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Abstract
We investigated the electrochemical characteristics of a natural graphite electrode in
room-temperature ionic liquids not containing additives. N,
N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium  bis(trifluoromethylsulfonyl)amide
(DEME-TFSA) containing lithium bis(trifluoromethylsulfonyl)amide (Li-TFSA) as the
electrolyte and a natura graphite electrode as the negative electrode material were
employed. The charge-discharge tests showed that the discharge capacity and the
charge-discharge efficiency of the natural graphite electrode at the 1st cycle were 318
mAh g and 75.6%, respectively. The cycle performance showed that the discharge
capacity and the charge-discharge efficiency were stably maintained at ca. 320 mAh g*
and 100%, respectively, until the initial 10th cycle. The ex-situ X-ray diffraction
measurements showed that lithium-graphite intercalation compounds, such as LiC;, and
LiCs, were formed after the 1st charge. The structural change in the natural graphite
electrode was reversible because graphite recovered to its original structure after the 1st
discharge. These results clarified that the graphite electrode could operate as a negative
electrode for lithium-ion secondary batteries in DEME-TFSA containing Li-TFSA

without organic solvents.
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Highlights:
> Initial characteristics of graphite at 25°C with a capacity close to theoretical.

> A stable cycle performance was obtained.

» DEME-TFSA containing Li-TFSA  provides reversible lithium ion
intercalation/extraction without any additives.
» DEME-TFSA containing Li-TFSA may provide suitable SEI film.

> DEME-TFSA containing Li-TFSA may prevent undesirable side reactions.
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1. Introduction

In recent years, the application of lithium-ion secondary batteries is expected as

an automotive power supply and as an electric energy storage system for

grid-connection with new energy resources. Further improvement in its safety is

necessary because there were ignition accidents involving lithium-ion secondary

batteries. Thus, novel electrolytes and electrode materials are being developed. In order

to enhance the thermal stability of the electrolyte, ambient-temperature molten salts

(room-temperature ionic liquids, RTILs) having the advantages of a low volatility and

nonflammability have been extensively studied as one solution.

However, graphite, which has been used as a major negative electrode material,

does not sufficiently operate in many types of RTILs. The main reason would be due to

the electrochemical organic cation intercalation into the graphite layers [1, 2] before the

formation of an effective solid electrolyte interface (SEI) film on the graphite particles

during the 1st charging. Recently, it has been reported that the graphite electrode

indicated good charge-discharge characteristics by adding an additive, such as vinylene

carbonate [3], to the RTILs or using the RTILs, such as 1-ethyl-3-methylimidazolium

bis(fluorosulfonyl)amide (EMI-FSA) [4] and N-methyl-N-propylpyrrolidinium

bis(fluorosulfonyl)amide (P13-FSA) [5].
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On the other hand, there is N, N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium

bis(trifluoromethylsulfonyl)amide (DEME-TFSA) among the TFSA-based RTILS. It has

been reported that the charge-discharge characteristics of LiCoO, showed values near

the theoretical charge-discharge capacity in the first cycle and an excellent reversibility

for the lithium bis(trifluoromethylsulfonyl)amide (Li-TFSA) / DEME-TFSA electrolyte

[6]; the graphite electrode achieved a reasonable cycle performance by adding vinylene

carbonate as an additive to these RTIL electrolytes [7]. Nevertheless, the present state is

that the electrochemical characteristics of a graphite electrode in the TFSA-based RTILS

without organic solvent additives are poor [5, 8]. It is known that the thermal stability of

TFSA-based RTILs is higher than that of FSA-based RTILS[9].

In order to utilize the features of the RTILsS, we employed TFSA-based RTILS. In

this study, we investigated DEME-TFSA containing Li-TFSA as an electrolyte. In order

to obtain the basic knowledge needed for the design of lithium-ion secondary batteries

using RTILs as the electrolyte, the electrochemical characteristics (charge-discharge

characteristics) of the natural graphite negative electrode in DEME-TFSA containing

Li-TFSA were evauated.

2. Experimental
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The graphite electrode was prepared in a way similar to that previously reported
[10, 11]. Natural graphite powder (Kansai Coke and Chemical Co., 3 um average
diameter, NG-3) as the active material and poly (vinylidene fluoride) (Kureha. Co., KF
polymer #9130, PVdF) as the binder were employed. A suspension composed of 90
wt. % NG-3 powder and 10 wt. % PVdF was prepared using N-methyl-2-pyrrolidone
(Kanto Chemical Co., degree of purity 99.0%, NMP) as the dispersing medium. It was
then stirred in a reagent bottle at room temperature for 24h. It was next coated on a Cu
foil (Housen, thickness 18 4m) using an automatic coating machine (Housen, MC20).
The electrode was then pressed using a small-sized press machine (AS ONE, AH-2003,
10min, 10t, room temperature) after an initial air-drying at 80°C for 1h. The NG-3
electrode was then punched into a circular shape and dried under vacuum at 200°C for
3h.

An R2032 coin-type cell, which consisted of the NG-3 electrode (99.93 mm?,
W.E.), a pressed lithium metal foil (C.E.), 1 mol dm™ (0.7 mol kg?) Li-TFSA (Morita
Chemical Industries Co., 99%) / DEME-TFSA (Kanto Chemical Co., 99%) as the
electrolyte, and Celgard#2500 as the separator was assembled in a glove box (Miwa
Mtg Co., DBO-1INKP-1U-2, dew point -80°C) filled with dry argon at 25°C.

Cyclic voltammetry was performed using a computer-controlled electrochemical
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measuring system (Hokuto Denko, HZ-5000). The cyclic voltammograms were
measured at the scan rate of 0.1 mV s between the voltages of 5 mV and 2.0 V at 25°C.
The charge-discharge cycle tests were performed using an automatic battery
charging-discharging instrument (Hokuto Denko, HJR-1010mSM8) at the current
density of 35 mA g* (1C = 350 mA g™) between 5 mV and 2.0 V at 25°C.

The crystal structure of the samples was examined by X-ray diffraction (XRD)
using an X-ray diffractometer (Bruker, D8 ADVANCE, radiation source Cu Ka, (A =
0.15418 nm), tube voltage 40 kV). The electrodes were charged using the above
automatic battery charging-discharging instrument to obtain the samples for
identification. The charge condition was controlled as follows: the charge voltage was
maintained for 12h in the constant voltage (CV) mode after it reached 5 mV in the
constant current (CC) mode. It was discharged to 2.0 V in the CC mode after CC-CV
mode charging. The discharge process involves the deintercalation reaction of Li(l) ions
which recovers the structure of graphite. The CC mode was thus employed because the
voltage did not need to remain constant. The obtained samples were washed with
diethyl carbonate (Wako Chemical Industries, Ltd., 98.0+% (Capillary GC), DEC) if the
samples needed to be washed and then dried for 12h under reduced pressure. The

samples were examined in an airtight sample holder to prevent any contact of the
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sample with air.

The surface analysis of the NG-3 electrodes was carried out by X-ray
photoelectron spectroscopy (XPS) analysis (Perkin-Elmer, PHI 5600, ¢= 800 xm) with
Al Ka radiation (hv = 1486 eV). The samples were prepared under the same conditions
for the XRD analysis. They were put in a transfer vessel to prevent completely contact

of the samples with air until the samples were introduced into XPS.

3. Resultsand discussion

Fig. 2 shows the cyclic voltammograms of the NG-3 electrode (1.23 mg cm™) in
1 mol dm™ Li-TFSA / DEME-TFSA at 25°C. The irreversible reduction peak at the 1st
cycleisobserved around 1.5 V. In addition, the reduction current at voltages from 1.5 to
0.2V for the 1st cycle is greater than that after the 2nd cycle. The LiC, phase is formed
below 0.2 V [12], indicating that the above reduction current would be due to the
decomposition of the electrolyte. Fig. 3 shows the high-resolution XPS spectra of the
F1s region for the NG-3 electrodes (a) before immersion and (b) after charging to 1.5 V.
As shown in Fig. 3(a), the peak was detected at around 688 €V on the surface of the
NG-3 electrodes. The peak at around 688 €V was assigned to the binding energy of a

C-F* bond derived from the PVdF binder [13]. As shown in Fig. 7(b), the peaks were
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detected at around 685.5 eV and 688.5 eV. The peak at around 685.5 eV was assigned to
a Li-F bond [14, 15]. The peak at around 688.5 eV was assigned to a C-F* bond
derived from -CF 5 (TFSA™ anion) [14]. It is considered that LiF would be formed due
to the reductive decomposition of TFSA™ anion because the peak of Li-F bond was
detected at around 685.5 eV. In the case of several RTILs, severa researches on the
electrochemical reduction of the polyatomic anion such as AICI,[1, 10, 11] and
TFSA14-16] have been reported. These reports support the above consideration. In
contrast, the reductive decomposition of DEME cation is not yet judged. Based on these
results, it was suggested that the deposit would be formed on the NG-3 electrode due to
the reductive decomposition of TFSA™ anion at around 1.5 V at least. The reduction and
oxidation waves are observed in the voltage ranges from approximately 0.2 to 0.0 V and
from 0.2 to 0.4 V, respectively. It is considered that the above peaks correspond to the
intercalation and deintercalation reactions of the Li(l) ions into and from the graphite
layer [12], respectively. After the initial 2 cycles, the redox wave shapes are almost
similar. The irreversible reduction wave around 0.2 to 1.5 V considered to be due to the
reduction of the electrolyte is not observed. Based on these results, it is suggested that
the intercalation and deintercalation reactions of the Li(l) ions into and from the NG-3
electrodesin 1 mol dm™ Li-TFSA / DEME-TFSA would occur.

-10-
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Fig. 4 shows the charge-discharge curves of the NG-3 electrodes (1.20 mg cm)
at 25°C at the constant current density of 35 mA g (0.1C) in 1 mol dm™ Li-TFSA /
DEME-TFSA. In this paper, the cathodic polarization due to the Li(l) ion intercalation
into the graphite layer is defined as the charge and anodic polarization due to the Li(l)
ion deintercalation is defined as the discharge. The discharge capacity and the
charge-discharge efficiency at the 1st cycle were 318 mAh g™ and 75.6%, respectively.
These values are almost similar to those in the typical organic solvent electrolytes. It is
observed that the shape of the charge curve for the 1st cycle is different from that of the
charge curves after the 2nd cycle in the voltage range from 0.2 to 1.5 V. A similar
behavior is observed in the CV (Fig. 2). This behavior has also been confirmed in
organic solution electrolytes [18, 19] and the chloroaluminate type RTIL electrolyte [10,
11]. Thus, it is considered that the reduction reaction of the electrolyte could be
suppressed after the 2nd cycle because an interface similar to the SEI film on the
surface of the graphite particles would be formed during the 1st cycle. Thus, it is
considered that the voltage shoulder on the 1st charge-discharge curve would indicate a
side reaction due to the reduction of the electrolyte. Based on these results, it was found
that the NG-3 electrode operated as a negative electrode in 1 mol dm?® Li-TFSA /
DEME-TFSA for lithium-ion secondary batteries.

-11 -
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Fig. 5 shows the cycle performance of the NG-3 electrodes at 25°C at a constant
current density of 35 mA g (0.1C). The discharge capacity maintained ca. 320 mAh g*
during the initial 10 cycles. It is interesting to note that the charge-discharge efficiency
significantly increased from the 1st cycle to the 2nd cycle and then maintained ca.100%
after the 3rd cycle. This suggests that the reduction of the electrolyte would almost not
occur as a side reaction after the 2nd cycle.

Fig. 6 shows the ex-situ XRD patterns of the NG-3 electrode during the 1st
charge-discharge. As shown in Fig. 6(i), in the case of the NG-3 electrode soaked in the
electrolyte, washed, and then dried, the (002) and (004) peaks were observed at 26.4° (d
= 338 pm) and 54.6° (d = 168 pm), respectively, were ascribed to the diffraction peaks
of the natural graphite. As shown in Fig. 6(ii), the diffraction peaks of the natural
graphite shifted to the lower positions of 24.1° (d = 370 pm) and 49.3° (d = 185 pm)
corresponding to (001) and (002), respectively, after charging to 5 mV. This indicates
that the distance between the graphite layers increased due to the Li(l) ion intercalation
after charging and the stage 1 intercalation compound, LiCs, is formed. These values
correspond to the literature values [10, 20, 21]. In addition, a diffraction peak is
appeared at 25.4°, suggesting that the stage 2 intercalation compound, LiCy, is formed
[10, 20]. Thus, it is considered that the stage 1 and stage 2 coexist. As shown in Fig.

-12-
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6(iii), the diffraction peaks shifted to the higher positions of 26.4° (d = 338 pm) and
54.6° (d = 168 pm) corresponding to (002) and (004), respectively, after discharging to
2.0 V. Based on these results, it was clarified that the structural change in the NG-3
electrode due to the intercalation and deintercalation of Li(l) ions occurred in a
reversible manner and a lithium-graphite intercalation compound was formed.
Considering the 1st charge-discharge efficiency of 75.6%, the formation of a side
reaction would be considered. It seems reasonable to postulate that an SEI film is
formed because a Li-F bond was detected by XPS. However, in the ex-situ XRD
patterns of this study, no other crystalline product was detected. Concerning the
formation of inorganic compounds on the graphite surface from the RTILs, several
results have been previously reported. In the chloroaluminate type RTIL electrolyte, the
formation of LiCl on the graphite surface was observed during the 1st charge [10, 11].
Sugimoto et al. reported that the inorganic compound layer generated from the
EMI-FSA system was thinner than that derived from a typical organic solvent
electrolyte as a result of the XPS analysis [17]. It is thus necessary to identify in more
detail the surface product mainly focusing on an organic component using other
analytical methods.

Fig. 7 shows the photographs of the NG-3 electrodes (a) after immersion and (b)
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after discharging to 5 mV. The surface of the NG-3 electrode was a black color before
charging. In contrast, the surface of the NG-3 electrode after charging to 5 mV changed
to a golden yellow color. This result demonstrates that the 1st stage intercalation
compound, LiCg, would be formed according to the electrochemical intercalation of the

Li(l) ion into the graphite layer [12].

4. Conclusion

In order to obtain the basic knowledge needed for the design of lithium-ion
secondary batteries using the RTILs as the electrolyte, the electrochemical
characteristics of the natural graphite negative electrode in DEME-TFSA containing
Li-TFSA was evaluated. The initial charge-discharge characteristics and the cycle
performance of the NG-3 eectrode in the 1 mol dm™ Li-TFSA / DEME-TFSA
electrolyte were almost similar to those in a typica organic solvent electrolyte. The
structural changes between graphite and a lithium-graphite intercalation compound
during the charge-discharge reaction showed a reversible reaction athough a side
reaction occurred during the 1st charge. This indicated that the electrochemical
intercalation and deintercalation reactions of the lithium ions into and from the graphite
layer in DEME-TFSA containing lithium ions occur in areversible manner.

-14 -
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These results lead to the conclusion that the graphite electrode can operate as a

negative electrode for lithium-ion secondary batteries using RTILs consisting of the

TFSA™ anion without organic solvents. In conclusion, it is important to clarify the

electrochemical behavior between the RTILs consisting of the TFSA™ anion and the

graphite electrode because DEME-TFSA containing Li-TFSA may provide suitable SEI

film.
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Fig. 1.

Fig. 2.

Fig. 3.

.Fig. 4.

Fig. 5.

Structural formula of DEME-TFSA.
Cyclic voltammograms of the NG-3 electrode using PVdF 10 wt. % as the
binder in the 1 mol dm™ Li-TFSA / DEME-TFSA electrolyte at 25°C; voltage

range: 5mV to 2.0V, scan rate: 0.1 mV s'l; (

) st cycle; (= = =) 2nd
cycle; («ermrnss ) 3rd cycle.

High-resolution XPS spectra  (solid line) and their fitting curves (dashed line)
of the Fs region for the NG-3 electrode using PVdF 10 wt. % as the binder in
the 1 mol dm™ Li-TFSA / DEME-TFSA electrolyte; (a) before immersion and
(b) after chargingto 1.5V; (= = =) LiF; (= - = ) C-F (PVdF);

(— -+ —)CFs (TFSA).

Initial charge-discharge curves of the NG-3 electrode using PVdF 10 wt. % as
the binder in the 1 mol dm?® Li-TFSA / DEME-TFSA electrolyte at 25°C;
voltage range: 5 mV to 2.0 V, current density: 35 mA g* (0.1C); (——) 1st
cycle; (= = =) 2nd cycle; (=====+=+ ) 3rd cycle.

Cycle performance of the NG-3 electrode using PVdF 10 wt. % as the binder in
the 1 mol dm™ Li-TFSA / DEME-TFSA electrolyte at 25°C; voltage range: 5
mV to 2.0 V, current density: 35 mA g™ (0.1C); (Q) discharge capacity; (@)

charge-discharge efficiency.
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Fig. 6. Ex-situ XRD patterns of the NG-3 electrode using PV dF 10 wt. % as the binder
in the 1 mol dm™ Li-TFSA / DEME-TFSA electrolyte; (i) after immersion, (ii)
after charging to 5 mV, and (iii) after discharging to 2.0 V.

Fig. 7. Photographs of the NG-3 electrode using PVdF 10 wt. % as the binder in the 1
mol dm™ Li-TFSA / DEME-TFSA electrolyte; (a) after immersion, (b) after

charging to 5mV.
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Highlights:

Initial characteristics of graphite at 25°C with a capacity close to theoretical.
A stable cycle performance was obtained.

DEME-TFSA containing Li-TFSA  provides reversible lithium
intercalation/extraction without any additives.

DEME-TFSA containing Li-TFSA may provide suitable SEI film.

DEME-TFSA containing Li-TFSA may prevent undesirable side reactions.
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