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Surface modification of graphite powder has been performed by elemental
fluorine and radiofrequency plasma fluorination. Both of the methods enlarge
the surface areas of graphite samples and change their pore volume distribu-
tion. Surface-fluorinated graphite samples demonstrate the capacities higher
than those of original samples and even the theoretical capacity of graphite,
372 mAhg~! without reducing the first coulombic efficiencies. The increments of
the capacities are ~5, ~10 and ~15% for graphite samples with average
particle diameters of 7, 25 and 40 um, respectively.
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INTRODUCTION

Since the electrochemical redox reactions occur at the surface of electrode,
structural factors such as crystallinity, surface area and surface pore
volume distribution, and nature of surface chemical species are the
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important factors affecting the electrode characteristics of carbon materi-
als. Some methods of surface modification such as surface oxidation, metal
coating and carbon coating were recently applied to carbonaceous elec-
trodes to improve the electrode kinetics [1-10]. Surface fluorination by
elemental fluorine and radiofrequency plasma fluorination using CF, is an
effective method to improve the electrode characteristics of graphite [4-7].
In the present paper, we report the electrochemical properties of surface-
fluorinated graphite samples and discuss about the relationship between
the electrochemical results and surface structures of fluorinated samples.

EXPERIMENTAL

Surface fluorination of graphite samples (=7, ~25 and ~40 um) was per-
formed between 128 and 500°C by elemental fluorine of 3 x 10* Pa for 2 min
in a nickel reactor. The same graphite samples were also subjected to
plasma fluorination using CFj.

The surface fluorinated graphite samples were analyzed by elemental
analysis of carbon and fluorine, X-ray diffractometry, X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, and surface area and pore
volume distribution measurements.

The galvanostatic charge/discharge cycling for surface fluorinated
samples was performed at 25°C using three electrodes glass cell. The
counter and reference electrodes were metallic lithium, and electrolyte
solution was 1moldm >-LiClO,-ethylene carbonate (EC)/diethyl carbo-
nate (DEC) (1:1 in volume). The charge/discharge cycling was made at
60mAg ! between 0 and 3V vs Li/Li*.

RESULTS AND DISCUSSION

Change in the Composition and Surface Structure
of Graphite by Fluorination

The fluorine contents in surface-fluorinated graphite samples, obtained by
elemental analysis, are less than 1 at% except the samples fluorinated
between 350 and 500°C [5,7]. The fluorine contents in the samples fluorin-
ated between 150 and 300°C are 0.2 ~ 0.4 at% while the samples fluorin-
ated between 350 and 500°C have the larger values, i.e., 0.6 ~4.7at%. On
the other hand, the plasma-fluorinated samples show the lower fluorine
contents, i.e., 0 ~0.3at% [6]. The value of zero indicates that the fluorine
content is within detection limit.

The surface fluorine concentrations obtained by XPS have the same
temperature dependency. The samples fluorinated between 150 and 300°C
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show 3.6 ~12.0at%. On the other hand, the plasma-fluorinated samples
exhibit rather constant surface fluorine concentrations less than 10 at% in
most of the cases. The binding energies of Cls and F1s peaks indicate that
the C-F bonding of surface-fluorinated graphite samples is in an inter-
mediate state between the semi-ionic and covalent bonds [5-7,12—16].

The intensity of D-band in Raman spectrum is slightly enhanced by
surface fluorination, indicating the increase in the surface disordering. The
intensity ratio of two peaks, R(=1Ip/Is), shows the degree of surface dis-
ordering of graphite powder. The results indicate that R values increase by
surface fluorination, in particular, with increasing fluorination temperature
and particle size of graphite powder. Plasma fluorination also increases the
R values.

Figure 1 shows a transmission electron microscopic image of graphite
sample fluorinated by plasma treatment. The fluorinated layers exhibit
disordered structures in contrast with the unreacted graphene layers. The
thickness of fluorinated layers is about 1~2nm while the thickness is
about 3 ~4nm for the samples fluorinated by elemental fluorine, corres-
ponding to 5 ~ 7 fluorine-intercalated layers [11-13].

The surface areas are enlarged by the fluorination using elemental
fluorine, increasing with increase in the fluorination temperature for three
kinds of graphite samples as given in Table 1. The increments of the surface
areas are in the range of 64 ~ 77%. The surface areas of plasma-fluorinated
samples are also increased by 26 ~55%. Fluorination of graphite powder

10 nm

FIGURE 1 Transmission electron micrograph of plasma-fluorinated graphite
(=40 pm).
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TABLE 1 Surface Areas of Surface-Fluorinated Graphite Samples, Measured by
BET Method

Surface area (m?g™!)

Graphite ~7um ~25 pm ~40 pm
Original graphite 4.79 3.71 2.94
Fluorinated by Fy
150°C 5.61 5.16 3.50
250°C 7.65 5.18 4.90
350°C 8.48 6.09 4.95
Plasma-fluorinated 7.42 4.71 3.69

reduces the mesopores with the larger diameters and increases those with
the diameters of 1.6~ 2 and 2 ~ 3 nm.

Electrochemical Behavior of Surface-Fluorinated
Graphite Samples

All the surface fluorinated samples show the higher capacities than original
graphites. The capacities of surface-fluorinated samples (~25um) are
higher than even the theoretical value of graphite, 372mAhg ! except
those of the samples fluorinated at 450 and 500°C. The samples fluorinated
between 200 and 300°C give the highest capacities of 387 ~ 389 mAhg ' at
10th cycle. The increments of the charge capacities at 10th cycle are
~10%. The surface fluorinated graphite samples with average particle
diameter of 7pum show 378~383mAhg ' higher than the theoretical
capacity of graphite in most of the cases [5]. The increments of the capa-
cities are ~5%. The surface-fluorinated samples (=40 pum) fluorinated
between 150 and 300°C exhibit the capacities of 374 ~ 377 mAhg ' slightly
higher than the theoretical value of graphite at 10th cycle. The increments
of the capacities at 10th cycle are ~13%.

Plasma fluorination using CF is also very effective for increasing the
capacity of graphite electrode [6]. The capacities of 60 min-fluorinated
samples (~25 pm) are in the range of 385 ~ 390 mAhg ! higher than that of
original graphite and even the theoretical value, 372 mAhg ™! as shown in
Figure 2. In case of other 60 min plasma-fluorinated graphite samples with
average particle diameters of 7 and 40 um, the capacities are in the range of
377 ~384 and 372 ~382mAhg !, respectively [6]. The increments of the
capacities reach ~b, ~10 and ~15% for 7, 25 and 40 um, respectively.

The fluorine contents are in the range of 0.2 ~0.4at% and 0~ 0.3 at%
for the samples fluorinated by elemental fluorine between 150 and 300°C
and plasma-fluorinated samples, respectively. In these samples, no decrease
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FIGURE 2 Charge capacities of plasma-fluorinated graphite samples. #:original
graphite (=25 um), @:60 min-fluorinated sample at room temperature, A:60min-
fluorinated sample at 90°C.

in the first coulombic efficiencies is observed. It means that such amounts
of fluorine are negligible.

The surface fluorination causes carbon-carbon bond breaking of gra-
phite, increasing the surface areas of graphite samples and the mesopores
with diameters of 1.5 ~2 and 2 ~ 3nm, in which excess lithium exceeding
the theoretical capacity would be stored.
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