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Abstract

Surface lattice defects would act as active sites for electrochemical reduction of propylene carbonate (PC) as a solvent
for lithium ion battery. Effect of surface chlorination of natural graphite powder has been investigated to improve char-
ge/discharge characteristics of natural graphite electrode in PC-containing electrolyte solution. Chlorination of natural
graphite increases not only surface chlorine but also surface oxygen, both of which would contribute to the decrease in
surface lattice defects. It has been found that surface-chlorinated natural graphite samples with surface chlorine concen-
trations of 0.5-2.3 at% effectively suppress the electrochemical decomposition of PC, highly reducing irreversible capa-
cities, i.e. increasing first coulombic efficiencies by 20-30% in 1 molL™" LiC10,~EC/DEC/PC (1:1:1 vol.). In 1 molL™
LiPF~EC/EMC/PC (1:1:1 vol.), the effect of surface chlorination is observed at a higher current density. This would be
attributed to decrease in surface lattice defects of natural graphite powder by the formation of covalent C—CI and C=0

bonds.
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1. Introduction

Lithium ion batteries using ethylene carbonate
(EC)-based solvents have a disadvantage on the low tem-
perature operation because EC has a high melting point of
36 °C. For natural graphite anode with high crystallinity,
EC should be used for the quick formation of surface film
(Solid Electrolyte Interphase: SEI) by decomposition of a
small amount of solvent. To improve the low temperature
operation of lithium ion batteries, it is desirable to use
propylene carbonate (PC) with a low melting point, —55
°C. However, it is difficult to use PC for natural graphite
with high crystallinity because electrochemical reduction
continues on natural graphite surface without forming sur-
face film, which gives a large irreversible capacity. Natu-
ral graphite powder is prepared by mechanical pulverizing
of large particles. Therefore many lattice defects would
exist at the surface, functioning as active sites for electroc-
hemical reduction of the solvents. Various methods of sur-

face modification have been applied to improve electrode
characteristics of carbonaceous anodes for lithium ion
batteries. They are carbon coating,'™'* metal or metal oxi-
de coating,'”* surface oxidation,”*>* surface fluorina-
tion*° and polymer, Si or Sb coating.’'® These met-
hods of surface modification improved the electrochemi-
cal properties of carbonaceous electrodes for lithium ion
batteries. Surface fluorination using fluorinating gases
such as F, and CIF, and plasma fluorination are effective
for improving charge/discharge properties of natural and
synthetic graphites. Surface fluorination of graphitized
petroleum cokes opens closed edge surface and enhances
surface disorder, which facilitates the formation of surface
film on graphite, leading to increase in first coulombic ef-
ficiencies (decrease in irreversible capacities). 0 4346
Surface fluorination of natural graphite powder samples
with relatively small surface areas (< 5 m’g™') increases
the capacities by increasing surface areas and surface di-
sorder.**>7*! On the other hand, main effect of surface
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fluorination of those having large surface areas (7-14
m’g™") is the surface passivation by forming covalent C—F
bonds at the surface, which suppresses electrochemical
reduction of PC, increasing first coulombic efficiencies of
natural graphite in PC-containing solvents.***"~" Since F,
has a small dissociation energy (155 kJmol™") and highest
electronegativity, F, has high reactivity with other simple
substances and compounds. Even light fluorination using
F, causes the increase in surface area and surface disorde-
ring of graphite with formation of covalent C-F bonds.
However, Cl, gas has lower reactivity than F, because of
its larger dissociation energy (239 kJmol™) and lower
electronegativity. Therefore it is expected that chlorina-
tion of natural graphite powder by Cl, gas yields covalent
C—Cl bonds at the surface without increase in surface area
and surface disorder. In the present study, surface passiva-
tion of natural graphite powder samples has been perfor-
med using Cl, gas and electrochemical behavior of surfa-
ce-chlorinated samples has been investigated in PC-con-
taining electrolyte solutions.

2. Experimental

2. 1. Surface Chlorination and Analyses
of Natural Graphite Samples

Natural graphite powder samples with average par-
ticle sizes of 10 and 15 um (abbreviated to NG10 um and
NG15 um; d,,, = 0.335 and 0.336 nm; surface area:*’ 9.2
and 6.9 m’g', respectively; purity: >99.95%), supplied by
SEC Carbon Co., Ltd., were chlorinated by CI, gas (3 x
10* or 1 x 10° Pa) at 200, 300 and 400 °C for 3, 10, 20 or
30 min. The amount of natural graphite was 300 mg for
one batch reaction. Surface composition of surface-chlori-
nated samples was determined by X-ray photoelectron
spectroscopy (XPS) (SHIMADZU, ESCA-3400 with Mg
K4 radiation). Surface disorder and its effect to the bulk
structure were evaluated by Raman spectroscopy (Ranis-
haw inVia Raman Microscope, 532 nm) and X-ray dif-
fractometry (SHIMADZU, XRD-6100), respectively.

2. 2. Electrochemical Measurements
for Surface-chlorinated Natural
Graphite Samples

Beaker type three electrode-cell with natural graphi-
te sample as a working electrode and metallic lithium as
counter and reference electrodes was used for galvanosta-
tic charge/discharge experiments. Electrolyte solutions
were 1 molL™ LiClO, - EC/DEC/PC (1:1:1 vol.) (Kishida
Chemicals, Co. Ltd., H,0: 2-10 ppm) and 1 molL™"
LiPF ~EC/EMC/PC (1:1:1 vol.) (Kishida Chemicals, Co.
Ltd., H,O: < 3 ppm). Natural graphite electrode was pre-
pared as follows. Natural graphite powder sample was dis-
persed in N-methyl-2-pyrrolidone (NMP) containing 12

wt% poly(vinylidene fluoride) (PVdF) and slurry was pa-
sted on a copper current collector. The electrode was dried
at 120 °C under vacuum attained by a rotary pump for half
a day. After drying, the electrode contained 80 wt% natu-
ral graphite sample and 20 wt% PVdF. Charge/discharge
experiments were performed at a current density of 60 m-
Ag™' or 300 mAg™' between 0 and 3 V relative to Li/Li*
reference electrode at 25 °C.

3. Results and Discussion

3. 1. Surface Composition and Structure of
Chlorinated Natural Graphite Samples

Surface composition and XPS spectra of chlorinated
natural graphite samples are shown in Table 1 and Figs. 1
and 2, respectively. Small amounts of surface chlorine we-
re detected for NG10 pm chlorinated by Cl, of 1 x 10° Pa
at 400 °C for 10-30 min and NG15 um chlorinated by CI,
of 1 x 10° Pa at 400 °C for 20 and 30 min while only a tra-
ce of chlorine was detected for all other samples as shown
in Table 1. The surface-chlorinated samples are stable in
air and under high vacuum during XPS measurement.
Chlorination of active carbon by Cl, at 550-600 °C gives
hydrophobic chlorinated material.®® This means that high
temperature reaction of Cl, with carbon materials gives
covalent C—Cl bonds. However, only the surface is chlori-
nated in the case of graphite with high crystallinity. It is
known that chlorine is not intercalated in graphite. The CI
2p,,, and Cl 2p,, peaks are observed at 198.6 and 200.1
eV, respectively. These binding energies are not large va-
lues. The reason may be that surface-chlorinated sample is
electro-conductive because covalent C—Cl and C=0 bonds
partly cover the graphite surface as discussed later. The
surface chlorine was obviously lower than surface fluori-
ne detected for NG10 um and NG15 pm fluorinated under
mild conditions (F,: 3 x 10* Pa, temp.: 200 and 300 °C, ti-
me: 2 min).*’* Surface chlorine concentrations were only
0.1-0.2 at% when NG10 pm and NG15 pm were chlorina-
ted with 3 x 10* Pa Cl,, at 200 and 300 °C and for 3 min.
They were 0.2-0.3 at% even under the conditions of 1 x
10° Pa Cl,, 300 °C and 10 min. To obtain 0.5 at% or hig-
her surface chlorine concentrations, chlorination condi-
tions such as 1 x 10° Pa Cl,, 400 °C and 10-30 min are ne-
cessary as given in Table 1. Surface fluorine concentra-
tions of the same NG10 um and NGI15 um were 11-20
at% under the fluorination conditions, 3 x 10* Pa F,, 200
and 300 °C, and 2 min,**** which are much weaker reac-
tion conditions than in the case of surface chlorination
with Cl,. Nevertheless the surface fluorine concentrations
are much larger than surface chlorine concentrations ob-
tained in the present study. Main reasons are the differen-
ce in the reactivity between F, and Cl, gases and electro-
negativities of fluorine and chlorine. On the other hand,
surface oxygen concentrations slightly increased compa-
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Table 1 Surface composition of chlorinated natural graphite samples.

Sample Chlorination NG10 pym NG15 ym
Cl, Temp. Time C Cl (0} C Cl (0]
(Pa) (°C)  (min) (at%)
Original - - - 92.8 - 7.2 93.3 - 6.7
A, a 3 x 10* 200 3 86.3 0.1 13.6 90.4 0.2 9.4
B.b 3x10* 300 3 89.8 0.1 10.1 88.5 0.2 11.3
C,c 1x10° 300 10 90.4 0.2 9.3 90.0 0.3 9.7
D,d 1x10° 400 10 88.6 0.5 10.9 90.4 0.3 9.3
E,e 1x10° 400 20 91.1 0.9 8.0 90.6 0.7 8.7
F f 1x10° 400 30 90.1 1.4 8.5 85.8 2.3 11.9
A-F: surface-chlorinated NG10 um; a—f: surface-chlorinated NG15 pm.
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Fig. 1. XPS spectra of original and surface-chlorinated NG10 um sam-
ples. (Chlorination conditions of samples A—F are given in Table 1.)

Fig. 2. XPS spectra of original and surface-chlorinated NG15 um sam-
ples. (Chlorination conditions of samples a—f are given in Table 1.)
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red with those of original NG10 um and NG15 um parti-
cularly under mild chlorination conditions (3 x 10* Pa Cl,,
200 and 300 °C, 3 min and 1 x 10° Pa CL,, 300 °C, 10
min). They were reduced in the case of surface fluorina-
tion with F,,*** which is probably because some amount
of surface oxygen is removed as COF, gas by breaking of
C—C bond. When Cl, gas is introduced into Ni reactor, it
reacts with adsorbed water molecules, yielding unstable
HCIO (Cl, + H,0 — HCIO + HCl). Complete removal of
adsorbed water is normally difficult because the tempera-
ture in the vicinity of flange of the reactor is lower than
the chlorination temperatures. The reactions of lattice de-
fects with HCIO and HCIO+Cl, may give >C=0 and
-C=0(Cl) groups, respectively (>C + HCIO — >C=0 +
HCl and -C + HCIO + 1/2Cl, — —C=0(Cl) + HCl). This
would be the reason why surface oxygen concentrations
were increased by chlorination. It is also inferred that un-
stable HCIO causes the formation of surface lattice de-
fects by breaking C—C bonds and releasing oxygen as CO
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Fig. 3. Raman spectra of original and surface-chlorinated natural
graphite samples. (Chlorination conditions of samples A—F (NG10
um) and a—f (NG15 pm) are given in Table 1.)

gas. Under stronger chlorination conditions (1 x 10° Pa
Cl,, 400 °C, 10-30 min), surface chlorine concentrations
increased to 0.5-2.3 at% and surface oxygen slightly de-
creased, which suggest that formation of —CCl, and
>CCl, groups preferentially takes place by the reactions
of Cl, with surface lattice defects (-C + 3/2Cl, — —CCl,,
>C + Cl, — >CCl,).

The d,,, values were not changed by chlorination,
being 0.335-0.336 nm for original and surface-chlorina-
ted samples. Half widths of (002) X-ray diffraction lines
only slightly broadened by chlorination. Raman spectros-
copy also revealed almost no change of surface structural
disorder by chlorination as shown in Fig. 3. G-band and
D-band appear at 1580 and 1360 cm™', indicating graphi-
tic and disordered structures of carbon materials. The ra-
tios of D-band to G-band intensity (R=I/I;) showing the
degree of surface disorder were 0.35 and 0.39 for original
NGI10 pm and NG15 um, respectively. The R values were
0.33-0.39 and 0.35-0.37 for surface-chlorinated NG10
um and NG15 pm samples, respectively, which indicates
that surface disorder of NG10 um and NG15 pm is nearly
the same before and after chlorination. This is another dif-
ference from the fluorination accompanying the increase
in surface disorder.*”*

3. 2. Charge/discharge Behavior
of Surface-chlorinated Natural
Graphite Samples

Fig. 4 shows charge/discharge potential curves at 1st
cycle, obtained in 1 molL™! LiClO ,—EC/DEC/PC (1:1:1
vol.) at 60 mAg™'. NG10 um gave the higher first coulom-
bic efficiency (58.9%) than NG15 um (49.5%). The surfa-
ce areas of NG10 um and NG15 pm are 9.2 and 6.9 m’g!,
respectively.’ Since charge/discharge experiments were
made by constant current method at 60 mAg™', actual cur-
rent density is the higher in NG15 ym than NG10 pm.
This would be the reason why NG10 um has a higher first
coulombic efficiency than NG15 um. The potential plate-
aus at 0.8 V vs Li/Li* indicate reductive decomposition of
PC. The surface >C=0 and -C=0(Cl) groups which would
be formed by chlorination should contribute to the decrea-
se in surface lattice defects together with -CCl, and
>CCl, groups. However, first coulombic efficiencies were
low for the samples, A—B and a—d chlorinated under mild
conditions. This may be due to that unstable HC1O simul-
taneously yields surface lattice defects by C—C bond brea-
king. In addition, surface oxygen concentrations increased
under mild chlorination conditions and slightly decreased
under stronger conditions (1 x 10° Pa Cl,, 400 °C, 10-30
min), which suggests that formation of surface lattice de-
fects by the reaction of HCIO with natural graphite de-
creases and covalent C—Cl bonds are preferentially for-
med under the stronger chlorination conditions. First cou-
lombic efficiency for NG10 um increased from 58.9% to
81.0% with increasing surface chlorine (Table 2). Particu-
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Fig. 4. First charge/discharge potential curves of original and surfa-
ce-chlorinated natural graphite samples at 60 mAg™ in 1 molL™
LiCIO,~EC/DEC/PC (1:1:1 vol.). (Chlorination conditions of sam-
ples A—F (NG10 pm) and a—f (NG15 um) are given in Table 1.)

larly samples D, E and F with relatively larger surface
chlorine concentrations of 0.5-1.4 at% gave high first
coulombic efficiencies (79.5-81.0%). In the case of NG15
um, first coulombic efficiency of original sample was
49.5% which is lower than that of NG10 um by 10%. The
samples e and f with surface chlorine concentrations of
0.7 and 2.3 at%, respectively, exhibited high first coulom-
bic efficiencies of 82.4% (Table 3). First coulombic effi-
ciencies thus increased with increasing surface chlorine
and also oxygen concentrations. This result suggests that
surface lattice defects acting as active sites for PC decom-
position are reduced by the formation of covalent C—Cl
bonds (-CCl, and >CCl, groups) and also C=0 bonds
(>C=0 and -C=0O(Cl) groups). First charge capacities of
all NG10 pm and NGI5 um samples were 350-360
mAhg™" as given in Tables 2 and 3, and cycleability was
also good.

On the other hand, the results are somewhat diffe-
rent in 1 molL™ LiPF~EC/EMC/PC (1:1:1 vol.). First

Table 2. Charge/discharge capacities and coulombic efficiencies
for original and surface-chlorinated NG10 um samples at 1st cycle,
obtained in I molL™' LiC1O,~EC/DEC/PC (1:1:1 vol.) at 60 mAg™".
(Chlorination conditions of samples A—F are given in Table 1.)

Graphite Discharge Charge Coulombic
sample capacity capacity efficiency
(mAhg™) (mAhg™) (%)
Original 605 357 58.9
A 526 359 68.2
B 585 365 62.4
C 472 356 75.4
D 447 356 79.5
E 449 359 79.8
F 444 359 81.0

Table 3. Charge/discharge capacities and coulombic efficiencies
for original and surface-chlorinated NG15 pm samples at 1st cycle,
obtained in 1 molL™! LiCIO,~EC/DEC/PC (1:1:1 vol.) at 60 mAg™.
(Chlorination conditions of samples a—f are given in Table 1.)

Graphite Discharge Charge Coulombic
sample capacity capacity efficiency
(mAhg™) (mAhg™) (%)
Original 731 361 49.5
a 798 364 45.6
b 807 361 44.7
c 703 371 52.7
d 681 363 53.3
e 427 352 82.4
f 430 354 82.4

coulombic efficiencies for non-chlorinated NG10 um and
NG15 pm were both higher in 1 molL™" LiPF,~EC/EMC/
PC (1:1:1 vol.) than in 1 molL™! LiClO,—~EC/DEC/PC
(1:1:1 vol.), being 75.0 and 63.8% at 60 mAg‘l, and 66.4
and 58.3% at 300 mAg ', respectively (Figs. 5 and 6, and
Table 4). The first coulombic efficiencies for original
NG10 pm and NG15 pm are higher by 14-16% in
1 molL™ LiPF ~EC/EMC/PC (1:1:1 vol.) than in 1 mol-
L' LiClO,~EC/DEC/PC (1:1:1 vol.). This is probably
because a small amount of LiF generated by the reaction
of LiPF, with Li facilitates the formation of surface film
on graphite. The electrode potentials more quicky decrea-
sed in surface-chlorinated samples than original graphite
in the case of NG15 um as shown in Figs. 5 and 6. Howe-
ver, potential profiles are similar to each other for origi-
nal and surface-chlorinated NG10 pm samples. Table 4
shows that the larger increase in the first coulombic effi-
ciencies is observed for NG15 um having the smaller sur-
face area than NG10 um, and at the higher current density
of 300 mAg™' than 60 mAg™. The increments of first
coulombic efficiencies for NG15 pum reached ~15% and
~18% at 60 and 300 mAg™', respectively. In the case of
NG10 pm, the increments of first coulombic efficiencies
were ~8% even at 300 mAg™". The results show that the
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Fig. 5. First charge/discharge potential curves of original and surfa-
ce-chlorinated natural graphite samples at 60 mAg™ in 1 molL™!
LiPF~EC/EMC/PC (1:1:1 vol.). (Chlorination conditions of sam-
ples C—F (NG10 pum) and c—f (NG15 um) are given in Table 1.)
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Fig. 6. First charge/discharge potential curves of original and surfa-
ce-chlorinated natural graphite samples at 300 mAg™" in 1 molL™"!
LiPF~EC/EMC/PC (1:1:1 vol.). (Chlorination conditions of sam-
ples D-F (NG10 pm) and d—f (NG15 um) are given in Table 1.)

Table 4 First coulombic efficiencies for original and surface-chlorinated NG10 um and NG15 pm samples in 1
molL™! LiPF~EC/EMC/PC (1:1:1 vol.) at 60 and 300 mAg™". (Chlorination conditions of samples C—F and c—f

are given in Table 1.)

Sample 60 mAg™! 300 mAg™! Sample 60 mAg™! 300 mAg™!
NG10 ym 75.0 66.4 (%) NG15 pym 63.8 58.3 (%)
C 76.8 - c 64.9 -
D 78.0 71.3 d 70.1 64.7
E 74.0 74.6 e 77.2 76.7
F 77.0 74.2 f 78.9 76.3

effect of surface chlorination on first coulombic effi-
ciency appears at a high current density in LiPF —contai-
ning electrolyte solution. As mentioned in the introduc-
tion, the reactivity and electronegativity of Cl, are lower
than those of F,. Therefore the stronger reaction condi-
tions are necessary for the formation of covalent C-Cl
bonds. Chlorination also causes the formation of covalent
C=0 bonds which would contribute to the decrease in
surface lattice defects. In conclusion, surface chlorination
is a good method for surface passivation of natural
graphite powder to use natural graphite electrode in PC-
containing electrolyte solution.

4. Conclusions

It is difficult to use PC-containing electrolyte solu-
tion for natural graphite powder electrode since PC is ea-
sily reduced on natural graphite, which largely increases
irreversible capacity, i.e. decreasing first coulombic effi-
ciency. This would be because surface lattice defects of
natural graphite powder act as active sites for electroche-
mical reduction of PC. To improve charge/discharge cha-
racteristics of natural graphite powder electrode in PC-
containing electrolyte solution, surface chlorination of na-
tural graphite powder has been performed to passivate the
surface active sites. Chlorination of natural graphite pow-
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der increases both surface chlorine and oxygen concentra-
tions. Both surface chlorine and oxygen would contribute
to the decrease in surface lattice defects by the formation
of covalent C—Cl and C=0 bonds. Surface-chlorinated na-
tural graphite samples having 0.5-2.3 at% Cl well sup-
press the electrochemical decomposition of PC, increa-
sing first coulombic efficiencies by 20-30% in 1 molL™
LiCl0,~EC/DEC/PC (1:1:1 vol.). In 1 molL™" LiPF~EC/
EMC/PC (1:1:1 vol.), the effect of surface chlorination is
observed at a higher current density. The increments of
first coulombic efficiencies for NG15 pm with smaller
surface reached ~15% and ~18% at 60 and 300 mAg‘l,
respectively. These results were obtained under the chlori-
nation conditions of 1 x 10° Pa Cl,, 400°C and 10-30 min.
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PovrSinske nepravilnosti kristalini¢ne snovi lahko delujejo kot aktivna mesta za elektrokemijsko redukcijo propilen kar-
bonata (PC), ki se uporablja kot topilo v litij-ionskih baterijah. U¢inek povrSinskega kloriranja naravnega grafita v pra-
hu je bil predmet raziskave z namenom izboljSanja karakteristik grafitnih elektrod v elektrolitskih raztopinah, ki vsebu-
jejo propilen karbonat. S kloriranjem naravnega grafita se poveca ne le vsebnost povrsinsko vezanega klora ampak tudi
kisika. Oboje prispeva k zmanjSanju povrSinske nepravilnosti naravnega grafita. Pri vzorcih pripravljenih s povrSinskim
kloriranjem naravnega grafita s koncentracijo klora med 0,5-2,3 % se je obCutno zmanjsal elektrokemijski razpad pro-
pilen karbonata, zmanjsa se ireverzibilna kapaciteta oziroma v 1 mol raztopini LiClO, v EC/DEC/PC (1:1:1 vol. deleZi)
se poveCa Coulombova ucinkovitost pri prvem polnjenju za 20-30%. V primeru 1 mol raztopine LiPF, v EC/EMC/PC
(1:1:1 vol. delezi) opazimo efekt povrSinskega kloriranja pri vecji gostoti toka. To lahko pripiSemo zmanjSanju nepravil-
nosti na povrsini naravnega grafita zaradi nastanka kovalentnih C—Cl in C=0 vezi.
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