

19. The method of claim 12, wherein the fluorinated carbon
nanomaterial comprises an unfluorinated carbon phase,
wherein the unfluorinated carbon phase displays an x-ray
diffraction peak in the 24.6-26.6 degrees angle range using a
Cu K, radiation source.

20. The method of claim 12, wherein the average ratio of
fluorine to carbon of the fluorinated carbon nanomaterial is
between 0.39 and 0.95 and the fluorinated material displays a)
an X-ray diffraction peak inthe 9.8-15 degrees angle range, b)
a'°F NMR peak in the range between (-180) ppm and (-200)
ppm/CFCl,, and c) three 1*C NMR peaks: a first peak in the
100-150 ppm/TMS range, a second peak in the 84-88 ppm/
TMS range and a third peak in the 42-48 ppm/TMS range.
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