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Abstract. The electrochemical behavior of binder-free carbon anode, comprising of only artificial and natural graphite
(AG and NG) particles, for intercalation and deintercalation of lithium iof) {hialuminum chloride (AIG)-1-ethyl-
3-methylimidazolium chloride (EMIC)-lithium chloride (LiCl)-thionyl chloride (S@Ctoom-temperature molten salt
(RTMS) was studied. Binder-free carbon electrodes were fabricated using electrophoretic deposition (EPD) method.
The binder-free carbon anodes provided a relatively flat charge and discharge potentials (0 ¥s. Qi2 V) and

current capabilities (250~340 mAb™) for the intercalation and deintercalation of.L8tability of the binder-free

carbon anodes for intercalation and deintercalation of 50 cycles was confirmed.
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1. Introduction from these results, we considered that the intercalation and
deintercalation of L in the LiCl-saturated AIGIEMIC
Recently, room-temperature molten salts (RTMS) attract aRTMS containing SOGlwere produced using the binder-free
great deal of attention as an electrolyte for lithium (Li) sec- graphite electrode and by the addition of SQ@&hd that the
ondary batteries because it has several unique propertiesemoval of the PVDF binder increases the wetting capabilities
such as a wide electrochemical window, high inherent con-of the electrode surface by the melt. Further, a large amount
ductivity, negligible vapor pressure, and nonflammabBifity of Li* can intercalate and deintercalate easily, and also the
RTMS composed of aluminum chloride (A{ckand 1-ethyl- addition of SOG produces the surface layers which prevent
3-methylimidazolium chloride (EMIC) has been used in the the EMI" reductive intercalation into the graphite as well as
development of several primary and secondary batteries. Batthe extension of an electrochemical window.
teries such as Al anode/polyaniline powder catfodsl In this study, we examined cycling behavior for the elec-
anode/C) cathod®, etd”. using the RTMS has been trochemical intercalation and deintercalation behavior &f Li
reported. Moreover, the addition of thionyl chloride (SCI into and from carbon anode composed of artificial and natural
H,0, and HCI®*%9into the RTMS had been found to extend graphites (AG and NG) at constant-current electrolysis in
the electrochemical potential window as far as Li can beAICl; (60 mol%)-EMIC (40 mol%) RTMS containing LiCl
deposited and stripped. The results have indicated that theand SOCJ. The variations of the current capacity and effi-
development of Li batteries with RTMS is promising. ciency for the electrochemical intercalation and deintercalation
We have recently examined the electrochemical behavior ofof Li* were compared at various current densities.
a graphite anode composed of only artificial graphite particles
for intercalation and deintercalation of a lithium ion*)Linto 2. Experimental
and from graphites in AIGIEMIC-LICI RTMS containing
SOC}, and confirmed that the intercalation and deintercalation EMIC was synthesized as previously repdrited\ICl; (60
of Li* occur with electrochemical and XRD measuremténts  mol%)-EMIC (40 mol%) RTMS was prepared by the addition
The binder-free graphite electrode was fabricated by us abf sublimed AIC} to EMIC with stirring. The RTMS (color-
first using the electrophoretic deposition (EPD) method less liquid) was purified using an Al substitution method
Moreover, the intercalation and deintercalation could not beAn excess of anhydrous LiCl dried under a vacuum at00
observed with the electrode composed of the mixture withfor one week was added to the melt. Next, SQ@is added
various ratios of graphite and binder in the LiCl-saturatedinto the LiCl-saturated AIGIEMIC RTMS. A binder-free
AICIs-EMIC RTMS containing SOG! The EMI reductive carbon electrode (1 dnwas used as the working electrode. Li
intercalation (0.5 V) into the graphites has also been reportedoils (2 cn?) were used as a reference and counter electrodes
in the AICL-EMIC melt in the absence of SQ&. Judging in the melts. Carbon particles, KS-25 (D%50 5409) and
LF-18A (D%50 = 18um), were obtained from Timcal and
TE-mail: idemoto@rs.noda.tus.ac.jp Tyuuetsu cokuen kougyoushyo. The EPD bath was prepared
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by suspending an carbon particle (39 and triethylamine  salt. The first, second, and third stages were identified as a
(L ml-1"Y in acetonitrile using an ultrasonic cleaner. The stage for the formation of the structure composed of,LiC
anode and cathode substrates used in the EPD were Mo arldsCs, and Lp 1¢Cs, respectively. A surface of graphite elec-
Pt, respectively. The deposition of carbon particles was donedrode intercalated stepwise to ki@lso shows a golden-yellow

at 300V for 30's. The carbon particle covered the Mo currentcolor*®. In comparison with the results obtained from the
collector surface (1.8~2.2 mgm?) uniformly and its thickness  graphite electrode, composed of AG and PVDF, in organic
was 60um'?. All electrochemical experiments were per- solution, it can be postulated that the intercalation and
formed using a computer-controlled electrochemical measuringdeintercalation of Liinto and from the binder-free graphite
system (HZ-3000, Hokuto Denko, Japan) and an automaticanode occur in the AIGEMIC-LICI-SOCl, RTMS. More-
battery charging-discharging instrument (HJR-110mSM&6, over, irreversible reduction peak current was observed at 2.8
Hokuto Denko, Japan) under a purified Ar atmosphere at aVv (vs. Li/Li*) and a smaller reduction current was observed

vacuum atmosphere's dry box att2ZC. in the potential region from 0.3 to 2.5V at the first cycle.
With the following potential scan, these reduction currents
3. Results and Discussion decreased (Fig. 1, inset). The reduction peak current

observed at 2.8V at the first potential scan can be assigned

Figure 1 shows a typical cyclic voltammogram obtained to the reduction of SOgt® The reduction current observed
with a binder-free AG electrode in the LiCl-saturated AICI in the potential region from 0.3 to 2.5V may be due to the
(60 mol%)-EMIC (40 mol%) RTMS containing 0.11 formation of the surface electrolyte interphase (SEI).
mot dm?® SOC}, at 200uVs™. In the potential region from 0 A representative intercalation-deintercalation cycling of Li
to 0.25V, three coupled redox peaks were observed andbtained with the binder-free AG anode at a constant-current
these peak currents reached a steady-state after the 10#iectrolysis in the LiCl-saturated AIC{60 mol%)-EMIC (40
cycle. When the electrode potential was held at 15 mV, themol%) RTMS containing 0.11 metim™ SOC} are shown in
electrode surface exhibited a golden-yellow color. The elec-Figure 2. The reduction was done at the first cycle in the rate
trochemical behavior in the potential region from 0 to 0.25V of (a) 0.3 (0.28 mAcm?) and (b-d) 0.5 C. The following
was very similar to the one observed in EC-DMC (1:3)/ reduction was done in the rate of 0.1 C. The oxidation was
LiAsFs with a graphite-lithium intercalation anode composed done in the rate of (a, b) 0.1, (c) 0.2, and (d) 0.3 C. Potential
of AG and a binder (polyvinylidene fluoride (PVDEY) It is vs. reduction capacity curves at the first cycle in all the oxi-
well-known that the representative three coupled redox peaksdation-reduction rates were quite different from those at the
indicating the phase transitions betweeri intercalation following cycles. The curves were composed of several slop-
stages, were observed in the organic solvent containing Ling and plateau regions and showed the electrode potentials
from O to 2.5V. The region composed of several slopings
and plateaus became narrower by increasing the reduction
rate at the first cycle (Fig. 2(a) and (b)). The reason for the
appearance of a higher potential than the one for the interca-
lation of Li* is that the applied constant current is consumed
by the reduction of SOglkand the formation of the SEI. The
reduction capacity at the first cycle exceeded the theoretical
capacity of graphite (372 mAty?) and reached 450~920
mAh-g'. The excess of the reduction capacity at the first
cycle is due to the additional capacity of the SQ€tluction
and the SEI formation. Therefore, the oxidation capacity at
the first cycle is only 180~230 mAtg™?, indicating the
deintercalation of L'i from the AG anode. After the first cycle,
the potential vs. capacity curves for the reduction and oxidation
clearly showed three phase transitions between the intercalation
stages in the potential region from 0 to 0.25 V. The excess of
capacity due to the formation of the SEI (0.3~0.6 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 pro-
gressed. As a result, at the 50th cycle, capacities for the
reduction and oxidation, and the reduction-oxidation effi-
Fig. 1. Typical voltammetr_ilc_ behhav?orI of a binderl-frlee AG alr;ode ciency reached 245~335, 225~300 m@f}, and 88~93%,
fIEr?\)ATCO(TOZrﬁBOI\gA)?trﬁgm\C/)ntSair:?ntg; S_i'fmsoﬁ‘fﬂﬁfiégjﬁz s d/;)r- respectively (Fig. 3). Unfortunately, an increase of the oxidation
free anode was prepared with AG (KS-25, 1.8 mgm? on Mo). rate caused the undue deterioration of the current capacity,
Electrolyte temp.: 20°C. The inset shows the cyclic voltammogram  although the reaction efficiency almost did not change in all
in the same condition from 0 to 3.3 V. the oxidation rate (Fig. 3(b-d)). The rapid expansion and
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Capacity /mAh - g free AG anode. The following reduction was done in the rate of 0.1

C. The oxidation was done in the rate of (b) 0.1, (c) 0.2, and (d) 0.3

Fig. 2. Reduction/oxidation cycles obtained with the binder-free AG . e A
9 y C. The experimental conditions are the same as those in Figure 2.

anode (KS-25, 1.8 mgcm? on Mo) in the LiCl-saturated AICI;
(60 mol%)-EMIC (40 mol%) melt containing 0.11 mol-dm= SOCk.
The graphite anode was reduced at the first cycle in the rate of (a)

0.3 (0.28 mAcm?) and (b-d) 0.5 C. The following reduction was - . S .
done in the rate of 0.1 C. The oxidation was done in the rate of (b) Figure 4 shows a representative intercalation-deintercalation

0.1, () 0.2, and (d) 0.3 C. The graphite anode was not allowed to cycling of Li* obtained with the binder-free NG anode at a
stand for anytime before charging and discharging. Electrolyte ~ constant-current electrolysis in the LiCl-saturated Al@®O
temp.: 20°C. mol%)-EMIC(40 mol%) RTMS containing 0.11 mafim®
SOC). The reduction was done at the first cycle in the rate
of 0.5C (0.47 mAcm?) and the following reduction were
contraction of the graphite layer with a rapid reduction anddone in the rate of 0.1 C. The oxidation were done in the
oxidation might cause a drop of a small amount of graphiterate of 0.1 C. Also, in the NG anode, several sloping and
particles from the carbon anode. Improvement of durability plateau regions were observed from 0 to 2.5V at the first
against the rapid expansion and contraction of the carborreduction. The reason for the appearance of a higher potential
layer is expected. EPD for obtaining carbon anode containinghan the one for the intercalation of*Linay be that the
small amount of binder is examined now. applied constant current is consumed by the reduction of
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Fig. 4. Reduction/oxidation cycles obtained with the binder-free NG~ capacities for the reduction (O) and oxidation (A) of the binder-
electrode (LF-18A, 1.8 mgm on Mo) in the LiCl-saturated AICI free NG anode. The experimental conditions are the same as those
(60 mol%)-EMIC (40 mol%) melt containing 0.11 mol-dm SOCh. in Figure 4.

The graphite anode was reduced at the first cycle in the rate of 0.5
C. The following reduction was done in the rate of 0.1 C. The
oxidation was done in the rate of 0.1 C. The graphite anode was not SOCL RTMS. The intercalation and deintercalation of Li

allowed to stand for anytime before charging and discharging. into and from the NG in the AIGEMIC-LICI-SOCI, RTMS
Electrolyte temp.: 20°C. were also produced by using the binder-free anodes. Moreover,
we consider that the removal of the PVDF binder causes the
SOC} and the formation of the SEI, similar to the one with penetration of the melt into the gaps between carbon particles
the binder-free AG anode. In the case of a lower reductionand that LT can intercalate into and deintercalate from
rate than 0.5 C at the first cycle, the electrode potential wagyraphite paticles easily. Elucidation of the mechanism of the
kept at the reduction potential of SQCIThe reduction  diffusion of Li* in graphite film is now under way. The
capacity at the first cycle reached 600 m4H. The oxidation results obtained from AG and NG anodes indicated that the
capacity at the first cycle is only 230 mA#?, indicating the binder-free anode using the EPD method is useful in the
deintercalation of i from the NG anode. After the first fabrication of an electrode for Li ion secondary batteries,
cycle, the potential vs. capacity curves for the reduction andwhich operate in the AIGIEMIC-LICI-SOCIl, RTMS. Anode
oxidation showed three clear phase transitions between thand cathode fabricated by EPD with various carbon and
intercalation stages in the potential region from 0 to 0.2 V. transition metal oxide materials are expected to operate in
The excess of capacity due to the formation of the SElvarious RTMS.
(around 0.3 V) decreased as the cycle progressed. On the
other hand, the oxidation capacity increased as the cycles 4. Conclusion
progressed. As a result, at the 50th cycle, capacities for the
reduction and oxidation, and the reduction-oxidation efficiency Binder-free carbon anodes were fabricated by the EPD
reached 330, 320 mAfy?, and 95%, respectively (Fig. 5). method with AG and NG particles. Electrochemical behavior
The capacities for the reduction and oxidation, and theof the anodes for intercalation and deintercalation Ofirbi
reduction-oxidation efficiency obtained with NG anode were the AICL-EMIC-LICI-SOCIl, RTMS was investigated by
larger than those observed with AG. The current capacitiescyclic voltammetry and constant-current charge-discharge
for the reduction and oxidation, and efficiency at NG anodetesting. Cyclic voltammograms and the potential vs. capacity
approached to theoretical capacity of graphite closely. Usingcurves for the reduction and oxidation showed three clear
NG particles brought out the improvement in the current phase transitions between the lintercalation stages in the
capacities and efficiency. Compared with the density and thepotential region from 0 to 0.2 V. Although the reduction
state of aggregation of AG and NG particles on the Mo capacity at the first cycle exceeded the theoretical capacity of
substrate, the reason for the improvement of currentgraphite (372 mAhRg?l) and reached 450~920 mAg?! due
capacities and efficiency with NG particles is consideredto the addition of the reduction of SQGInd the formation
now. of SEI, the potential vs. capacity curves for the reduction and
The electrochemical behavior of the binder-free NG anodeoxidation showed stable charge and discharge potentials after
resembled the one observed with binder-free AG anode venseveral cycles. The stable charge and discharge potentials
closely. Intercalation and deintercalation could not also bewere kept for 50 cycles. At the 50th cycle, current capacities
observed with the electrode composed of the mixture withfor the reduction and oxidation, and efficiencies at AG and
various ratios of NG and binder in the A{EMIC-LiCI- NG cathodes reached 245~335, 225~320 ngth and 88



182

~95%, respectively. The current capacities for the reduction 6.

and oxidation, and efficiencies at NG anode approached to

theoretical capacity. From these results, it was indicated that 7
the binder-free anode using the EPD method is useful in the
fabrication of an electrode for Li ion secondary batteries, 9:

which operate in the AIGIEMIC-LICI-SOCI, RTMS and the

development of Li ion secondary batteries with the RTMS s 10.

promising.
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