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The electrochemical behavior of a graphite (comprising only
artificial graphite particles) electrode for intercalation and dein-
tercalation of Li*, in AlCl;—1-ethyl-3-methylimidazolium chlo-
ride (EMIC)—LiCl-thionyl chloride (SOCI,) melt was studied.

The improvement in the energy density of rechargeable bat-
teries, employing a carbon-ithium intercalation anode, a transi-
tion meta oxide intercalation cathode, and organic solvents con-
taining Li satsis investigated by many groups. Development of
high-powered lithium secondary batteries progresses rapidly. At
the same time, the issue of safety in lithium secondary batteries,
especially against ignition and inflammation, with increasing in
the energy density isthe mgjor problem to be solved. Room-tem-
perature molten salts composed of AlICl;, EMIC, and LiCl,
recently have been investigated extensively as electrolytes for Li
secondary batteries because these melts have several unique
properties for the development of lithium secondary batteries
with higher safety and performance, such as awide el ectrochemi-
cal window, high inherent conductivity, negligible vapor pres-
sure, and nonflammability.)2 However, the operation of a car-
bonithium intercalation anode in the room-temperature molten
salt has not been reported. We examined the Li* intercalation—
deintercalation processes into and from a binder-free graphite
electrode (artificial graphite : KS-25 (Timcd)), which is fabricat-
ed using electrophoretic deposition (EPD) method,* in the
AICI—EMIC-LiCI-SOCI, melt and report firstly the occurrence
of the Li* intercalation—deintercalation into and from a artificial
graphite in the room-temperature molten salt.

AICI;—EMIC melt was prepared as previously reported.
The melt (colorless liquid) was purified using Al substitution
method.® Anhydrous LiCl dried under vacuum at 200 °C for
one week was added to the melt. The addition of purified SOCI,
into the AICI;—EMIC-LiCl melt extended an electrochemical
window as far as Li can be deposited.? All experiments were
performed under a purified Ar atmosphere in a Vaccum
Atmosphere’ sdry box. The EPD bath was prepared by suspend-
ing an artificial graphite (5 g-.L™) and triethylamine (1 mL-L™)
in acetonitrile using an ultrasonic clearner. The anode and cath-
ode substrates were Mo and P, respectively. The deposition of
graphite particles was done at 300 V for 30 s. Graphite parti-
cles covered uniformly the Mo current collector surface (1.8
mg-cm2) and its thickness was 60 um.

Figure 1 shows typical cyclic voltammogram obtained with
a binder-free graphite electrode in the LiCl-saturated AlCI; (60
mol%)—-EMIC (40 mol%) melt containing 0.11 mol-dm~3 SOCI,
at 0.2mVs™ Irreversible reduction peak current was observed at
2.8 V(vsLi / Li*) and smdler reduction current was observed in
the potential region from 0.3 to 2.5V at thefirst cycle. With the
following potential scan, these reduction currents decreased.
Moreover, in the potential region from 0 to 0.2 V, three coupled
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Figure 1. Typical voltammetric behavior of a binder-free graphite electrode

at 0.2 mV-s” in the LiCl-saturated AICL, (60 mol%)-EMIC(40 mol%) melt con-

taining 0.11 mol-dm™ SOC,. The binder-free graphite electrode was prepared

with artificial graphite (KS-25, 1.8 mg-cm™ on Mo). Electrolyte temp.: 20 T

redox peaks were observed and these peak currents reached a
steady-state after the 5th cycle. When the electrode potentia was
held at 15 mV, the electrode surface exhibited a golden-yellow
color. The electrochemical behavior in the potential region from
0to 0.2 V was very similar to the one observed in EC-DMC
(ethylenecarbonate—dimethylcarbonate)(1:3) / LiAsFg with a
graphite-lithium intercalation electrode comprising artificial
graphite and binder ((polyvinylidene fluoride) (PVDF)).5 It is
well-known that representative three coupled redox peaks, indi-
cating the phase transitions between Li* intercalation stages,
were observed in organic solvent containing Li salt. The first,
second, and third stages were identified as a stage for the forma-
tion of the structure composed of LiCg, LigsCg, and Lig16Ce,
respectively. A surface of graphite electrode intercalated step-
wise to LiC4 shows a golden-yellow color.® In comparison with
the results obtained from the graphite electrode, comprising arti-
ficia graphite and PVDF, in organic solution, it can be postulat-
ed that the intercalation and deintercalation of Li* into and from
the binder-free graphite electrode occur in the
AICI;—EMIC-LiCI-SOCI, melt. Moreover, the reduction peak
current observed at 2.8 V at the first potential scan can be
assigned to the reduction of SOCI,.” The reduction current
observed in the potential region from 0.3 to 2.5 V may be due to
the formation of the surface electrolyte interphase (SEI).

In order to confirm the structural change after the reductive
Li* intercalation, X-ray diffraction (XRD) was carried out at the
binder-free graphite electrode reduced until the first stage
(LiCg). Figure 2 shows the XRD data obtained with the elec-
trode before and after the reduction. The XRD pattern measured
with the binder-free graphite electrode before the reduction
shows a highly crystalline graphite and clear (001) and (002)
diffraction peaks were observed (Figure 2(a)).68 After the
reduction, these peaks shifted to lower degree and it indicates an
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Figure 2. XRD spectra of the binder-free graphite electrode (artificial graph-
ite, KS-25, 1.8 mg-cm™ on Mo) before (a) and after (b) the potential was held at
15 mV for 60 min in the AIC1,-EMIC-LiCl-SOCI, melt. In measuring XRD
data, the electrode after the reduction was covered with a polyethylene film.

increase in the distance between the graphite layers due to the
Li* intercalation (Figure 2(b)).

Representative intercalation—deintercalation cycling of Li*
obtained with the binder-free graphite electrode at constant-cur-
rent electrolysisin the LiCl-saturated AlCl (60 mol%)—-EMIC(40
mol%) melt containing 0.11 mol-dm=2 SOCI, are shown in
Figures 3 and 4. The reduction was done at the first cyclein the
rate of 0.5 C (0.28 mA-cm). The following reduction and oxi-
dation were done in the rate of 0.2 C. A potentia vs reduction
capecity curve (Figure 3) at the first cycle was quite different
from those at the following cycles. The curve was composed of
several sloping and plateau regions and showed the electrode
potentials from 0 to 2.5 V. The reason for the appearance of
higher potential than one for the intercalation of Li* is that the
applied constant current is consumed by the reduction of SOCI,
and the formation of the SEI. In the case of the lower reduction
rate than 0.5 C at first cycle, the electrode potential was kept at
the reduction potential of SOCI,. The reduction capecity at the
first cycle exceeded the theoretical capacity of graphite (327
mAh-g) and reached 750 mAh-g~ (Figure 3, solid ling). The
excess of the reduction capacity at the first cycle is due to the
additional capacity of the SOCI, reduction and the SEI forma-
tion. Therefore, the oxidation capacity at the first cycle is only

3.0, b
[§t =wmememe 10th
5s —--2nd — —20th
............... 30th

E/Vvs Li/Li*

0 100 200 300 400 500 600 700
Capacity / mAh-g!

Figure 3. Reduction / oxidation cycles obtained with the binder-frec graphite

electrode (artificial graphite, KS-25, 1.8 mg-cm™ on Mo) in the LiCl-saturated

AlCI, (60 mol%)-EMIC (40 mol%) melt containing 0.11 mol-dm™ SOCI,. The

graphite electrode was reduced at first cycle in the rate of 0.5 C (0.28mA-cm™).
The following reduction and oxidation were done in the rate of 0.2 C. The

graphite electorode was not allowed to stand for anytime before charging and

discharging. Electrolyte temp.: 20 C.
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Figure 4. Changes in the reduction / oxidation efficiency and capacities for
the reduction and oxidation of the binder-free graphite electrode. The experi-
mental conditions are the same as those in Figure 3.

280mAh-g1, indicating the deintercalation of Li* from the
graphite electrode. After the first cycle, the potentia vs capacity
curves for the reduction and oxidation showed clear three phase
transitions between intercalation stages in the potential region
from 0to 0.2 V. The excess of capacity due to the formation of
the SEI (around 0.3 V) decreased as the cycle progressed and the
reduction capacity approached the theoretical capacity of
graphite. On the other hand, the oxidation capacity increased as
the cycles progressed. As aresult, at the 30th cycle, capacities
for the reduction and oxidation and reduction—oxidation efficien-
cy reached 340, 310 mAh-g%, and 92%, respectively (Figure 4).
The intercalation and deintercalation could not be observed
with the electrode composed of the mixture with various ratio of
graphite and binder in the AICl;—EMIC-LiCI-SOCI, melts. The
EMI* reductive intercalation (0.5-1 V) into the graphite elec-
trodes has been also reported in the AICI;—EMIC melt in the
absence of SOCI,.° Judging from these results, the intercalation
and deintercalation of Li* in the AICI;—EMIC-LiCl melt were
realized using the binder-free graphite electrode and by the addi-
tion of SOCI,. It can be considered that the removal of PVDF
binder increases the wettability of the electrode surface by the
melt and alarge amount of Li* ion can intercalate and deinterca-
late easily, and that the addition of SOCI,, produces the surface
layers which prevent the EMI* reductive intercalation into the
graphite as well as the extention of an electrochemical window.

The authors are grateful to Drs. K. Takeuchi, K. Ui, E.
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