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’ INTRODUCTION

CFx batteries have the highest energy density among all primary
lithium batteries with a theoretical value of 2180 W h kg�1.1�3

Currently available Li/CFx batteries are limited to low rate
applications due to their poor electronic conductivity and the
layered nonporous structure of the cathode precursor material,
namely, graphite.4 In addition to natural graphite,5,6 other non-
porous and low surface area materials such as highly oriented
pyrolitic graphite (HOPG),7 carbon nanofibers (CNFs),8,9 carbon
nanotubes (CNTs),10,11 fullerenes (C60),

12�16 charcoal,17 and
carbons from petroleum cokes2,18,19 have been fluorinated using
different methods. Fluorination of carbon materials generates
surface defects, such as�CF2/�CF3 groups which accommodate
Li ions. Consequently, the specific capacity of the cells increases
with the fluorine content.2,9,18,19

For all aforementioned materials, extreme temperatures and
catalysts are required to obtain high F/C ratios and the final pro-
ducts are essentially nonporous and exhibit low surface areas
(smaller than 100 m2 g�1). For instance, partially exfoliated
graphitized carbon fibers with F/C ratios of 0.86 were obtained
only after treatment at 480 �C.8,9 Interestingly, graphitized
carbons are generally unreactive in the presence of F2, but were
reactive toward fluorinating compounds such as NF3 and ClF3.

19

Elemental fluorine was found to react with graphitic carbons only
in the presence of high oxidation state transition-metal fluorides,
i.e., AgF3, NiF3, K2NiF6, and KAgF4, after several days with a
maximum F/C ratio of 0.83.20,21

In general, high temperatures and extents of fluorination
induce the collapse of pore structures, which is detrimental for
high rate capabilities in cathode materials. For example, CNTs
with F/C ratios near 1 were only obtained after fluorinations at
600 �C, at which the tubular structure was destroyed and an
amorphous carbon fluoride was obtained.11 Petroleum coke-
based carbons have more structural defects than natural graphite
and CNTs and therefore are more easily fluorinated.19 One way
to prevent the loss of pores is to migrate from traditionally used
graphite-based materials toward porous carbon substrates with a
large number of defect sites (turbostratic carbon) and with
enhanced accessibility to the CF sites provided by micro/
mesopores. A recent example was demonstrated for ordered
mesoporous carbons (OMCs), namely, CMK-1, prepared as
inverse replicas of ordered mesoporous silica (OMS) MCM-
48.22,23 These OMCs were fluorinated by elemental fluorine at
temperatures ranging from room temperature to 250 �C, much
lower than those for graphite (>400 �C).24 Such mesoporous
carbons have an open hierarchical structure of accessible micro-
and mesopores and turbostratic carbon walls. Both features
allowed for the fluorination of the carbon frameworks at milder
conditions. For instance, CMK-1 carbon fluorides with F/C
ratios ranging from 0.1 to 0.5 were obtained after room
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temperature and 150 �C reactions, respectively.24 For higher
F/C ratios of 0.8 prepared at 250 �C, however, the mesopore
structure was lost during fluorination.24 The instability of CMK-1
toward direct fluorination is intrinsic to its nanostructure, which
is composed of mesopores formed by voids between interwoven
carbon frames having cylindrical symmetry, which are intercon-
nected by much smaller carbon threads.22,23 This interconnected
frame system may readily collapse under harsh chemical envir-
onments and upon structural changes in the carbonwalls induced
by high fluorine contents. Hence, more robust turbostratic
carbon frameworks are desired to withstand fluorination condi-
tions and sustain the mesoporous structure at F/C ratios of 0.8
and higher.

A major breakthrough in the preparation of porous carbons
was achieved by the direct self-assembly of phenolic resins with
diblock copolymers25 and especially triblock copolymers of
general formula poly(ethylene oxide)�poly(propylene oxide)�
poly(ethylene oxide), PEO�PPO�PEO.26�30 The latter method,
known as soft-templating, further reduced the number of steps
and time required for the preparation of carbons compared to the
hard-templating synthesis.25 In addition, soft-templated carbons
exhibit considerably larger mesopores, thicker pore walls, and
higher surface areas than most carbons obtained from OMS hard
templates.31 More importantly, the cylindrical mesopores of soft-
templated carbons are internal to monolithic carbon particles
and are independent of small interconnecting threads supporting
carbon frames as in the CMK-1 structure. The latter in combina-
tion with the thicker pore walls of soft-templated carbons result
in improved mechanical, thermal, and chemical stabilities com-
pared to those of CMK-1.

To date, the single report on fluorine-containing soft-tem-
plated carbons was for materials prepared in a one-pot synthesis
route using p-fluorophenol/phenol�formaldehyde as carbon
precursors.32 In this report, fluorinated OMCs with covalent
C�F bonds, mesopores as large as 4 nm, and surface areas
approaching 1000 m2 g�1 were obtained.32 However, F/C ratios
were not provided, and these were probably limited by the
maximum amounts of p-fluorophenol in the synthesis gel that
allowed for the formation of a mesoporous framework. Thus,
recipes to prepare soft-templated mesoporous carbon fluorides
with much higher fluorine contents will be of great importance
for the continuous development of high-power Li/CFx battery
technology.

In this work we demonstrate (1) that the soft-templated
mesoporous carbons are ideal platforms for preparation of
fluorinated carbon materials at temperatures lower than those
used for graphitic carbons and (2) that such fluorinated carbon
materials entail high discharging voltages and rate capabilities
as cathodes for Li/CFx batteries. The mesoporous carbons
were prepared as previously reported for the self-assembly
synthesis of phloroglucinol�formaldehyde in the presence of
triblock EO�PO�EO copolymer BASF Pluronic F127
(labeled here as MC-R, where MC stands for mesoporous
carbon and R for reference).30,33 Furthermore, these were
successfully fluorinated at various temperatures using elemen-
tal fluorine to form various MC-CFx compounds, where x =
F/C mole ratio. Also mesoporous carbons activated using a
recently established procedure33 (MA-R, where MA is meso-
porous activated carbon and R is reference) were fluorinated to
F/C ≈ 0.8, and the final materials (MA-CFx) exhibited much
larger mesopores and surface areas than previously reported
carbon fluorides.

’EXPERIMENTAL SECTION

Synthesis of Mesoporous Carbon. The MC was prepared
according to a previously reported recipe.30,34 Briefly, phloroglucinol
(26 g, 206.17 mmol) and BASF Pluronic F127, EO106�PO70�EO106,
purchased from Sigma-Aldrich (52.0 g, 4.16 mmol) were dissolved in
200 proof ethanol (1200 mL) and 37% hydrochloric acid (10 mL) and
brought to reflux. Once they were refluxing, formaldehyde (26 g, 865.8
mmol) was added, and the solution continued to be refluxed. The solid
carbon polymer was filtered and carbonized under a flowing nitrogen
atmosphere in a horizontal quartz tube furnace at 850 �C. The reference
mesoporous carbon was labeled MC-R.
Synthesis of Nonporous Carbon. The nonporous carbon (NP)

was prepared by dissolving resorcinol (2.2 g) and poly(ethylene glycol),
H(OCH2CH2)nOH, PEG (2.2 g, MW = 8000, Aldrich) in 200 proof
ethanol (9 mL) and 3 M aqueous HCl (9 mL). To this solution was
added 2.6 g of formaldehyde (37%), and the system was stirred for
30min after phase separation. The polymer-rich gel was finally centrifuged
at 8500 rpm for 5min, casted on a Petri dish, and air-dried overnight and at
80 �C for 24 h. The polymer nanocomposite was carbonized using the
same conditions used for the mesoporous carbon.
Activation of the Mesoporous Carbon. KOH activation was

performed by heating approximately 2 g of a physical mixture of solid KOH
andmesoporous carbon particles (the mass ratio of KOH to carbon was 8)
in nickel crucibles and a horizontal quartz tube furnace under flowing N2,
with a heating rate of 20 �Cmin�1, to 800 �C for 1 h. After the mixture was
cooled to room temperature underN2, the solid was washedwith deionized
water. Caution: small amounts of metallic potassium that may be deposited on
the inner tube surface are a potential hazard due to high reactivity with water!
The sample was then stirred in 500mL of 0.2MHCl solution for 30min at
80 �C. The activated carbon was finally separated by filtration, washed with
deionized water, and dried at 100 �C overnight. The activated mesoporous
carbon reference sample obtained was labeled MA-R.
Fluorination Setup of Mesoporous and Nonporous Car-

bons. All fluorinations were conducted in a fluidized bed fluorination
reactor (FBR) consisting of an 8 in. long � 1/2 in. stainless steel tube
with machined ends fitted with Swagelok reducing unions in which 1/2
in.� 1/16 in. thick stainless steel fritted disks were press-fit into the 1/2
in. side of the reducing unions. The gas inlet bottom end of the reactor was
connected to a 1/4 in. “J”-shaped tube that completed a “U” configuration
which allowed for immersion of the assembly into a cylindrical heating or
cooling bath as needed. The outlet side of the reactor tubewas connected to
a 3/8 in. tube which was configured to place a U trap in the 3/8 in. line to
trap any generated volatile byproducts. The reactor exhaust was connected
to an alumina trap with nitrogen purge to absorb unreacted fluorine and
vent only oxygen and other harmless vapors. The inlet tube was connected
to a mixing device consisting of a Hastings flow transducer calibrated for
fluorine and a rotameter gauge flow meter for helium gas. The apparatus
allowed for He/F2mixtures from 0% to 100% fluorine to flow into the FBR
tube. All carbon samples were dried at 150 �C under vacuum overnight
before fluorination. Fluorination reactions were carried out using ele-
mental fluorine (F2) at room temperature and higher, 150�235 �C. The
samples were stored in PFA screw-cap vials under nitrogen. Fluorinated
mesoporous carbon and activated mesoporous carbon materials were
labeled as MC-CFx and MA-CFx, respectively. The nonporous carbon
fluorinated sample was labeled as NP-CFx, where x indicates the F/C
ratios from EDS analysis for all samples. The detailed procedure for the
fluorination of the various samples is given in the Supporting Information.
Materials were compared to a commercial fluorinated carbon sample
(Sigma-Aldrich) here labeled MC-CF0.50-R.
Characterization. Energy dispersive X-ray spectroscopy (EDS)

measurements were performed using a Genesis 2000 spectrometer
(EDAX, Ametek) coupled to a JEOL-6060 scanning electron micro-
scope with an accelerating voltage of 10�15 kV and an 8 mm working
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distance. X-ray photoelectron spectroscopy (XPS) data were collected
using a PHI 3056 spectrometer with an Al anode source operated at 15
kV and an applied power of 350 W. Samples were manually pressed
between two pieces of indium foil; the piece of In foil with the sample
on it was then mounted to the sample holder with a piece of carbon
tape (Nisshin EM Co. Ltd.). Adventitious carbon was used to calibrate
the binding energy shifts of the sample (C1s, 284.8 eV). High-
resolution data were collected at a pass energy of 5.85 eV with a 0.05
eV step size and a minimum of 100 scans to improve the signal-to-noise
ratio; lower resolution survey scans were collected at a pass energy of
93.5 eV with a 0.5 eV step size and a minimum of 25 scans. Peak
assignments were made according to previously reported graphite
intercalation compounds (GICs).35 Nitrogen adsorption isotherms
were measured at�196 �C using a TriStar 3000 volumetric adsorption
analyzer manufactured by Micromeritics Instrument Corp. (Norcross,
GA). Before adsorption measurements the carbon powders were
degassed in flowing nitrogen for 1�2 h at 200 �C. The specific surface
area of the samples was calculated using the Brunauer�Emmett�Tel-
ler (BET) method within the relative pressure range of 0.05�0.20.36

Pore size distributions were calculated using the Barrett�Joyner�
Halenda (BJH) algorithm for cylindrical pores according to the Kruk�
Jaroniec�Sayari (KJS) method calibrated for pores of up to 10 nm37

and statistical film thickness for a reference carbon adsorbent38 also
used for the αS plot analysis.

39 Coin cells (CR2032) were assembled to
test the electrochemical performance of the various carbon fluoride
materials. The cathode was prepared by spreading a slurry of active
material (75 wt %), carbon black (10 wt %), and poly(vinylidene
fluoride) (PVDF; 15 wt %) inN-methyl-2-pyrrolidone (NMP) onto Al
foil. The active material loading was 1�2 mg cm2. The electrodes were
dried in a vacuum oven at 120 �C overnight before being transferred
into an argon-filled glovebox (VAC OMNI-LAB). The anode was a
lithium metal disk, and the separator was Cegard 2034. The C rate
calculation was based on the theoretical capacity. The electrolyte was
1.0 M LiBF4 in ethylene carbonate/dimethyl carbonate/diethylene
carbonate (EC/DMC/DEC; 1:1:1, vol %). The coin cells were
discharged on an Arbin BT2000 instrument at room temperature by
applying a constant current with a cutoff voltage of 1.5 V. A discharge
rate ranging from 0.05C to 5C was used.

’RESULTS AND DISCUSSION

The F/C ratios for all fluorinated samples were largely
dependent on the fluorination temperature used for both pristine
and activated carbons as shown in Table 1. For instance, by
increasing the temperature for fluorination of MC-R from room
temperature to 230 �C, the F/C ratio increased from 0.18 to 0.75,
respectively. Furthermore, after a stepwise fluorination route of
the same sample at 235 �C, the F/C decreased to 0.50. For the
latter, the determination of its F/C ratio based on gravimetric
analysis was not possible since mass was lost during fluorination.
Such mass loss may have occurred as a result of the formation
of volatile perfluoroalkanes and of oxygen-containing pro-
ducts at the high temperature used to prepare this material
(235 �C). Also interesting was the sample MC-CF0.75, for
which the gravimetric analysis indicated a F/C ratio of ∼0.5.
None of these ratios corresponded to the white-gray color
observed for this compound, typical of materials with F/C
higher than 0.9,2 thus indicating that this sample was hetero-
geneously fluorinated.

XPS analysis, see Table S1 with peak assignments40 and
Figure S1 in the Supporting Information, and representative
spectra in Figure 1 show the same semi-ionic CF2 moieties present
in all investigated samples (binding energy 688.0 eV).40�42

Additional F species were identified for the nonporous carbon
sample (NP-CFx) investigated for comparison, namely, NP-CF0.22,
at 689.5 eV (Figure 1a), and mesoporous MC-CF0.35, at
685.9 eV, corresponding to covalent and ionic F species, res-
pectively. In addition to that, most samples have small concen-
trations of surface oxide species (approximately 1 wt %), usually
found on mesoporous carbon samples. These binding energies
are fairly consistent with C�O species (∼534 eV) with the
exception of MC-CF0.35, for which a sizable concentration of
CdO species was identified (∼532 eV).43 Analysis of the C1s
XPS data revealed the formation of a rich array of carbon-based
species with various compositions and structures (cf. Supporting
Information). The F-containing moieties are all sp3-type species

Table 1. Calculated Parameters from Nitrogen Adsorption at �196 �C, Gravimetric Analysis, EDS, XPS, and Electrochemical
Performance Tests for Investigated Mesoporous Carbons and Fluorinated Carbon Materials

sample

TF
a

(�C)
VSP

b

(cm3 g�1)

SBET
c

(m2 g�1)

Vt
αd

(cm3 g�1)

Sext
αe

(m2 g�1)

Vmi
αf

(cm3 g�1)

Smi
αg

(m2 g�1)

Wh

(nm) MFGi MFXPSj
MDPk (V vs

Li/Li+)

SCl

(mAh g�1)

EDm

(W h kg�1)

MC-R 0.38 272 0.38 0.28 0.03 209 9.1

MC-CF0.18 ∼20 0.26 162 0.26 0.30 0.01 145 8.2 C4F1.052 (CF0.26) CF0.20 2.35 283 665

MC-CF0.35 150 0.20 137 0.20 0.17 0.01 115 8.2 C4F2.97 (CF0.74) CF0.48 2.5 273 682

MC-CF0.75 230 0.16 169 0.15 2.88 0.03 92 5.7 C4F2.10 (CF0.53) CF0.77 2.2 759 1670

MC-CF0.50 235 0.17 225 0.16 4.76 0.06 88 CFx CF1.45 2.5 707 1767

NP-CF0.22 150 0.06* 46 0.06 20.05 0.004 36 1.6 C4F1.68 (CF0.42) CF0.51 2.1 318 668

MA-R 2.20 2157 2.18 5.64 0.51† 1032 11.0

MA-CF0.54 150 1.00 852 0.99 1.11 0.17† 460 11.0 C4F3.22 (CF0.81) CF0.50 3.1 550 1705

MA-CF0.55 200 0.98 843 0.93 15.1 0.15 488 10.5 C4F2.85 (CF0.71) CF0.51 3.15 615 1937

CF0.50-R 0.06* 107 0.06 4.12 0.04† 24 1.6 2.45 613 1502
a Fluorination temperature. b Single-point pore volume from adsorption isotherms at p/p0 ≈ 0.98 (an asterisk indicates p/p0≈ 0.92). c Specific surface
area calculated using the BET equation in the relative pressure range of 0.05�0.20. dTotal pore volume calculated in the αS plot range of 2.50�7.50.
e External surface area calculated in the αS plot range of 2.50�7.50. fMicropore volume calculated in the αS plot range of 0.75�1.00 (a dagger indicates
0.82�1.10) (J. Colloid Interface Sci. 1997, 192, 250�256). gMicropore surface area calculated in the αS plot range of 0.75�1.00 (J. Colloid Interface Sci.
1997, 192, 250�256). h Pore width calculated according to the improved KJS method (Langmuir 2006, 22, 6757�6760) using the statistical film
thickness for a nonporous reference carbon material (Microporous Mesoporous Mater. 2008, 112, 573�579). iChemical composition from gravimetric
analysis based onweight gain during fluorination (composition normalized by the F/C ratios in parentheses). jChemical composition fromXPS analysis.
kMedium discharge potential versus Li/Li+. l Specific capacity under a discharge current of C/20. m Energy density calculated from the product of the
medium discharge potential and specific capacity.
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[C�C(CF)3 (∼288 eV)FC(C)3 (∼289 eV), FC(CF)3 (∼291 eV),
F2C(CF)2 (∼292.5 eV)] due to the breaking of sp2 bonds in the
graphitic starting material during the addition of F. The carbon-
rich sample MC-CF0.18 has the largest concentrations of sp

2-type
CdC (284.8 eV) species, consistent with its stoichiometry. In
contrast, the MC-CF0.75 sample has no evident sp2 graphitic
species, which is consistent for materials with such large
F contents. All other samples exhibited intermediate concentra-
tions of sp2 graphitic type carbon and sp3 C�F based species
with concentrations between those found for MC-CF0.18
(∼52 wt % sp2) and MC-CF0.50 (∼4 wt % sp2). Further investi-
gation of the XPS data provides evidence for the distributions and
the bonding of F in these carbons. The MC-CF0.75 sample, with
the highest F/C ratios based on EDS, has very high concentra-
tions of FC(CF)3 and C(CF)3 and consequently a low concen-
tration of isolated graphene carbons without fluorinated neighbor
species. Samples such as MC-CF0.18 and NP-CF0.22 (Figure 1b)
samples have high concentrations of F2C(CF)2 (292.0 eV) and
FC(CF)3 (290.2 eV) moieties, which would be electrically
isolated, but large concentrations of C(C)2(CF) species (286
eV), which indicates the F species are concentrated on the more
exposed carbon surfaces, and not homogeneously distributed,
presumably due to the low temperature of reaction and some

fluorine selectivity. In contrast, the samples MC-CF0.35, MA-CF0.54,
MA-CF0.55 (Figure 1c,d), MC-CF0.75, and MC-CF0.50 have high
concentrations of FC(C)3 moieties shown by a peak centered at
289.3 eV and a second peak with the C(CF)(C)2 characteristic
centered at 286.0 eV. These peaks may indicate amore optimized
distribution of F in the carbon matrix and more C�C bonding,
which is required for electrical conductivity, since these are seen
in addition to FC(CF)3 (291 eV) and F2C(CF)2 (292.5 eV)
groups, which would be less electrochemically active. Higher
concentrations of F result in more FC(CF)3 moieties (291 eV),
and those of unfluorinated sp3 C having fluorinated or oxygen-
substituted neighbor species (286.0�287.0 eV) indicate that the
C�C bonds are not as homogenously dispersed, i.e., C(CF)3.
Elemental analysis data showed F/C ratios similar to those found
by EDS analysis. Because of the many different parameters used
for each fluorination reaction, a direct correlation between the
extent of fluorination and the temperatures used is difficult.
However, the most homogeneously fluorinated materials were
those obtained after reactions at 150 �C, namely, MC-CF0.35,
as well as those fluorinated after chemical activation, MA-CF0.54
and MA-CF0.55. The chemical activation of mesoporous carbons
by KOH may have introduced a large number of sp3 carbons
linked to C�C in the carbon walls. The former sites facilitated

Figure 1. XPS spectra, peak fittings, and assignments for C1s (a) and F1s (b) for NP-CF0.22 and C1s (c) and F1s (d) for MA-CF0.55.
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the surface fluorination of these carbons, helping to preserve the
C�C backbone structure. Finally, for nonactivated samples
fluorinated at low reaction temperatures, or with very small
starting exposed surfaces, fluorination proceeded with disruption
of the C�C backbone and formation of F�C�F species.

Nitrogen adsorption isotherms for the pristine, activated
mesoporous carbons and their respective fluorinated products
are shown in Figure 2a,b. In general, all fluorinations lead to a
consequent reduction by more than 50% in the pore volumes
and specific surface areas of fluorinated compounds compared
to the starting carbons (see calculated results in Table 1). These
adsorption isotherms are type IV with steep capillary condensa-
tion steps and H1 hysteresis loops typical of materials with large
and uniform mesopores.36 The H1 hysteresis loops further
indicate the absence of pore constrictions in most materials.
The adsorption branches of the isotherms for MC-CF0.50 and
MC-CF0.75 samples exhibit multiple and poorly defined con-
densation steps, revealing broad distributions of mesopores. In
addition, the hysteresis loops for MC-CF0.50 and MC-CF0.75
indicate large amounts of constricted pores.36 The adsorption

isotherm for the NP-CF0.22 sample (see Figure S2a in the
Supporting Information) is type 2, characteristic of nonporous
materials, whereas for the commercial sample CF0.50-R despite,
its low pore volume, the isotherm resembles type 1 for micro-
porous materials (Figure S2a).36 The sample CF0.50-R also
shows slightly higher gas uptake at lower relative pressures than
NP-CF0.22 due to small amounts of micropores present in the
former; see Table 1 and the calculated pore size distributions37,38

in Figure S2b. In addition, the H3-type hysteresis loop36 for
CF0.50-R further reveals the existence of some textural meso-
pores, which are formed by particle aggregates. The hysteresis
loop for the activated carbon material shifted to higher relative
pressures than that of the starting MC-R sample as a result of
the enlargement of mesopores36 during activation. The latter
was confirmed by the calculated pore size distributions,37,38

Figure 2cd, confirming the pore enlargement by approximately
2 nm. The mesopore and micropore volumes from the αS plot
analysis36,44 for the activated sample increased by 1.32 and
0.48 cm3 g�1,36,44 respectively (Table 1). The specific surface
areas increased from ∼300 m2 g�1 for MC-R to 2157 m2 g�1

Figure 2. Nitrogen adsorption isotherms at�196 �C for fluorinated mesoporous carbons before (a) and after (b) activation and respective calculated
pore size distributions (c, d). The adsorption isotherm of MA-CF0.54 in (b) was vertically offset by 200 cm3 STP g�1.
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Figure 3. Discharge profile of Li/CFx cells at a rate of C/20 and in comparison to a commercial sample, CF0.50-R (a). Medium discharge potential
as a function of the percentage of sp2 and sp3 carbon�carbon bonds from XPS analysis [C�C (∼284.8 eV), C(C)2(CF) (∼286 eV), C�C(CF)3
(∼288 eV), FC(C)3 (∼289 eV)] (b). Specific capacity as a function of the percentage of sp3 carbon from XPS analysis [C�C(CF)3 (∼288 eV),
FC(C)3 (∼289 eV), FC(CF)3 (∼291 eV), F2C(CF)2 (∼292.5 eV)] (c). Discharge profiles of Li/CFx cells based on samples MA-CF0.55 (d) and
CF0.50-R (e) at different discharge rates.
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after activation. However, after fluorination of the MA-R
sample, the specific surface areas for MA-CF0.54 and MA-CF0.55
went from 2157 m2 g�1 to as low as 843 m2 g�1. Furthermore,
while the mesopore widths of fluorinated activated carbons were
similar to those of the starting activated carbons, those for
fluorinated mesoporous carbons prepared directly from MC-R
were nearly 1 nm narrower than those of the starting carbon
sample. In addition, fluorinated carbons obtained from activated
materials still exhibited larger surface areas, pore volumes, and
mesopores than the pristine MC-R and the nonactivated fluori-
nated materials (Table 1). As also seen by these results, the final
adsorption properties changed with the temperature and conse-
quently with the final fluorine contents, providing additional
evidence for the large extent of fluorination and homogeneity of
the fluorine distribution in these materials.

Depending on the extent of fluorination, the hybridization of
carbon atoms changes from sp2 to sp3,17,45 whereas extensive
fluorination will result in the formation of intercalation fluorine
compounds with C�F bonds of semi-ionic and ionic character.2,7

The highest discharge voltages vs Li are expected for materials
having the most ionic C�F bonds.46 This is observed for theMC
and NP materials where the MC-CF0.35 sample exhibited a high
(for the MC samples) 2.5 V discharge voltage as a result of the
ionic character of the C�F bonds observed in the XPS whereas
the nonporous NP-CF0.22 has the most covalent C�F bond and
also the lowest discharge potential compared to all other samples,
2.10 V. However, ionic-covalent arguments cannot be used to
explain the large variations in voltages for the other samples
which have semi-ionic C�F. Figure 3a shows the discharge
capacities of the various nonactivated and activated fluorinated
mesoporous carbons at a current density of C/20 (40 mA g�1,
44.5 mA cm�1). For comparison, commercial CF0.50-R (Aldrich)
was cycled under the same current rate. The discharge profiles of
these carbon fluorides greatly differ on the basis of the carbon
precursors and on the basis of their F/C ratios. For instance,
while for the less fluorinated carbon fluoride MC-CF0.18 the
discharge starts at 3.2 V and continually drops to 1.5 V with two
barely visible voltages, for the nonporous material (NP-CF0.22)
these two stages are more pronounced. For the latter the voltage
quickly drops to 2.8 V from an open cell voltage of 3.3 V at the
onset of the discharge. With increasing F/C ratios, as in MC-
CF0.35, the discharge plateau becomes even more pronounced
and levels off until the capacity reaches 150mA h g�1, after which
the voltage quickly drops to 1.5 V. With the highest fluorine
content achieved in this series, the material MC-CF0.75 exhibits
the highest discharge capacity among all nonactivated samples;
however, the discharge plateau of 2.2 V is the lowest, which is
mainly due to the strong covalent character of the C�F bond in
this material as evident in the XPS data.4,46 The most striking
differences are between CF0.50-R and MA-CF0.55, both contain-
ing similar fluorine contents according to EDS analysis. Under a
current rate of C/20, the batteries based on CF0.50-R and MA-
CF0.55 deliver a similar specific capacity of 613�615 mA h g�1

(Table 1). However, MA-CF0.55 shows a net increase of 0.70 V
in the medium discharge potential compared to CF0.50-R
(2.45 V). As a general trend, the medium discharge potentials
of the cells increased with increasing total C�C interactions
(both sp3 and sp2 carbon�carbon bonding, i.e., C�C(∼284.8 eV),
C(C)2(CF) (∼286 eV), C�C(CF)3 (∼288 eV), and FC(C)3
(∼289 eV)) from the XPS analysis (Table S1, Supporting
Information) shown by correlation in Figure 3b. This trend is
logical since C�C bonds in these carbonaceous frameworks

are directly responsible for the electron transport in the particles;
the sp3 C atoms are bound to both F and sp2 C atoms in con-
jugated π-systems. The nonporous NP-CF0.22 sample is ex-
cluded from this trend because of the lack of porosity, which
kinetically limits the cell and the high concentration of covalent
C�F bonds (689.5 eV) The specific capacity scales as a function
of sp3-type carbon in the samples, i.e., the sum of the C�C(CF)3
(∼288 eV), FC(C)3 (∼289 eV), FC(CF)3 (∼291 eV), and
F2C(CF)2 (∼292.5 eV) species; see Figure 3c. This parameter
increased with increasing sp3 C atoms, which are linked to surface
�CF2/�CF3 moieties responsible for the large Li storage.2,9,18,19

Clearly, to optimize the electrochemical properties of the cell
requires high concentrations of sp3 F sites (for Li storage) and
C�C bonding for electrical conduction and high surface areas to
maximize the number of F sites (related to capacity). The MA-
CF0.55 sample fulfills these requirements, having 78% FC(C)3
moieties in the sample and few electrically isolated FC(CF)3
species. As shown in Figure 3d the batteries based on MA-CF0.55
not only show higher discharge potentials but also show good
rate capabilities due to the accessible micro- and mesopores of
the fluorinated carbon electrode. Under a C rate (623 mA g�1,
775mAcm�2) the latter delivers a specific capacity of 554mAh g�1

with a medium discharge potential of 3.0 V; by increasing the
discharge rate to 5C (3136 mA g�1, 3994 mA cm�2), the specific
capacity slightly decreases to 515 mA h g�1, while exhibiting an
impressive medium discharge potential of 2.75 V. In contrast, the
specific capacities and medium discharge potentials of the cell
based on CF0.50-R decrease from 503 mA h g�1 and 2.2 V at a C
rate to as low as 480 mA h g�1 and 1.8 V at a 5C rate, respectively
(Figure 3e). This is due to the lower surface area and more
electrically isolated FC(CF)3 species (20%), which limit reaction
kinetics.

Higher discharge potentials are desirable for practical applica-
tions, since a cell based on the same amount of active electrode
material and under the same discharge conditions will deliver not
only high power, but also more energy. For example, compared
with the battery based on CF0.50R, the increases in power and
energy densities for the battery based on MA-CF0.55 are 28.6%
and 29.0% at a C/20 discharge rate and increased to 36.4% and
50.2% at a 1C discharge rate and 52.8% and 63.9% at a 5C
discharge rate, respectively. The high rate capabilities of these
mesoporous carbon fluorides show the major improvements
over previously reported nonporous carbon nanofibers with
similar fluorine contents that offered similar capacities only at
much lower potentials.9 The rate capabilities of the mesoporous
carbon fluorides also make these better for electrode applications
than graphite fluorides with higher fluorine contents. The latter
offered similar discharge potential and capacity, but under much
lower discharge current density.4,21

’CONCLUSIONS

In summary, our results demonstrate that mesoporous car-
bons and activated mesoporous carbon materials can be fluori-
nated using elemental fluorine at temperatures much lower than
those used for graphitic carbons because of their hierarchical pore
structure of micro- and mesopores. Also, the extent and homo-
geneity of fluorination can be controlled by the selected tem-
perature and time on stream. In this way, mesoporous carbon
fluorides with narrow distributions of mesopores from 6 to 11 nm
in width and specific surface areas as large as 852 m2 g�1 can be
prepared in large yields. Even more, these materials offer several
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advantages over commercial carbon fluorides with similar fluor-
ine contents when tested as cathodes in Li/CFx batteries, such as
higher discharge potential, faster reaction kinetics under high
current densities, and higher energy and power densities. These
novel carbon fluorides are ideal candidates for practical applica-
tions in energy storage and conversion devices where high power
and energy densities are primary requirements.
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