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1. Introduction All these applications require power sources with high energy

densities, good reliability, safety and long life. One of the attractive
Lithium primary batteries are commonly used for many chemistries is that provided with a fluorine based cathode and more

applications such as cameras, electrical lock, electronic counter, particularly carbon fluoride (denoted as CF,). Generally, solid carbon
electronic measurement equipment, emergency power source, fluorides are prepared by direct reaction of fluorine gas with
memory back-up, spatial, military and implantable medical devices. carbonaceous materials (conventional fluorination). A temperature

higher than 350 °C is needed if graphite or graphitized carbon

materials (for example, petroleum coke heat treated at 2800 °C) are
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(CF),) and the higher the C-F covalent character, where the carbon
atoms are in sp> hybridization. Nevertheless, because of the
decomposition reaction of CF, (whatever the x value), the
fluorination temperature must not exceed 600 °C, at which the x
value reaches one for graphite as starting material. When
amorphous or disordered (less graphitized) carbons (petroleum
coke, carbon black, active carbon, ...) [4,5] are used as starting
materials, the fluorination level x exceeds sometimes one fluorine
atom per carbon atom indicating the formation of CF, and CF3
groups. These latter should be less active than C-F groups because C-
F bond energies in \,CFz and -CF; are higher and then the specific
. . b . ; :
faradic capacity decreases. For such kind of disordered materials,
different processes compete: (i) fluorination with C-F bond
formation, (ii) perfluorination with CF, and CF; formation on the
sheet edges and defects, and even, (iii) decomposition, for which
volatile carbon fluorides are evolved. Therefore, graphite (natural or
artificial) and highly graphitized carbon (coke or others high
temperature heat treated) used as starting materials are more
suitable because of the easier control of the reaction.

Actually, in the Li/CF, battery system, a high oxidation-
reduction potential of the cathode reaction is combined with
low weight density of light C and F elements. The use of CF,
materials as the active cathode in primary lithium batteries was
first demonstrated by Watanabe and Fukuda [6] and then a few
years later, the first Li/CF,; batteries were commercialised by
Matsushita Electric Co. in Japan [7]. Commercial Li/CF, batteries
consists in a coke based cathode having a F:C molar ratio equal or
slightly higher than unity. The main features of the Li/CF; batteries
are: high energy density (up to 1560 Whkg™!), high average
operating voltage (around 2.4V vs. Li*/Li), long shelf life (higher
than 10 years at room temperature), stable operation and wide
operating temperatures (—40 °C/170 °C).

Up to now the energy density of carbon fluorides is high
because of mainly a high discharge capacity. Indeed, the average
discharge potential is significantly lower than the theoretical
electrochemical potential for a pure ionic C-F bond calculated in
between 4.5 and 5V vs. Li*/Li. Only new fluorination ways can
allow an increase of the average discharge potential as well as
others electrochemical parameters which are deficient such as the
power density or the faradic yield. With such aims, our strategy
focuses around the fluorination conditions in order to enlarge the
applicative markets of carbon fluorides; for example, space
applications require higher operating temperature ranges, higher
current densities and higher power densities. Indeed, due to kinetic
limitations associated with the poor electrical conductivity of
strongly covalent CF; material, the battery can sustain only low to
medium range discharge currents. As for the faradic yield, most of
the time it does not exceed 75% because of too high amounts of
inactive CF, and CF3 groups and dangling bonds which are
considered as structural defects and hinder the lithium diffusion.

For average discharge potential increase, many researchers
have focused on catalytic fluorination which allows to enhance
fluorine reactivity and therefore to be able to use lower reaction
temperatures. The lower the fluorination temperature, the lower
the C-F bonding energy is. When minute amounts of a volatile
fluoride such as HF, AsFs, IFs5, OsFg, WFg, SbFs, and so on, [8,9] were
introduced into the fluorine atmosphere. Fluorinated graphites
were thereby obtained from ambient temperature up to 100 °C. All
these compounds exhibit a fluorination level x = F:C lower than 0.5,
with C-F bonding either ionic (weak bonding energies, x < 0.25) or
semi-ionic (or semi-covalent) involving stronger bonding ener-
gies: 0.25 < x < 0.5, but less than that corresponding to covalent
ones. Moreover, it has been shown that, whatever the fluorine
content, sp? carbon hybridization (i.e. planarity of graphene layers)
is maintained despite the fluorine intercalation reaction into
graphite [9,10]. High increase of discharge potential has been

obtained but, up to now, such materials are not industrialized
because of both a low discharge capacity and some discharge
capacity loss during ageing. However, during long storage of the
primary lithium battery some residual intercalated species, which
are always present in a few amounts because of the fluorination
mechanisms, are removed from the fluorographite inter-layers and
dramatically disturb the electrochemical processes. To our
knowledge, very few investigations have been focused on low
power densities and faradic yield of carbon fluorides so far.

In this paper, we will show the strategies developed to (i)
enhance the energy density by an increase of the average discharge
potential, (ii) improve both the power density and the faradic yield.
For each purpose, new fluorination processes are needed: catalytic
fluorination combined with a post fluorination under pure fluorine
gas for higher energy density [11-21], sub-fluorination process for
higher power density [22-26] and fluorination by fluoride
decomposition (fluorinating agents) for higher faradic yield [27-
29]. Among the various solid fluorinating agents, terbium
tetrafluoride TbF, has been chosen. New enhanced electrochemical
performances such as power density of 8000 W kg~! have been
obtained and fluorination mechanism for each family of fluorinat-
ed carbon has been better understood thank to a deep physico-
chemical characterization by X-ray diffraction (XRD), infrared and
Raman spectroscopies, solid state NMR with both '>C and '°F
nuclei and electron paramagnetic resonance EPR.

2. How to increase energy density?
2.1. Catalytic fluorination combined with post-direct fluorination

At room temperature, the reactivity of fluorine gas with
graphite is greatly improved by the presence of a volatile fluoride
and anhydrous HF gaseous mixture [10]. Most efficient volatile
fluorides MF,, were: ClFs, BFs, IFs, BrFs, ReFg, WFg, MoFg. First stage
highly fluorinated graphite compounds of formula CF¢(M,), with
0.5 <x < 0.9 and 0.06 <y < 0.02, were obtained. The obtained x
value depends on the used fluoride MF, because the fluorination
level is related to the Lewis acidity of the volatile fluoride and its
interaction with HF. It seems that the higher values correspond to
the lower Lewis acidity of fluoride relative to that of HF [30]. The
highest degree of fluorination was then achieved using IFs which is
considered as a slightly weaker Lewis acid than HF. Fluorinated
graphites were prepared using Madagascar natural graphite
powder (particle size of 7.5 um) at room temperature thanks to
synthesis methods which were already described [11]. Graphite
reacts with a gaseous mixture of fluorine (F,), hydrogen fluoride
(HF) and volatile inorganic fluoride (IFs). The fluorinated graphites
thus obtained were called CF,-IFs. The fluorination levels have
been estimated by considering the weight uptake. In order to both
improve the fluorination level and to remove the residual catalyst,
this compound was subjected to a heat treatment under a stream
of pure fluorine gas at a temperature (Tpr) ranging between 150
and 680 °C during 3 h. The resulting compounds prepared are
denoted CF,-IF5-Tpg.

It has been found that iodine fluoride residues are progressively
de-intercalated from the structure and that they play a key role on
the peculiarity of these materials. Three types of materials have
been generated according to the post-treatment temperature (see
Scheme 1) [11]:

o for post-fluorination temperatures lower than 400 °C, the C-F
bond is mainly weakened covalent but the fluorographite
compounds contain some residual catalysts,

o for post-fluorination temperatures comprised between 400 °C
and 550 °C, the C-F bonding became more and more covalent,
because of both an increase of the fluorine amount in the
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Scheme 1. Post-fluorination mechanism of low temperature fluorinated graphite.

carbonaceous matrix and the progressive de-intercalation of the
residual catalysts (no more residual catalysts remain trapped
into the fluorographene layers),

for higher post-fluorination temperatures (between 550 and
680 °C), physicochemical characteristics of obtained compounds
and conventional high temperature graphite fluorides (prepared
by direct fluorination of graphite at about 600 °C) were
surprisingly different (see Section 2.2) in spite of a similar
fluorination rate and a pure covalent C-F bond. The progressive
conversion of both the carbon hybridization from sp? to sp> and
the C-F bonding, allows low structural defects to be obtained.
Such difference results in interesting electrochemical perfor-
mances.

2.2. Post-fluorination treatment influenced on the energy density

Fluorinated carbon samples were studied as cathode in primary
lithium batteries. Composite electrodes were made of fluorinated
carbon sample (about 80% by weight, w/w), graphite powder (10%,
w/w) to insure electronic conductivity and polyvinylidene
difluoride (PVDF, 10%, w/w) as binder. The mass of active material
was between 2 and 10 mg for all the experiments. A two electrodes
cell was used (Swagelok cell type), where lithium was both
reference and counter electrode. A PVDF microporous film wet
with electrolyte composed of a lithium salt (LiClO,4) dissolved in PC
(doubly distilled) with 1 mol L™! concentration, was sandwiched
between the composite electrode and a lithium metal foil. The cells
were assembled in an argon filled dried glove box. Relaxation was
performed for at least 5h until open cell voltage (OCV)
stabilization. Galvanostatic discharges were performed at room
temperature between the initial OCV and 1.5V with a VMP2 -Z
under current densities ranged between 10 and 720 Akg~'. The
capacity Qexp Was measured with a potential cut-off of 2.0 V. The
average discharge potential E;;, corresponds to the potential
obtained at half of the total discharge.

These 3 types of materials lead to singular electrochemical
behaviour [12]. It must be noted that the fluorination range of
these 3 types are different than the fluorination range discussed
above because as we will see now the amount of residual catalyst

species is the key parameter and not the carbon hybrization change
as it was before.

o For fluorination post-treatment temperatures included between
100 °C and 300 °C, both average discharge voltage and capacity
remain constant, around 3.0V vs. Li*/Li and 570Ahkg !,
respectively. Again, the high discharge voltage results from
the weakened covalence of the C-F bond. The energy density,
shown in Fig. 1, increases with the capacity and is already, for
these fluorination post-treatment temperatures, higher than the
one of conventional carbon fluorides. This energy density value is
the result of high average discharge potential of 3.0V and low
discharge capacity of about 570 Ah kg~ .
For post-treatment temperatures between 300 and 550 °C, a low
decrease of the discharge potential [from 3 to 2.53 V] occurs
concomitantly with a high increase of the discharge capacity
[570-900 Ah kg~ ']. This results in a progressive increase with
the post-fluorination temperature of the energy density, which
rises up to 2277 Wh kg~!. The decrease of the average discharge
potential is explained mainly by the change of C-F bonding
toward a more covalent character whereas the increase of the
capacity correlates with the removal of iodine fluoride species
and the concomitant increase of fluorine content with post-
fluorination treatment. The energy density is particularly high
for the graphite fluoride compounds (post-fluorination temper-
ature between 400 and 500°C) where the two carbon
hybridization states (i.e. sp? and sp>) co-exist; this seems to
favor very good electrochemical performances.

e For a fluorination post-treatment temperature higher than
550 °C, both the average discharge voltage (as expected due to
changes in C-F bonding) and the discharge capacity decrease. As
in the case of conventional carbon fluorides, the increase of
inactive CF, and CF; groups identified by FT-IR and 'F NMR
measurements and hindering dangling bonds (paramagnetic and
thus detected by EPR) explain the lowering of the capacity.
However, despite a similar fluorination temperature (600 °C),
post-treated low temperature graphite fluorides yields note-
worthy higher energy density than conventional carbon fluorides
in good accordance with the low amounts of structural defect
when compared to conventional graphite fluorides.

The post-treated low temperature graphite fluoride materials
offer a wide range of (voltage, capacity) characteristics suitable for
specific battery operating requirements. Tuning the fluorination
post-treatment temperature is the key parameter in achieving
such a specific material. The co-existence of sp? and sp> hybridized
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Fig. 1. Evolution of energy density as a function of post-fluorination temperature for
low temperature fluorinated graphite.
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carbons with varying sp?/sp® ratios result in varying C-F bond
strength from weakened covalent to covalent. A maximum of
2277 Wh kg~ ! of energy density is obtained for a post-fluorination
temperature of 500 °C and as these compounds do not contain
traces of IF, catalysts, no altering of the cell’s shelf-life should
occur. Such materials are suitable for industrial applications.

3. How to increase the power density?
3.1. Sub-fluorination process of carbon nanofibres

The low power density of carbon fluorides is due to the
association of kinetic limitations and the poor electrical conduc-
tivity of strongly covalent (CF), material. To increase this
electrochemical performance, our approach consists in the
enhancement of the intrinsic electrical conductivity of CF, cathode
materials thanks to the control of the kinetics conditions for carbon
fluorination. A process, called sub-fluorination, has then been
applied on carbons. The best results have been obtained with
carbon nanofibres CNFs as precursors. Indeed, their one dimension
texture allows the nanostructuration of the fluorinated carbona-
ceous matrix.

High purity (>90%) carbon nanofibres (CNFs) which are 8-
20 mm in diameter with 2-20 wm lengths have been supplied by
MER corporation, they have been obtained by CVD method and
then post-treated under argon atmosphere at 1800 °C. Fluorinated
carbon nanofibres (CNFFs) were prepared with 200 mg of CNFs at
temperatures Ty ranging between 380°C and 480°C in F,
atmosphere for a reaction time of 16 h. The sub-fluorination
process consists in combining a minute control of the fluorination
conditions, i.e. temperature Tr, fluorine gas flow rate (g min—!) and
time [24]. One main characteristic of this new family of materials is
the presence of nano-domains of unfluorinated carbon atoms in
the core of the nanomaterials which facilitate the electron flow
within the particles (Fig. 2). The targeted composition ‘X’
0.2 < x < ~1.0 have been achieved. The fluorination level ‘x’ (i.e.
F:C molar ratio) of CNFFs was determined by gravimetry (weight
uptake) and by quantitative '°F NMR measurements. '°F and 3C
Magic Angle Spinning (MAS) (14 and 10 kHz spinning rates,
respectively) NMR experiments were carried out at room
temperature on a Bruker AVANCE DSX 300 spectrometer operating
at 282.36 and 75.47 MHz, respectively. For 'F NMR the external
reference was CF3COOH. All the '°F chemical shifts are referenced
to CFCl3 (8crycoon = —78.5 vs. CFCl3). For '>C NMR the external
reference was tetramethylsilane (TMS).

Because of the nanostructuration of the fibres, which can be
described as multi-walled carbon nanotubes with large diameter,
and of its post-treatment graphitization, the fluorination temper-
ature T is higher than the one needed for graphite in pure 1 atm. F,

Fig. 2. TEM bright field images of carbon nanofibres sub-fluorinated at 420 °C.

gas. Such nanostructuration needs a progressive fluorination
which processes from the outer tubes of the nanocarbon toward
its core (supported by SEM and TEM images). In fact, four
fluorination temperature zones can be pointed out for sub-
fluorinated carbon nanofibres, denoted CNFFs [22]:

For Tg ranged in between 435 and 450 °C, interesting CNFFs
with a nearly constant x ~ 0.7-0.8 were obtained. The fluorine
atoms have progressed from the outer walls toward the core
forming a (CyF), type carbon fluoride structure (‘stage-2’
compound with FCCF slabs stacking sequence) of the fluorinated
part. Unfluorinated domains are still present as clearly evidenced
by '>C NMR analysis. For higher fluorination temperatures (CF),
phase is irreversibly converted into (CF),-type one (‘stage-1’
compound with FCF slabs stacking sequence) and this conversion
leads unfortunately to some exfoliation.

Accordingly, for 435 < Tg < 450 °C, the fluorinated domains,
which are the electrochemically active parts of the cathode
material are intermixed at nano-scale with unfluorinated domains,
which insure the electron flow in the electrochemical processes.
This last point plays a key role in enhancing the intrinsic electrical
conductivity of the CNFFs materials and is the origin of the high
energy density, as discussed in the following part.

3.2. Electrochemical properties

Whatever the samples, at low discharge current density, the
average discharge potential is set in a very narrow range (2.45-
2.6 V) [23,24]. This quasi stability is in agreement with the covalent
C-F bonding which does not change upon fluorination. Although
the discharge voltage and the fluorine content of CNFFs are close to
those reported in (CyF),-type graphite fluoride, the achieved
discharge capacity of the CNFFs materials synthesized between
435 and 450 °C is about 30% higher than those of (C,F),. Moreover,
an impressive 8057 W kg~ ! power density associated with a high
1749 Wh kg~! energy density were achieved in CNFFs with F:C
equal to 0.76 (obtained both by quantitative NMR and by
gravimetry), whose galvanostatic discharge is presented in
Fig. 3. Here, the power density is 6 times higher than the one of
conventional graphite fluorides. Then, for F:C > 0.80, the maxi-
mum power density decreases but is still higher than the one of
conventional graphite fluorides. Such high and new performances
are due to the presence of non-fluorinated carbons in the CNFFs
core with a percentage higher than 10%, which favors fast electron
flow and accordingly enhances the electrode reaction kinetics [23].
Actually, the effect of enhanced conductivity is more pronounced
at higher discharge rates at which the power density difference of
the new materials with conventional CF; becomes obvious. In fact,
whatever the CNFFs cathode material, including a lightly
fluorinated CFp,; (obtained both by quantitative NMR and by
gravimetry), both the achieved C-rate and the power density are
higher than for CF;. That is why such process is now developed by
Contour Energy System society (licensed patent [24]). Industrial
fabrication using the sub-fluorination process started 2 years ago
and will increase according to the market.

4. How to increase the faradic yield of carbon fluorides?
4.1. Fluorination by TbF, decomposition

One interesting research is to focus on the decrease of the level
of perfluorinated groups such as CF,, CF3 and dangling bonds which
are inactive electrochemical and/or limit the lithium/fluorine
diffusion. Such perfluorination can be weakened by the choice of
an alternative reactive species such as atomic fluorine F* instead of
molecular fluorine F,. Its higher diffusivity and reactivity could
favor the formation of C-F bond. For this purpose, fluorination
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Fig. 3. Galvanostatic discharge curves for different current densities of carbon
nanofibres sub-fluorinated at 450 °C (a) compared to the ones of conventional (CF),
with F:C=1 (b).

process called fluorination by TbF, decomposition was developed.
TbF, powder was obtained from TbF; (Aldrich, 99.9%) fluorination
in pure F, gas at 500 °C. Its purity (i.e. the absence of residual TbF3)
was systematically checked by X-ray diffraction. The thermo-
gravimetric analysis (TGA) of freshly prepared TbF, indicated that
exactly one mole of F* was released per mole of TbF, between 300
and 500 °C. For the CNFs fluorination by TbF4, a nickel closed
reactor was used in order to preserve the defined fluorine amount
released by the thermal decomposition of TbF4. A two tempera-
tures oven was used: the part containing TbF, was heated at 450°C
whatever the experiment whereas CNFs were heated at tempera-
tures Tr ranged between 420 and 500 °C. A reaction time of 16 h
was used. Prior to the heating, a primary vacuum (~10~2 atm) was
applied into the reactor. The reactions involved during the
fluorination are the following:

TbF4—2.TbF; + F* or %Fz
XF, — CFy

C+xF* or 5

The total conversion of TbF, into TbF; was systematically checked
by both the weight loss and the X-ray diffraction analysis.

TbF, decomposition at temperatures around 450 °C releases
exactly 1 mole of pure atomic fluorine per 1 mole of initial TbF,,
which recombines with carbon and more particularly CNFs. As the
reactive species are different between sub-fluorination and
fluorination, the fluorination mechanisms differ. During the way
with TbF,;, because the fluorine amount is by the equilibria
TbF4(s) < TbFs(s) + F° and 2F°(g) < F(g), the fluorination is more
progressive and homogeneous leading to the formation of (CF),-
type phase whatever the fluorination conditions, i.e. the highly
fluorinated phase. No (C,F),-type phase is formed as in the case of
sub-fluorination or more generally for direct process with
graphitized starting materials. During this process, with increasing
Tk a progressive densification of the (CF),-type compound takes
place and very few amounts of CF,, CF; and dangling bonds are
formed as shown in Fig. 4. Room temperature 'F MAS NMR
(14 kHz) is well adapted to underline the relative amount of CF,
and CFs3 groups, which exhibit chemical shifts of —60/—90 and
~—120 ppm vs. CFCls, respectively. The spectra of two represen-
tative samples with similar fluorine content (x ~ 0.6) from direct
and fluorination by TbF, decomposition are shown in Fig. 4. The
lines related to CF, and CF5 groups are less intense for the sample
obtained with TbF,. Such an observation can be done whatever the
fluorine content. The CF3 groups, can be localized on the
fluorocarbon sheet edges and probably possess a spinning motion
around the C-C bonds, explaining the narrowness of the resonance
line. Moreover, the 'F MAS NMR spectra of CNFs fluorinated by
TbF, decomposition and direct processes exhibit similar isotropic
line located at —190 ppm/CFCls. This latter is attributed to fluorine
atoms covalently bonded to carbon atoms (C-F) [14,21,31,32]. The
similarities of the main isotropic line reveal the same C-F bonding
whatever both the fluorination way and the temperature.
Nevertheless, another difference between the fluorinated carbon
nanomaterials obtained using the two routes exists: first, the
presence of a line at —178 ppm for intermediate fluorination
temperature by the direct process and another at —120 ppm also
for the direct fluorination. The line at —178 ppm appears only for
fluorinated carbons which contain fluorinated parts with a (C3F),
structure and can be attributed to fluorine atoms bonded with non-
fluorinated sp> carbon atom itself bonded with another sp> carbon

F/C

0.59

0.56

0 -100 -200 -300 -400
8/ CFCl, (ppm)

Fig. 4. Solid state °F MAS NMR spectra (14 kHz) of fluorinated carbons with close
fluorine content (F:C ~ 0.6) obtained by direct (428 °C) and TbF,4 (450 °C) processes;
*and O mark spinning sidebands.



16 K. Guérin et al. /Journal of Fluorine Chemistry 134 (2012) 11-17

3.2
3.0 1
2.8+
2.6+
244
2.24
2.0+
1.8+
1.6
1.4+
1.2+
1.0+
0.8

E (V vs Li"/Li)

T T T T T T T 1
0 100 200 300 400 500 600 700 800
Capacity (mAh.g'1)

Fig. 5. Galvanostatic discharges curves at 10 mA g~! (C/100) and at 720 mA g~ (1C)
for CNFs with F:C ~ 0.70 fluorinated either with direct process () or TbF4 ones (O).

atom in accordance with the (C,F), structure. Another defect,
dangling bonds, have been found using EPR to be present in less
amounts after fluorination by TbF, decomposition whatever the
fluorine content. Finally, according to transmission electron
microscopy images, the fluorinated parts are homogenously
dispersed in the carbon matrix using TbF, as fluorinating agent
contrary to the sample obtained using F,, where only the outer
tubes are fluorinated for low and medium x ratio [26,27].

4.2. Electrochemical properties

In order to compare the electrochemical performances of
fluorinated CNFs obtained by TbF, and direct fluorination,
materials with similar fluorine level have been used as cathode
in primary lithium batteries. We will focus on x of about 0.7-0.8
because of its good performances. Different current densities have
been applied to the two materials and Fig. 5 presents the discharge
curves for the extreme current densities i.e. 10mAg~' and
720 mA g~ ! corresponding at C/100 and 1C, respectively. Whatever
the electrochemical conditions, both the potential and the capacity
are higher for CF, prepared by TbF, way by comparison with direct
process and it results in faradic yield close to 100% for materials
prepared by fluorination by TbF, decomposition. The low increase
of potential cannot be explained by a variation of the covalence of
the C-F bonding as we already mentioned that solid state NMR has
revealed exactly the same C-F bonding whatever the fluorination
way. It can be explained by a lowering of internal resistive effect
such as lithium or fluorine barrier diffusion due to CF,, CF3 type
groups located at the edges of the fluorinated compounds or
dangling bonds. The higher the amount of such groups, the higher

Table 1

High energy density

2000
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800+ High power density

Energy density (Wh.kg'1)
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O T T T T T T T 1
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Fig. 6. Ragone plot of fluorinated carbons (graphite or carbon nanofibres as
precursors) with fluorine level of about 0.7 obtained by catalytic fluorination + post
direct fluorination (), sub-fluorination (@) and fluorination by solid fluorinating
agent (A) compared to values for conventional product (x) [14,24].

internal resistance is. The higher capacity of compound prepared
by fluorination using TbF, decomposition can also be explained by
an indirect contribution of CF, or CF; type groups. Indeed, they
contribute to the fluorine level value which is used to the
prediction of the theoretical capacity. But as they cannot be
reduced, the true active mass is actually overestimated like the
capacities.

5. Conclusions

In order to avoid the failures such as power density, faradic
yield and energy density of fluorinated carbon materials used as
electrode in primary lithium battery, 3 new fluorination ways have
been developed allowing the performances of carbon fluorides to
be significantly enhanced (Table 1 and Fig. 6). The highest energy
density of 2300 Wh kg~ ! has been obtained thanks to the room
temperature catalytic process followed by a post fluorination
treatment at 450 °C over graphite, the highest power density of
8000 W kg~ ! associated with high current densities (6C) for sub-
fluorination applied on one-dimension nanocarbons and the
highest faradic yield for fluorination by TbF, decomposition. The
last decade of investigations underlines that the nanostructuration
of the allotropic forms of carbon and the development of new
fluorination ways, optimized for such kind of materials, are two
key parameters which would generate higher electrochemical
performances of carbon fluorides, in particular in terms of average
discharge potential. As matter of fact, a weakening of the C-F
bonding results from a curvature of the raw carbon lattice [33]. The
electroreduction could occur at higher potential with interesting
benefits in terms of power density and management of heating

Summary of the electrochemical performances of carbon fluorides as a function of the fluorination way.

Raw carbon Qexp (MAR g Ei2 (V) Energy density (Whkg™1!) Current density Power density (Wkg™!)
Conventional product Coke 800 1680 1C 1370
Sub-fluorination CNFs 800 1920 6C >8000
Catalytic fluorination + post-fluorination Graphite 900? 2300 C/2 1200
Fluorination using TbF, CNFs 809 1900 5C 6500

Qexp: €Xperimental capacity.

@ Post-treatment at 550 °C.

b Post-treatment at 150 °C.
Qexpr E172, Energy density data obtained at low current densities (C/100).
Power density obtained for the highest current density available.



K. Guérin et al. /Journal of Fluorine Chemistry 134 (2012) 11-17 17

effects. Although the use of fluorinated materials as electrode
materials is known since many years, new applications would be
found taking into account the enhanced performances. Our
laboratory keeps on conducting researches to further optimize
these performances of these fascinating materials.
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