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Abstract

The performance of a binder-free carbon-negative electrode was investigated using the LiCl-saturatddeti@l-3-methylimizadolium
chloride (EMIC) + SOC] melt as the electrolyte for non-flammable lithium secondary batteries. Because the glass transition point of a
LiCl-saturated 60.0 mol%AIGH40.0 mol%EMIC + 0.1 moH! SOCh melt was—86.2°C, the melt could be used as the electrolyte in a low-
temperature domain. The binder-free carbon electrode made by the electrophoretic deposition method was used as the negative electro
Four kinds of carbon materials, i.e., artificial graphite, natural graphite, soft carbon, and hard carbon were evaluated as the carbon electrod
For 30 cycles, the discharge capacities of these electrodes were 296—395 hakld ghe charge—discharge efficiencies were more than 90%.
The melt can be used as the electrolyte for non-flammable lithium secondary batteries and the binder-free carbon-negative electrode operat
quite effectively.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction a Lewis acidic melt (AIG4>50 mol%). Li* can exist in the
melt according to Eq(1) [7].

Since an organic solvent is used for the electrolyte of
lithium secondary batteries in cellular phones, etc., the safetyAl2Clz~ + LICl = Li™ + 2AICI;~ (1)
problems, such as ignition and explosion, are a concern. The . . _
safety of a battery is more important than before due to the We reported that the _addmon of Li metal_ toa L|Cl-sa_ltura_ted
higher capacity or stacking of lithium secondary batteries. AIC1s—EMIC melt, whichwas prepared with excess LiCl with
Because of these problems, we have investigated an ambiengaturation in the AIG-EMIC melt, ALCl7™, which was the
temperature molten salt having useful characteristics, such adonic Species for the deposited Al, was completely removed
low volatilty, non-flammability, and wide potential window 7omM the mel{2]. We reported that Al foil used as the nega-

as a lithium secondary battery electrolyte from the view point {iVe Substrate and LICOOLINIO2, LiMn20O4, and crystalline

of safety[1-5]. V205 used as the positive material ope_zrated as full @l _
The amount of LiCl dissolution in the AIGFEMIC melt Fuller et al. then found that the deposmon reggtlon pf Al d!d
is dependent on the existing &l;~ concentratior{6] in not happen apd the nearly reverS|bI.e deposition/dissolution
behavior of Li was enabled by adding SQ{8]. We ex-
"+ Corresponding author. Tel.: +81 4 7124 1501x5522: amined whether the melt could be used as an electrolyte for
fax: +81 4 7123 9890. lithium secondary batteries. It was found that the reversible
E-mail addresskui@rs.noda.tus.ac.jp (K. Ui). deposition/dissolution behavior of Li was possible using an
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Al electrode and a Li electrode. We also reported that the Table1 _ .
binder-free artificial graphite electrof@] underwent the in- ~ Seme physical properties of 60.0 mol%ACSH0.0 MOI%EMIC—LiCla+

tercalation/deintercalation reaction of'land operated well SOCE melt - '
as the negative electrode in the electrolyte nfgJt Such ~ Grass ransition poinfg) °C —862
a phenomenon is not seen with other ambient-temperature>S"s"Y (mg cm™) (25°C) 138
P L P eViscosity (mPas) (25C) 234
molten salts and ionic liquid salts. Conductivity (Ms cn?) (25°C) 115
In this study, we measured the physical properties of ) i
X Electroch | window (V. 2
the LiCl-saturated AIG-EMIC+SOCh (AICI—EMIC— "y yeuiiiea oo () s
LiClgat+ SOCh) melt, evaluated the possibility of the )
Concentration of Lfi (mol 1) 16

AICI3—EMIC—-LiClsai+ SOCh melt as a non-flammable elec-
trolyte for the lithium secondary batteries and examined the
electrode performance of the binder-free carbon-negative
electrodes made by the electrophoretic deposition (EPD)
method in the melt.

3. Results and discussion
3.1. Physical properties of melt

The Lewis acidic melt (concentration of Algin AICI3—

) EMIC melt > 50 mol%), which is liquid below room tempera-
2. Experimental ture and allows L to exist by adding LiCl, was useid].
The physical properties of the 60.0mol%AcH0.0
mMOol%EMIC—LiClsz+ 0.1 mol 1 SOCh melt are summa-
rized in Table 1 Fig. 1 shows the DSC thermogram of the
melt. No exothermic peak by cooling was observed and glass
transition point Tg) was observed at-86.2°C. Therefore,
the melt could be used as the electrolyte in a low-temperature
domain. Although the density and the viscosity of the melt
showed a slightly higher value than common organic sol-
vent electrolytes, the conductivity was almost equal. When
a cyclic voltammogram (C.V.) was measuredatW elec-
trode, the electrochemical window was about 4.2 V. More-
over, as the reduction potential of the melt was€2.2V
versus Al(II)/Al, it was clear that lithium can be deposited
and stripped in this me[t]. As mentioned above, the melt
might be used as the electrolyte for non-flammable lithium
secondary batteries.

EMIC was synthesized as previously reporf&€]. The
AICI3—EMIC melt was prepared by mixing EMIC with an-
hydrous AICE (Wako Pure Chemical Industries, Ltd.) at the
predetermined molar ratio below 6G. The melt was purified
by immersing Al wire into the melt for 1 week at room tem-
peraturg[11]. Excessive anhydrous LiCl (Aldrich, 99.99%)
was added to the melt. The LiCl-saturated melt was stirred
at room temperature for 24 h, and a small quantity of SOCI
(Wako Pure Chemical Industries, Ltd.) was added to the melt
and stirred for 6 h.

The density was measured by a Baume meter. The con-
ductivity was measured by a conductivity meter (TOA Elec-
tronics, Ltd., CM-40S). The viscosity was measured by an
Ostwald viscometer. The melting point was measured in the
range of—115 to 25°C by differential scanning calorimetry
(Shimadzu Seisakusho, DSC-60).

The binder-free carbon-negative electrode was produceds 2. performance of binder-free carbon-negative
by the EPD method, so that various carbon materials of g|ectrode
1.8-2.0mg cm? were deposited on Mo foil as previously
reported12]. Fig. 2 shows the relationship between the amount of

The three-electrode cell consisted of a working elec- the deposit and deposition voltage of the carbon materials.
trode and a pressed Li foil on a Ni mesh current col-
lector (R.E. and C.E.) was used for the electrochemical A

measurement. The electrochemical experiments were per- € T =-86.2°C

. . (5] g e -
formed using a computer-controlled electrochemical measur- £ g SERlnE
ing system (Hokuto Denko, HZ-3000) and an automatic bat- &

tery charging-discharging instrument (Hokuto Denko, HIR- / \
110mSM6). The scan rate of the cyclic voltammetry was

0.5mVs 1. The charge—discharge cycle tests were applied
at 25°C under the following conditions. The cells were dis-

charged from their open circuit potential (OCP) to 0.0 V ver- § )

sus Li/Li and from OCP to 2.0V versus tiLi at a con- E heating

stant current density of 0.070 mAcrh (0.1 C). The cells ER Z

were stored for 15 min, charged at a constant current density e 72““ ' 74‘0 : :] ' :m
of 0.070mAcnT? (0.1C) to 2.0V versus [FiLi, and then ) Temp. /°C

stored for 15 min.
All procedures were carried out in an Ar atmosphere Fig 1. psc thermograms of 60.0 mol%AKSK0.0 MOI%EMIC—LiClar+
grove-box (MIWA MFG Co., Ltd., 1IADB-3LL). SOCh melt; heating and cooling rate, 10 K mih
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denly increased to higher than 250V. The amount of the
deposit, ca. 2.0mgcn?, was obtained on the Mo current
o o collector surface at the deposition voltage of the artificial
graphite 300V, natural graphite 350V, soft carbon 550V,
s L - o and hard carbon 500V, respectively. The surfaces of the
L] binder-free carbon material film produced by the EPD method
P ™ a were observedHig. 3). The surface morphologies of the
ok - o binder-free carbon material film were uniform and minute.
u In this way, the electrophoretic deposition was possible for
[ o) the carbon materials with different particle shapes and grain
05+ o) O sizes.
O First, the possibility of binder-free carbon electrode as a
O negative electrode was examined. The C.V. of the binder-free
2 o natural graphite electrode in the melt was measured. In the
0 100 200 300 400 500 600 potential region from 0 to 0.2V versus'l/Li, three coupled
Deposition Voltage / V redox peaks were observed. The electrochemical behavior in
Fig. 2. Relationship between amount of deposit and deposition voltage the potential region from 0 to 0.2V versus' i was very
(25 C): (@) atfical graphite (KS-25)M) natural graphite (L-18A0)  SITHIAY t0 the one observed in the organic solvent electrolyte
soft carbon (FM-14):[()) hard carbon (carbotron P). with a graphite—Lithium intercalation anode composed of ar-
tificial graphite and a binder (polyvinylidene fluoridg)3].
The amount of the deposit increased, so that the depositionlt is well-known that the representative three coupled redox
voltage was high for the artificial graphite (KS-25), natu- peaks, indicating the phase transitions between thénter-
ral graphite (LF-18A), soft carbon (FM14), and hard car- calation stages, were observed in the organic solvent contain-
bon (carbotron P). However, the mesocarbon microbeadsing Li salt. The first, second, and third stages were identified
powder was not able to be deposited. There was a slightas a stage for the formation of the structures composed of
amount of deposit of the soft carbon and hard carbon at Lio.16Cs, Lio.sCs, and LiGs, respectively. The reduction wave
deposition voltage equal to or less than 250V, but it sud- was considered to be the Lintercalation reaction and the

20F

E)

Amount of deposit / mg* cm
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0.0

1]
0]

Fig. 3. SEM photographs of binder-free carbon films prepared by the electrophoretic deposition (EPD) method: (a) artifical graphite (KS-25&l (b) natu
graphite (LF-18A); (c) soft carbon (FM-14); (d) hard carbon (carbotron P).
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Capacity / mAh. g" Fig. 5. Charge—discharge efficiencies of the binder-free carbon electrodes

up to the 30th cycle (25C): C.D., 0.35mAcm? (0.5C) at first cycle,
Fig. 4. Charge—discharge curves of the binder-free carbon electrodes at thed.070 mAcnt? (0.1 C) at 2nd-30th cycles®) artifical graphite (KS-25);
30th cycle (25C): C.D.,0.070 mA cm? (0.1 C); (—) artifical graphite (KS- ~ (A) natural graphite (LF-18A);0{) soft carbon (FM-14);¢) hard carbon
25); (- - -) natural graphite (LF-18A); (- - -) soft carbon (FM-14);-(—) hard (carbotron P).
carbon (carbotron P).
it [8]. While the charge—discharge efficiencies of the arti-
oxidization wave was considered to be thé diéintercalation ficial graphite and natural graphite reached 90% after the
reaction. 10th cycle, the charge—discharge efficiencies of the soft car-
Next, the charge—discharge cycle tests of the binder-freebon and hard carbon reached 90% in the third cycle. The
carbon electrodes were performed. The charge—dischargecharge—discharge efficiencies of each carbon electrode at the
curves of the binder-free carbon electrodes at the 30th cycle30th cycle were 93.2% for artificial graphite, 95.3% for nat-
are shown irFig. 4. These showed the same tendency as the ural graphite, 90.0% for soft carbon, and 92.1% for hard car-
charge—discharge curves of a carbon material in the organicbon, respectively, so all the electrodes maintained 90% or
solvent electrolyte. The discharge capacities of each carbonbetter.
electrode at the 30th cycle were 296 mAH-dor artificial Finally, the surface of the binder-free natural graphite
graphite, 325mAhg! for natural graphite, 314 mAhd electrode before and after charging was obser¥eg. ©).
for soft carbon, and 395 mAhg for hard carbon, respec- The surface before charging (before' lintercalation) was
tively. The charge—discharge efficiencies of the binder-free black and its surface after charging (aftef limtercalation)
carbon electrodes are showrfiig. 5. The charge—discharge  was a golden-yellow color that showed the formation of the
efficiencies of the first cycle of all the carbon electrodes first stage LiG [14]. Moreover, since its surface after charg-
showed the low value of ca. 40-50%. The reason why the ing (after Li* deintercalation) returned to black as shown
charge—discharge efficiencies of the first cycle are low may in Fig. 6a), it became clear that the electrochemical inter-
be due to the reduction of SOLhnd the formation of calation and deintercalation reaction offLin the binder-
the surface electrolyte interphase (SEI) film accompanying free carbon electrode had occurred in a reversible manner

<

lem

Fig. 6. Photographs of binder-free natural graphite electrode prepared by the EPD method: (a) before charging and (b) after charging/(@)V vs. Li
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Fig. 7. XRD measurements of binder-free natural graphite electrode pre-
pared by the EPD method: (a) before charging and (b) after charging (0V
vs. Li*/Li).

in the ambient-temperature molten salt. An X-ray diffrac-
tion (XRD) measurement was then performed in order to

investigate each stage’s structural change in the binder-free

natural graphite electrode before and after chardhig. (7).

The diffraction peaks of the natural graphite, which belong
to (00 2) plane observed at 26.6nd (0 04) plane observed
at 54.7 before charging, were shifted to lower degrees of
24.1° and 49.3 correspond to (001) and (002), respec-
tively, after charging. This indicates an increase in the dis-
tance between the graphite layers due to tHertiercalation.
Moreover, the average layer plane intervals calculated from
a peak (24.1and 49.3) were 3.685 or 1.848, respectively.
These values support the stage &.iChe intercalation of Li

in natural graphite was proved in the melt.

Based on the above-mentioned results, the melt can be

used as the electrolyte for non-flammable lithium secondary
batteries and the binder-free carbon-negative electrode ope
ates quiet effectively.

4. Conclusion

The performance of a binder-free carbon-negative elec-
trode was investigated using the AYSEMIC—LiClgyt

K. Ui et al. / Journal of Power Sources 146 (2005) 698—702

+SOCh melt as the electrolyte for non-flammable lithium
secondary batteries. Because the glass transition point
of 60.0 mol%AICk—40.0 Mol%EMIC-LiCly+ 0.1 mol i1
SOCb melt was —86.2°C, the melt could be used as
the electrolyte in a low-temperature domain. For 30 cy-
cles, the discharge capacities of the binder-free carbon
electrode made by the electrophoretic deposition method
were 296-395 mAhg! and the charge—discharge efficien-
cies were greater than 90%. These results lead to the con-
clusion that the melt can be used as the electrolyte for non-
flammable lithium secondary batteries and the binder-free
carbon-negative electrode operates quite effectively.
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