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To improve the electrochemical characteristics of the natural graphite (NG-3) negative electrode in
the LiCl saturated AlCl3-1-ethyl-3-methylimizadolium chloride + thionyl chloride (SOCl2) melt as the
electrolyte for non-flammable lithium-ion batteries, we examined the influence of the binder types on
its electrochemical characteristics. The cyclic voltammograms showed that the reduction current at
1.2–3.2 V vs. Li/Li(I) was repressed using polyacrylic acid (PAA) as the binder. The charge–discharge tests
showed that the discharge capacity and the charge–discharge efficiency of the NG-3 electrode coated
with the PAA binder at the 1st cycle were 322.8 mAh g−1 and 65.6%, respectively. Compared with the
raphite
egative electrode
ithium-ion battery
onic liquid
olyacrylic acid
inder

NG-3 electrode using the conventional poly(vinylidene fluoride) binder, it showed considerably a better
cyclability with the discharge capacity of 302.1 mAh g−1 at the 50th cycle. Li(I) ion intercalation into
the graphite layers could be improved because the NG-3 electrode coated with the PAA binder changed
to a golden-yellow color after the 1st charging, and the formation of first stage LiC6 was demonstrated
by X-ray diffraction (XRD) measurement. In addition, the XRD and X-ray photoelectron spectroscopy
indicated that one of the side reactions during charging was the formation of LiCl on the graphite surface
regardless of the binder types.
. Introduction

In recent years, an attempt has been made to use lithium-ion
econdary batteries as automotive power supplies and as an elec-
ric energy storage system for grid-connection with new energy
esources, but an enhancement of the energy density is still neces-
ary. Further improvement of its safety is also necessary because
here have been ignition accidents of lithium-ion secondary bat-
eries. Therefore, novel electrolytes and electrode materials are
eing widely developed. Especially, room-temperature ionic liq-
ids (RTILs) as novel electrolytes have recently been investigated
ecause they have the advantages of a low volatility and non-
ammability.

However, the charge–discharge characteristics of a graphite

egative electrode in many types of RTILs are poor. This would
e due to the electrochemical organic cation intercalation into the
raphite layers [1,2] before the formation of a solid electrolyte
nterface (SEI) film on the graphite particles during the 1st charging.

∗ Corresponding author. Tel.: +81 19 621 6340/6314; fax: +81 19 621 6340/6314.
E-mail address: kui@iwate-u.ac.jp (K. Ui).
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© 2010 Elsevier B.V. All rights reserved.

Recently, it has been reported that the graphite electrode indi-
cated good charge–discharge characteristics by adding an additive
such as vinylene carbonate [3] to the RTILs or using the RTILs
such as N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium
bis(trifluoromethylsulfonyl) amide (DEME-TFSA) [4], 1-ethyl-3-
methylimizadolium bis(fluorosulfonyl) amide (EMI-FSA) [5], and
N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl) amide (P13-
FSA) [6].

On the other hand, our group found that polyacrylic acid (PAA),
which is a water-soluble polymer, was able to be used as the
binder of the graphite electrode [7]. In a propylene carbonate
(PC)-based electrolyte, electrochemical Li+ ion intercalation into
graphite layers does not occur due to the co-intercalation and
significantly reductive decomposition of PC molecules at around
1.0 V vs. Li/Li+, causing exfoliation of the graphite layers [8]. It
is expected that the charge–discharge reaction of the graphite
electrode would be improved in RTILs because the uses of PC-

based electrolyte and PAA binder enabled the reaction [7]. We
have investigated the property of the electrolyte consisting of the
AlCl3-1-ethyl-3-methyl imidazolium chloride (EMIC) melt, because
the 60.0 mol% AlCl3–40.0 mol% EMIC–LiClsat. + 0.1 mol dm−3 thionyl
chloride (SOCl2) melt exhibiting relatively good physical proper-

dx.doi.org/10.1016/j.jpowsour.2010.12.007
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ies such as a low viscosity (23.4 mPa s at 25 ◦C) and high ionic
onductivity (11.5 mS cm−1 at 25 ◦C) [9–12], and showed that the
inder-free natural graphite electrode exhibited charge–discharge
eaction in the melt [13,14]. The nearly reversible intercalation
nd deintercalation reactions of the Li(I) ions into and from the
raphite layer were enabled by adding the small amount of
OCl2 to the melt although the initial cycling efficiency was not
igh.

In this study, we tried to improve the electrochemical charac-
eristics of the natural graphite negative electrode in the 66.7 mol%
lCl3–33.3 mol% EMIC–LiClsat. + 0.1 mol dm−3 SOCl2 melt. We will
eport the influence of the binder types on the graphite electrode
sing PAA as the binder, especially compared to the conventional
oly(vinylidene fluoride) (PVdF) binder. The aims of this study are
o understand the formation mechanism of surface film on graphite
lectrodes and then to prepare the graphite electrode showing the
eversible Li(I) ion intercalation and deintercalation reaction in the
TILs.

. Experimental

The natural graphite (Kansai Coke and Chemical Co. NG-3) elec-
rodes coated with the PAA binder and PVdF binder were prepared
n a similar way as previously reported [7]. In order to improve
he dispersion state of the NG-3 particles and the electrochemical
tability of the electrode, the graphite electrodes were prepared
s follows. The suspension composed of 90 wt.% NG-3 powder and
0 wt.% binder was prepared using a disperse medium, and then
tirred in a reagent bottle for 24 h. The percentages by mass of the
lectrode material in the suspension for the PAA-NG-3 suspension
distilled water as disperse medium) and the PVdF-NG-3 suspen-
ion (N-methylpyrrolidone as disperse medium) were 20.0 wt.%
nd 43.5 wt.%, respectively. The suspension was coated on Ni mesh
Tokyo Screen Co., 100 mesh, 10 mm × 10 mm). It was then pressed
or 10 min after air-drying at 80 ◦C for 1 h. Prior to their use, the
AA-NG-3 electrode and the PVdF-NG-3 electrode were dried in a
acuum at 200 ◦C and 180 ◦C for 3 h, respectively.

The three-electrode cell, which consisted of the NG-3 electrode
W.E.) and a pressed lithium metal foil on the Ni mesh (R.E. and C.E.),
as used for the electrochemical measurements. The 66.7 mol%
lCl3–33.3 mol% EMIC–LiClsat. + 0.1 mol dm−3 SOCl2 melt was pre-
ared as previously reported [14,15]. The cells were assembled in
glove box (Miwa Mtg Co., Ltd., DBO-1NKP-1V-2) filled with dry

rgon at room temperature.
Cyclic voltammetry (CV) was performed using a computer-

ontrolled electrochemical measuring system (Hokuto Denko,
Z-5000). The cyclic voltammograms were measured at the scan

ate of 0.1 mV s−1 between the potentials of 0.0 and 2.0 V (vs.
i/Li(I)). Hereafter all the potentials described are with regard to “vs.
i/Li(I)” unless otherwise noted. The charge–discharge cycle tests
ere performed using an automatic battery charging-discharging

nstrument (Hokuto Denko, HJR-1010mSM8) at the current density
f 175 mA g−1(1C = 350 mA g−1) between 5 mV and 2.0 V. Especially,
he charge condition was controlled using the relationship between
he potential and the time: the charge process was stopped when
he charge potential reached down to 5 mV or the charge time
eached to 3 h. The crystal structure and surface analysis of the
amples were examined by X-ray diffraction (XRD) using an X-
ay diffractometer (Rigaku Denki, RINT2200) with Cu K˛ radiation
� = 0.15418 nm) and tube voltage/tube current at 40 kV/30 mA, and

-ray photoelectron spectroscopy (XPS) analysis (Perkin-Elmer,
HI 5600) with Al K˛ radiation (h� = 1486 eV). The cells were
isassembled in the glove box to obtain the electrode samples.
he obtained samples were then washed with diethyl carbonate
Wako Chemical Industries, Ltd., superfire quality), and packaged
Fig. 1. Cyclic voltammograms of NG-3 electrodes coated with PVdF and PAA as
a binder in the 66.7 mol% AlCl3–33.3 mol% EMIC–LiClsat. + 0.1 mol dm−3 SOCl2 elec-
trolyte. Scan rate: 0.1 mV s−1; (a) PVdF 10 wt.% and (b) PAA 10 wt.%.

in polypropylene film (Rigaku Denki, Cell sheet) to prevent any
contact of the sample with air.

3. Results and discussion

The CVs were measured in order to investigate the elec-
trochemical behavior of the NG-3 electrodes in the 66.7 mol%
AlCl3–33.3 mol% EMIC–LiClsat. + 0.1 mol dm−3 SOCl2 melt. Fig. 1(a)
shows the CV of the NG-3 electrode using PVdF (10 wt.%) as a con-
ventional binder. The clear reduction current was observed around
2.8 V (vs. Li/Li(I)), which might be due to the reduction of SOCl2 [16].
The small reduction current continuously appeared by scanning to a
lower potential down to 0.2 V. The reduction and oxidation currents
corresponding to the intercalation and deintercalation reactions of
the Li(I) ions into and from the graphite layer were observed in
the potential range from 0.2 to 0.0 V and from 0.1 to 0.4 V, respec-
tively [17], indicating that the reversible charge–discharge reaction
of the NG-3 electrode would occur in the melt. In contrast, Fig. 1(b)
shows the CV of the NG-3 electrode coated with PAA (10 wt.%) as a
binder. The reduction wave around 2.8 V, which was observed in the
PVdF binder (Fig. 1(a)), hardly appeared during the 1st cycle. The
reduction wave at 3.0–0.2 V for the NG-3 electrode coated with the

PAA binder was smaller than that for the NG-3 electrode using the
PVdF binder. The redox peaks corresponding to the Li(I) ion inter-
calation/deintercalation also appeared in the potential range from
0.2 V to 0 V. The results suggested that the irreversible reduction
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Fig. 3. Cycle performance of NG-3 electrodes coated with PVdF and PAA as the
−3

PVdF as a binder was very similar to that of the binder-free nat-

F
E

ig. 2. Charge–discharge curves of NG-3 electrodes coated with PVdF and PAA as
he binder in the 66.7 mol% AlCl3–33.3 mol% EMIC–LiClsat. + 0.1 mol dm−3 SOCl2 elec-
rolyte; C.D., 175 mA g−1 (0.5 C); (a) PVdF 10 wt.% and (b) PAA 10 wt.%.

urrent of the NG-3 electrode in the melt was repressed using PAA
s the binder.

Fig. 2 shows the charge–discharge curves of the NG-3 elec-
rodes at a constant current density of 175 mA g−1 (0.5 C). In
his paper, the cathodic polarization due to the Li(I) ion inter-
alation into the graphite layer is defined as a charge and the

nodic polarization due to the Li(I) ion deintercalation is defined
s a discharge. The charge–discharge curves of the NG-3 elec-
rode using PVdF as the binder are shown in Fig. 2(a). The
ischarge capacity and the charge–discharge efficiency at the 1st

ig. 4. Photograph of NG-3 electrodes coated with PVdF and PAA as the binder befor
MIC–LiClsat. + 0.1 mol dm−3 SOCl2 electrolyte; (a) PAA 10 wt.% before charging (b) PVdF 1
binder in the 66.7 mol% AlCl3–33.3 mol% EMIC–LiClsat. + 0.1 mol dm SOCl2 elec-
trolyte; potential range: 5 mV to 2.0 V vs. Li/Li(I), C.D., 175 mA g−1 (0.5 C); (a) PVdF
10 wt.% and (b) PAA 10 wt.%; (©) discharge capacity; (�) charge–discharge effi-
ciency.

cycle were 166.5 mAh g−1 and 31.7%, respectively. The discharge
capacity and the charge–discharge efficiency at the 2nd cycle
were 290.9 mAh g−1 and 60.4%, respectively. The potential plateaus
appeared at almost the same potential as the reduction wave of
ca. 2.8 V observed in the CV (Fig. 1(a)) during the 1st charge,
which might be due to the reduction of SOCl2 [16]. In addition,
the initial charge–discharge profile of the NG-3 electrode using
ural graphite electrode, and the charge–discharge efficiency of the
binder-free natural graphite at the 1st cycle (37.3%) was close to
that of the electrode using the PVdF binder (31.7%) [14], indicat-
ing that the presence of the PVdF binder has little influence on the

e and after charging down to 5 mV vs. Li/Li(I) in the 66.7 mol% AlCl3–33.3 mol%
0 wt.% after charging and (c) PAA 10 wt.% after charging.
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Fig. 5. Ex situ XRD patterns of NG-3 electrodes coated with PVdF and PAA as the
binder in the 66.7 mol% AlCl3–33.3 mol% EMIC–LiClsat. + 0.1 mol dm−3 SOCl2 elec-
K. Ui et al. / Journal of Powe

lectrochemical characteristics of the natural graphite electrode.
n contrast, the charge–discharge curves of the NG-3 electrode
oated with PAA as a binder are shown in Fig. 2(b). The dis-
harge capacity and the charge–discharge efficiency at the 1st
ycle were 322.8 mAh g−1 and 65.6%, respectively. The discharge
apacity and the charge–discharge efficiency at the 2nd cycle were
22.7 mAh g−1 and 78.3%, respectively. After initial 2 cyclings, the
harge–discharge curves were stabilized. Especially, the potential
lateaus between 1.0 V and 3.0 V, which were observed in the case
f the NG-3 electrode using the PVdF binder, were not observed as
uggested from the CV (Fig. 1(b)). Based on these results, the first
oint to note is that the PAA binder can effectively improve the

nitial electrochemical characteristics of the NG-3 electrode.
Fig. 3 indicates the cycle performance of the NG-3 electrodes.

he cycle performance and the charge–discharge efficiency of the
G-3 electrode using PVdF as a binder are shown in Fig. 3(a).
lthough the reversible discharge capacity was maintained at
a. 300 mAh g−1 from the 2nd cycle to the 10th cycle, it rapidly
aded after the 11th cycle. The discharge capacity at the 50th
ycle decreased to 91.6 mAh g−1. In contrast, the cycle perfor-
ance and the charge–discharge efficiency of the NG-3 electrode

oated with PAA as a binder are shown in Fig. 3(b). During 50
yclings, the reversible discharge capacity was rather constant and
he charge–discharge efficiency was maintained at around 80%. The
ischarge capacity and the charge–discharge efficiency at the 50th
ycle were 302.1 mAh g−1 and 83.9%, respectively. Based on these
esults, more noteworthy is that the NG-3 electrode coated with
he PAA binder showed a better cycle performance. It is considered
hat the significant capacity fade in the NG-3 electrode using the
VdF binder would be caused by the electrochemical local isolation
f the particles as will be described later.

The surface of the NG-3 electrode before and after charging was
bserved (Fig. 4). Fig. 4(a) is a close-up photograph of the NG-3
lectrode coated with the PAA binder before charging. As seen in the
hoto, the surface of the graphite electrode was black. The surface
f the NG-3 electrode using the PVdF binder was the same as that
oated with the PAA binder. Fig. 4(b) is a photograph of the NG-3
lectrode using the PVdF binder after charging down to 5 mV. As
een in the photo (b), the surface of the graphite electrode changed
o gray, indicating that the 1st stage LiC6 would not be formed by
he Li(I) ion intercalation into graphite layers during charging. In
ontrast, Fig. 4(c) is a photograph of the NG-3 electrode coated with
he PAA binder after charging down to 5 mV. As seen in the photo(c),
he surface of the graphite electrode after charging changed to a
olden-yellow color. This indicates that the 1st stage LiC6 would be
ormed during charging [17]. However, the both surfaces of the NG-

electrodes (b and c) became black after discharging up to 2.0 V,
uggesting that the electrochemical intercalation of the Li(I) ion in
he NG-3 electrode occurred in a reversible manner in the melt.

The ex situ XRD patterns were measured in order to investi-
ate the structural change in the NG-3 electrode during the 1st
harge–discharge. Fig. 5(a) indicates the ex situ XRD patterns of the
G-3 electrode using the PVdF binder. The (002) and (004) peaks
bserved at 26.4◦ (d = 338 pm) and 54.6◦ (d = 168 pm), respectively,
ere ascribed to the diffraction peaks of the natural graphite before

harging. The diffraction peaks of the natural graphite shifted to the
ower positions of 24.1◦ (d = 370 pm) and 49.3◦ (d = 185 pm) corre-
ponding to (0 0 1) and (0 0 2), respectively, after charging down to
mV. This indicates that the distance between the graphite layers

ncreased due to the Li(I) ion intercalation after charging. These
alues correspond to the formation of the stage 1 intercalation

ompound, LiC6. However, as has been pointed out in Fig. 4, the
mount of the LiC6 formed would be very small. After charging
own to 5 mV, the peaks of LiC6 were detected as only small peak,

ndicating that a small amount of LiC6 phase would be formed
fter charging. This XRD pattern corresponds to the close-up pho-
trolyte; (a) PVdF 10 wt.%, (b) PAA 10 wt.%; (�) LiCl; (�) LiC6; (�) LiC12; (�) C; (�)
Ni(sub.); (©) polypropylene film. In both cases, X-ray diffractions were taken (I)
before charging (II), after charging down to 5 mV vs. Li/Li(I), and (III) discharging up
to 2.0 V vs. Li/Li(I).

tograph of Fig. 4(b). It seems reasonable to suggest that the Li(I)
ion intercalation into the graphite layers could not totally occur
because the strain of the graphite layer would be increased and then
the particles would become electrochemically isolated by the local
exfoliation of graphite layer due to the formation of LiC12 [18]. In
the case of the PAA binder, the stack of the electrochemical local iso-
lation may be repressed physically and mechanically because the
graphite particles would coat with it more completely. Therefore,

the surface of the NG-3 electrode using the PVdF binder after charg-
ing did not change to a golden-yellow color, as shown in Fig. 4(b).
After discharging, however, the peaks of LiC12 disappeared and the
structure of graphite was almost recovered. In contrast, the ex situ
XRD patterns of the NG-3 electrode coated with the PAA binder are
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ig. 6. High resolution XPS spectra of Cl2p region for NG-3 electrodes coated with P
OCl2 electrolyte; (a) PVdF 10 wt.% after charging down to 5 mV vs. Li/Li(I), (b) PVd
s. Li/Li(I), (d) PAA 10 wt.% discharging up to 2.0 V vs. Li/Li(I).

hown in Fig. 5(b). The peaks of LiC12 and LiC6 appeared similar
o those of the NG-3 electrode using the PVdF binder after charg-
ng. The peak intensity of LiC6 is higher in comparison to that of
he NG-3 electrode using the PVdF binder, and the formation of
he LiC6 phase was obviously observed at 2� = 24.1◦ and 49.3◦. This

ay be due to the reinforcement with an extra connection by the
sterification between hydroxyls on edge of the graphite and the
arboxyls in the PAA [19]. As a result, it is suggested that the irre-
ersible reduction of SOCl2 would be repressed because PAA acted
s an organic layer for the quasi-SEI film effectively. Based on the
esults, it was found that PAA was more effective as a binder.

Moreover, it is interesting to note that the peaks of LiCl were
bviously observed on the graphite surface after charging regard-
ess of the binder types (Fig. 5(aI) and (bI)). As LiCl was more
learly detected after discharging, it is found that it remained on
he graphite surface (Fig. 5(aI) and (bI)). As shown in Fig. 5(aI) and
bI), LiCl was not formed on the graphite surface during immersing
he graphite electrodes in the melt or before charging. Furthermore,
he XPS measurements showed that Cl− ions were included in the
urface film on the graphite electrodes after charging and discharg-
ng (Fig. 6). The two XPS peaks can be ascribed to the formation
f LiCl, because these binding energies almost correspond to the
iterature values (Cl2p1/2 (199.5 eV) and Cl2p3/2 (197.5 eV)) [20,21].
he main ionic species in the melt were thought to be EMI+, Li(I),
nd AlCl4− [11]. Thus, it is assumed that the AlCl4− ion is reduced
lectrochemically, resulting in the formation of LiCl at −1.4 V vs.
l/Al(III) (= 0.8 V vs. Li/Li(I), [15]) according to Eq. (1) [2].

lCl4− + 4Li(I) + 3e− → Al(s) + 4LiCl(s) (1)
In the case of several RTILs, several researches on the elec-
rochemical reduction of the AlCl4− and (CF3SO2)2N− have been
eported [2,22]. Based on the results, it was considered that the
AA binder would not repress the reduction reaction of AlCl4− at
nd PAA as the binder in the 66.7 mol%AlCl3–33.3 mol% EMIC–LiClsat. + 0.1 mol dm−3

t.% discharging up to 2.0 V vs. Li/Li(I). (c) PAA 10 wt.% after charging down to 5 mV

0–1.0 V although it would effectively repress the reduction reaction
of SOCl2 at 1.2–3.2 V.

4. Conclusions

We tried to improve the electrochemical characteristics
of the natural graphite negative electrode in the 66.7 mol%
AlCl3–33.3 mol% EMIC–LiClsat. + 0.1 mol dm−3 SOCl2 melt. The use
of the PAA binder enabled to improve its capacity retention and the
initial cycling efficiency of the NG-3 electrode. Especially, the inter-
calation and deintercalation reactions of the Li(I) ion into and from
the graphite layer were enhanced in a reversible manner because
the reduction reaction derived from SOCl2 would be repressed. It
was suggested that the main side reaction of Eq. (1) during charging
would be the formation of LiCl on the graphite surface regardless
of the binder types.

This study is the first report concerning the characterization of
the deposit, like the inorganic components in the SEI film, on the
natural graphite electrode in the RTILs electrolyte.
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