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bstract

Plasma-fluorination of natural graphite samples with average particle sizes of 5 �m, 10 �m and 15 �m (NG5�m, NG10�m and NG15�m)
as performed using CF4 and charge/discharge characteristics of surface-fluorinated samples were investigated in 1 mol dm−3 LiClO4–ethylene

arbonate (EC)/diethyl carbonate (DEC)/propylene carbonate (PC) (1:1:1, v/v/v). Fluorine contents obtained by elemental analysis were in the range

f 0.3–0.6 at.% and surface fluorine concentrations determined by X-ray photoelectron microscopy (XPS) were 14.8–17.3 at.%. Plasma-fluorination
ncreased surface disorder of natural graphite samples though reduced surface areas due to its surface etching effect. Electrochemical decomposition
f PC was highly reduced on surface-fluorinated NG10�m and NG15�m with high disorder. First coulombic efficiencies of plasma-fluorinated
G10�m and NG15�m increased by 9.7 and 19.3% at 150 mA g−1, respectively.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Graphitic materials such as natural and synthetic graphites
ith high crystallinity are mainly used as anodes of lithium

on batteries in combination with ethylene carbonate (EC)-
ased solvents. Graphite has several advantages of low electrode
otential, small irreversible capacity (high first coulombic
fficiency), good cycleability and constant capacity. Natural
raphite shows high reversible capacity (∼360 mAh g−1) close
o the theoretical discharge capacity (372 mAh g−1) while syn-
hetic graphite often gives slightly lower capacity than natural
raphite because of its lower crystallinity. It is well known that
C-based solvents should be employed for graphite anode with
igh crystallinity for the quick formation of protective surface
lm (solid electrolyte interface, SEI) with decomposition of a

mall amount of EC [1]. EC has, however, a high melting point
f 36 ◦C. Therefore the use of propylene carbonate (PC) with a
ow melting point of −55 ◦C is desirable for graphite anode. It

∗ Corresponding author. Tel.: +81 565 48 8121x2201; fax: +81 565 48 0076.
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s unfortunately difficult to use PC-based solvents for graphite
ince electrochemical reduction of PC vigorously occurs on
raphite. It is also known that PC can be used for low crys-
alline carbons having higher surface disorder than graphite. It
uggests that high crystalline graphite may be used in PC-based
olvents if surface disordering is attained by surface modifi-
ation. Surface modification is one of the effective methods
or improving electrode characteristics of carbonaceous anodes.
ecently various methods of surface modification were reported

2–4]. They include carbon coating [5–13], metal or metal oxide
oating [14–20], surface oxidation [21–27], surface fluorina-
ion [28–40] and polymer or Si coating [41–47]. These methods
mproved such electrode characteristics of carbonaceous anodes
s reversible capacities, first coulombic efficiencies (irreversible
apacities), cycleability and so on. Among them, surface fluo-
ination is effective for improving the electrochemical behavior
f graphitic materials. When low crystalline carbons are fluori-
ated by fluorinating gases, carbon–carbon bond rupture leading

o the formation of gaseous fluorocarbons such as CF4 easily
ccurs. However, surface-fluorinated layers with covalent C–F
ond are formed when natural or synthetic graphite is fluori-
ated. Fluorination mechanisms of carbon materials are different

mailto:nakajima-san@aitech.ac.jp
dx.doi.org/10.1016/j.jpowsour.2007.06.008
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epending on fluorinating agents or fluorination techniques. Flu-
rination of graphite by F2 is an electrophilic reaction in which
δ+ preferentially attacks carbon atom with higher electron den-
ity (Cδ−) and Fδ− reacts with Cδ+, yielding fluorinated layers
ith C–F covalent bond [48–50]. Surface fluorination of natural
raphites and graphitized petroleum cokes by F2 gave fluori-
ated layers with high disorder [28–30,32–35,37,40]. On the
ther hand, the reactions of ClF3 and NF3 with carbon mate-
ials are radical reactions by chemically active species such as
, Cl, ClF2 and NF2 generated by thermal decomposition of
lF3 and NF3 [36,37,39]. Plasma-fluorination using CF4 gas is
lso a radical reaction by radical species such as CF3 produced
nder plasma [30,31,38]. Radical reactions have surface etching
ffect easily producing fluorocarbon gases. In fact, no surface
uorine was detected and no increase in surface disorder was
bserved when graphitized petroleum cokes were fluorinated by
lF3 and NF3 at 200–500 ◦C [36,37]. However, fluorinated lay-
rs with high disorder were formed in the surface region of high
rystalline natural graphite even when fluorinated by ClF3 at
00–300 ◦C because natural graphite has a strong carbon skele-
on [39]. Plasma-fluorination also gave fluorinated layers with
igh disorder for both natural graphite and graphitized petroleum
okes probably because the sample temperature was low, i.e.,
0 ◦C [30,31,38]. Surface disorder of graphitized petroleum
okes was enhanced by the surface fluorination with F2 [33–35],
nd plasma-fluorination using CF4 [38]. The increase in surface
isorder of graphitized petroleum cokes led to decrease in their
rreversible capacities, i.e., increase in first coulombic efficien-
ies in EC-based solvent [33–35]. In the case of high purity
atural graphite samples with large surface areas, surface disor-
er was increased by the fluorination not only with F2 [40] but
lso with ClF3 [39]. Electrochemical reduction of PC was highly
educed on the surface-fluorinated samples, which led to large
ncrease in first coulombic efficiencies in PC-containing sol-
ent [39,40]. In the present study, natural graphite samples with
arge surface areas were fluorinated by plasma-treatment using
F4, and effect of surface fluorination on the charge/discharge
ehavior was investigated in PC-containing solvent.

. Experimental

.1. Plasma-fluorination and characterization of natural
raphite samples

Raw materials were natural graphite powder samples with
verage particle sizes of 5 �m, 10 �m and 15 �m (abbrevi-
ted to NG5�m, NG10�m and NG15�m; d0 0 2 = 0.3355 nm,
.3354 nm and 0.3355 nm; purity: >99.95%) supplied by SEC
arbon Co. Ltd. Their X-ray diffraction patterns are shown

n Fig. 1. Natural graphite sample was placed in the center
f the chamber on the electrode connected to rf. Plasma-
uorination was made using CF4 gas under the following
onditions: CF4 flow rate, 8 cm3 min−1; total gas pressure,

.0 Pa; power, 80 W; plasma frequency, 13.56 MHz; sample
emperature, 90 ◦C; plasma-treatment time, 60 min. Surface-
uorinated natural graphite samples were characterized by
lemental analysis of C and F, X-ray diffractometry, X-ray pho-

o
F
l
w

ig. 1. X-ray diffraction patterns of (a) NG5�m, (b) NG10�m and (c) NG15�m.

oelectron spectroscopy (XPS), surface area and meso-pore size
istribution measurements using nitrogen gas, and Raman spec-
roscopy.

.2. Electrochemical measurement of plasma-fluorinated
atural graphite samples

Three electrode-cell with natural graphite sample as a
orking electrode and metallic lithium as counter and refer-

nce electrodes was used for galvanostatic charge/discharge
easurements. Electrolyte solution was 1 mol dm−3 LiClO4–
C/DEC/PC (1:1:1 v/v/v). Natural graphite electrode was pre-
ared in the following manner. Natural graphite sample was
ispersed in N-methyl-2-pyrrolidone (NMP) containing 12 wt%
oly(vinylidene fluoride) (PVdF) and slurry was pasted on a
opper plate. The electrode was dried at 120 ◦C under vac-
um overnight. After drying, the electrode contained 80 wt%
atural graphite sample and 20 wt% PVdF. Charge/discharge
xperiments were performed at a current density of 150 mA g−1

etween 0 and 3 V relative to Li/Li+ in a glove box filled with
r at 25 ◦C.

. Results and discussion

.1. Surface composition and structure of
lasma-fluorinated natural graphite samples

X-ray diffraction pattern of natural graphite samples was
ot changed by plasma-fluorination. The change in d-values of
0 0 2) diffraction lines was negligible. Table 1 gives composition

f plasma-fluorinated samples, obtained by elemental analysis.
luorine content was very small, i.e., in the range of 0.3–0.6 at.%

ess than 1 at.%. Surface fluorine concentration obtained by XPS
as in the range of 14.8–17.3 at.% (Table 2). There is no large
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Table 1
Composition of plasma-fluorinated natural graphite samples, obtained by ele-
mental analysis

Graphite sample C (at.%) F (at.%) O (at.%)

NG5�m 99.3 0.6 0.1
NG10�m 99.5 0.4 0.1
NG15�m 99.7 0.3 0.0

Table 2
Surface composition of plasma-fluorinated natural graphite samples, obtained
by XPS

Graphite sample C (at.%) F (at.%) O (at.%)

Original
NG5�m 91.2 – 8.8
NG10�m 91.6 – 8.4
NG15�m 90.5 – 9.5

Fluorinated
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of natural graphite samples would be an important structural fac-
NG5�m 75.1 17.3 7.6
NG10�m 78.5 14.8 6.7
NG15�m 77.6 15.1 7.3

ifference in these data among three natural graphite samples.
urface fluorine concentrations were similar to those obtained
hen the same natural graphite samples were fluorinated by
2 (3 × 104 Pa) (11.1–15.3 at.% at 200 ◦C and 17.7–20.5 at.%
t 300 ◦C) [40]. When they were fluorinated by ClF3 under
he same conditions, the lower fluorine concentrations were
btained (0–6.6 at.% at 200 ◦C and 0.9–12.7 at.% at 300 ◦C)
39]. In addition, surface fluorine concentration increased with
ecreasing surface area, i.e., from NG5�m to NG15�m. Flu-
rocarbon gases such as CF4 is mainly produced in the case
f NG5�m having a large surface area since high temperature
uorination of a carbon material by ClF3 is a radical reac-

ion with surface etching effect [36,37,39]. Plasma-fluorination
ith CF4 is also a radical reaction [30,31,38]. However, the

ormation reaction of fluorocarbon gases is probably slow in
lasma-fluorination because the sample temperature was low,
0 ◦C. This may be the reason that the surface fluorine concentra-
ions obtained in the present study are similar to those obtained
hen the same natural graphite samples were fluorinated by F2.
urface oxygen was slightly reduced by plasma-fluorination in
ll samples.

Raman spectra of original and plasma-fluorinated natural
raphite samples are shown in Fig. 2. High crystalline natu-
al graphite powder usually shows a similar Raman spectrum.
-bands at 1580 cm−1 indicating graphitic structure are strong

hile D-bands at 1360 cm−1 indicating disordered structure are
eak. G-bands were slightly broadened by plasma-fluorination.
able 3 gives R-values calculated as peak intensity ratios of

able 3
-values (=ID/IG) calculated from peak intensity ratios of Raman spectra

raphite sample Original Plasma-fluorinated

G5�m 0.24 0.27
G10�m 0.25 0.33
G15�m 0.26 0.39

t
i
t

T
B

G

N
N
N

ig. 2. Raman spectra of original and plasma-fluorinated natural graphite sam-
les: (a) NG5�m, (b) NG10�m, (c) NG15�m, (d) plasma-fluorinated NG5�m,
e) plasma-fluorinated NG10�m and (f) plasma-fluorinated NG15�m.

-band to G-band. R-values of surface-fluorinated samples
ere larger than those of non-fluorinated ones, increasing with

ncreasing particle size of natural graphite, i.e., from NG5�m
o NG15�m. The increase in R-value of NG5�m by plasma-
uorination was the same as that of NG5�m fluorinated by F2 at
00 ◦C [40]. In the case of NG10�m and NG15�m, the increase
n R-values by plasma-fluorination were also the same as those
btained for the samples fluorinated by F2 at 200 ◦C, but smaller
han those obtained by the fluorination with F2 at 300 ◦C [40].

Table 4 gives surface areas of original and plasma-fluorinated
amples. In all samples, surface areas were reduced by plasma-
uorination because plasma-fluorination is a radical reaction
aving surface etching effect. Fig. 3 shows meso-pore size distri-
ution of original and plasma-fluorinated samples. Meso-pores
ere totally reduced by surface etching effect of plasma-
uorination, however, those with diameters of 1.5–2 nm were

ncreased by breaking of carbon–carbon bonds.

.2. Charge/discharge characteristics of
lasma-fluorinated natural graphite samples in 1 mol dm−3

iClO4–EC/DEC/PC (1:1:1 v/v/v)

Degree of surface disorder, i.e., crystallinity of surface region
or influencing SEI formation. X-ray diffraction patterns shown
n Fig. 1 and d0 0 2 values of natural graphite samples indicate
hat crystallinity of these three samples are similar to each other.

able 4
ET surface areas of plasma-fluorinated natural graphite samples

raphite sample Original (m2 g−1) Plasma-fluorinated (m2 g−1)

G5�m 13.6 12.3
G10�m 9.0 7.2
G15�m 7.0 5.9
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Fig. 3. Meso-pore size distribution of original and surface-fluorinated natu-
ral graphite samples. (a) original, (b) plasma-fluorinated ((—) NG5�m, (· · ·)
NG10�m, (– · –) NG15�m).
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Fig. 4. First charge/discharge curves, charge capacities and coulombic efficiencie
150 mA g−1 in 1 mol dm−3 LiClO4–EC/DEC/PC (1:1:1 v/v/v): (a) and (b) NG5�m; (c
(a), (c) and (e). (©) original, (�) plasma-fluorinated (b), (d) and (f)).
Sources 171 (2007) 932–937 935

-values obtained from Raman spectra are also nearly the same
or all natural graphite samples, which means that surface disor-
er is almost the same for three natural graphite samples. This
esult suggests that there is no large difference in the rates of
EI formation by the decomposition of PC per unit surface area
f three natural graphite samples if an actual current density
s the same. Therefore difference in the surface areas should be
aken into account for the electrochemical decomposition of PC.
ig. 4 shows first charge/discharge potential curves, and charge
apacities and coulombic efficiencies as a function of cycle
umber for original and plasma-fluorinated natural graphite
amples, obtained at 150 mA g−1. In case of non-fluorinated
amples, the longer potential plateaus at ca. 0.8 V indicating
he reduction of PC were observed with increasing particle size,
.e., with decreasing surface area from NG5�m to NG15�m.
irst charge capacity decreased with decreasing surface area
f natural graphite while first discharge capacity increased as
iven in Table 5. Therefore first coulombic efficiency of non-

uorinated sample highly diminished with decreasing surface
rea. As reported in a previous paper [40], the same sam-
les gave high first coulombic efficiencies in EC-based solvent
t 60 mA g−1 (NG5�m: 81.4%, NG10�m: 82.2%, NG15�m:

s for original and surface-fluorinated natural graphite samples, obtained at
) and (d) NG10�m; (e) and (f) NG15�m. ((—) original, (· · ·) plasma-fluorinated
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Table 5
First charge/discharge capacities and first coulombic efficiencies for original and
plasma-fluorinated natural graphite samples at 150 mA g−1

Graphite sample First discharge
capacity
(mAh g−1)

First charge
capacity
(mAh g−1)

First coulombic
efficiency (%)

Original
NG5�m 432 340 78.7
NG10�m 540 317 58.7
NG15�m 675 295 43.7

Fluorinated
NG5�m 440 351 79.6
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NG10�m 455 312 68.5
NG15�m 450 283 63.0

5.4%). The results show that decomposition of EC is reduced
ith decreasing surface area in EC-based solvent, indicating that
EI is quickly formed by decomposition of a small amount of
C. However, the decomposition of PC increased with decreas-

ng surface area as shown in Fig. 4 and Table 5. The area of edge
lane, where desolvation of PC and reduction of PC and Li+

on, followed by Li insertion may mainly occur, decreases with
ecreasing total surface area, i.e., from NG5�m to NG15�m.
n addition, the ratio of edge plane to total surface area is high
n fine graphite powder such as NG5�m (≈50%), but decreases
ith decreasing total surface area. Actual current density there-

ore increases with decreasing area of edge plane, that is, from
G5�m to NG15�m. Since SEI formation on high crystalline
raphite is more difficult in PC-based solvent than in EC-based
ne, decomposition of PC would be accelerated with decrease
n the area of edge plane, that is, with increase in actual current
ensity. First coulombic efficiencies for NG5�m were high in
oth EC- and PC-containing solvents because NG5�m has the
argest area of edge plane among three natural graphite samples,
hich may promote the smooth formation of SEI on NG5�m

ven in PC-containing solvent.
Effect of plasma-fluorination varied depending on the aver-

ge particle size of natural graphite. NG5�m with the largest
urface area showed almost the same charge/discharge behav-
or before and after fluorination as shown in Fig. 4(a) and (b)
nd Table 5 probably because the increase in R-value, i.e.,
urface disorder and decrease in surface area by surface flu-
rination were very small as given in Tables 3 and 4. Effect
f plasma-fluorination was found in NG10�m and NG15�m
ith relatively smaller surface areas. Large potential plateaus at

a. 0.8 V indicating decomposition of PC were highly reduced
n plasma-fluorinated NG10�m and NG15�m as shown in
ig. 4(c) and (e). First discharge capacities for NG10�m and
G15�m decreased to 455 and 450 mAh g−1 similar to that
f NG5�m, 440 mAh g−1 by plasma-fluorination (Table 5). As
consequence, first coulombic efficiencies for NG10�m and
G15�m increased from 58.7 and 43.7% to 68.5 and 63.0%,

.e., the increments of first coulombic efficiencies were 9.7 and

9.3%, respectively, as given in Table 5. When the same nat-
ral graphite samples were fluorinated by F2 at 200 ◦C and
00 ◦C, first coulombic efficiencies were 70.3 and 71.9% for
G10�m and 66.0 and 64.0% for NG15�m at 150 mA g−1 [40].

c
t
a
e
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he increments of first coulombic efficiencies were 11.6–13.2%
nd 20.3–22.3% for NG10�m and NG15�m, which are only
lightly larger than 9.7 and 19.3% obtained in the present study.
his may be due to the difference in R-values between plasma-
uorination using CF4 and fluorination with F2. R-values of
lasma-fluorinated NG10�m and NG15�m were similar to
hose obtained for the same graphites fluorinated by F2 at 200 ◦C,
ut smaller than those obtained for the samples fluorinated at
00 ◦C [40]. Plasma-fluorination reduced surface areas as given
n Table 4 while fluorination of the same natural graphites
y F2 increased surface areas [40]. Decrease in the surface
reas may increase actual current density leading to increase in
lectrochemical decomposition of PC. However, first discharge
apacities for plasma-fluorinated samples given in Table 5 were
early the same as those obtained for the same graphites fluori-
ated by F2 [40]. This suggests that increase in small meso-pores
ith diameter of 1.5–2 nm by plasma-fluorination brought about

he increase in actual area of edge plane, i.e., electrode area,
eading to reduction of electrochemical decomposition of PC.
oulombic efficiencies soon approached 100% after 1st cycle for
ll samples and cycleability was good except plasma-fluorinated
G15�m. Decrease in charge capacity of plasma-fluorinated
G15�m with cycling may arise from slight reduction of elec-

rical contact with copper current collector due to expansion and
hrinking of graphite by intercalation and deintercalation of Li+

ons.

. Conclusions

Plasma-fluorination of natural graphite powder samples with
verage particle sizes of 5 �m, 10 �m and 15 �m (NG5�m,
G10�m and NG15�m) was performed to prepare natural
raphites with high surface disorder, and charge/discharge
roperties of plasma-fluorinated samples were investigated in
mol dm−3 LiClO4–EC/DEC/PC (1:1:1 v/v/v). Electrochem-

cal decomposition of PC increased with increasing particle
ize, i.e., with decreasing surface area of edge plane of non-
uorinated sample probably due to increase in actual current
ensity. Plasma-fluorination increased surface disorder of three
atural graphite samples though surface areas were reduced by
adical reaction having surface etching effect. Fluorine con-
ents in fluorinated graphite samples were small, 0.3–0.6 at.%,
nd surface fluorine concentrations were in the range of
4.8–17.3 at.%. Plasma-fluorination highly reduced the elec-
rochemical decomposition of PC on NG10�m and NG15�m.
s a consequence, first coulombic efficiencies for plasma-
uorinated NG10�m and NG15�m increased by 9.7 and 19.3%
t 150 mA g−1, respectively.
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