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1 Introduction
A lithium Li-ion battery is being developed as a large-
sized power supply in a hybrid electric vehicle (HEV) as
well as “pure” electric vehicles (EV). Therefore when
their energy and power densities are increased, the safe-
ty improvement of Li-ion batteries becomes crucial.
Conventional Li-ion batteries with a combustible organic
solvent electrolyte suffer from the risk of ignition caused
by a short circuit or overcharge. Consequently, a safe
system must be designed to solve this problem.
Recently, a nonflammable fluorine-containing solvent
(FCS) has attracted attention since it ensures the safety
of batteries.1-6）Furthermore, since it may expand the
operating cell voltage due to its high oxidation resis-
tance, it can improve the energy density of Li-ion batter-
ies. McMillan et al. reported good cycle performance in
their Li-ion battery that contained fluoroethylene carbon-
ate (FEC) with a graphite anode.1）Choi et al. described
how FEC as an additive formed an electrochemically sta-
ble solid electrolyte interface (SEI) that included LiF and
silicon (Si) fluorides on a Si thin-film anode.2）Profatilova
et al . reported that an electrolyte including FEC
enhanced the thermal properties of a lithiated/delithiat-
ed graphite anode.3）Although the valuable effects of
FCSs such as FEC have been reported in these previous
investigations, little has been discovered about the effect
of FCSs on cathode performance.
In this work, we investigated the effect of our FCS-
based electrolyte on a LiCoO2 cathode. Since LiCoO2 has
a good cycle performance, it is widely used as a cathode
material in current commercial Li-ion batteries. However,
its reversible capacity is limited due to the destabiliza-

tion of the structure with excessive deintercalation of
Li＋ ion.7）Therefore, many researchers have attempted
to expand its operating voltage by coating the LiCoO2
surface with such inorganic compounds as ZrO28,9）and
Al2O310）for surface stabilization. Our proposed attempt
here is a different approach to expand the operating
voltage: the application of a FCS-based electrolyte to
modify the LiCoO2 surface without the above inorganic
coating on the cathode. Our FCS-based electrolyte pro-
posed led to high voltage operation without chemically
coating the LiCoO2 surface.

2 Experimental
Figure 1 shows the molecular structure of 1,1,2,2-tetra-
fluoro-3-(1,1,2,2-tetrafluoroethoxy)-propane (TFTFEP),
synthesized by Daikin Industries, Co.11）The proposed
FCS-based electrolyte was a mixture of FEC and TFT-
FEP in a 1:1 volume ratio and contains a 1.0 mol dm−3 Li
hexafluorophosphate (LiPF6). The “conventional” elec-
trolyte as a reference for comparison was a mixture of
ethylene carbonate (EC, Kishida Chemical Co.) and
dimethyl carbonate (DMC, Kishida Chemical Co.) in a 1:1
volume ratio with the same concentration of LiPF6. The
electrochemical properties of these electrolytes are
shown in Table 1.
Electrochemical measurements were performed using
a coin-type cell (Hohsen Corp.) that was constituted by
LiCoO2 as a cathode and a Li metal (Honjo Metal Co.) as
a counter electrode (Li/LiCoO2 cell). The composition of
the LiCoO2 cathode was 85 wt.％ of LiCoO2, 7 wt.％ of
carbon black (CB), and 8 wt.％ of polyvinylidene difluo-
ride (PVdF). Celgard 3501 (Celgard Co., made of
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polypropylene, thickness: 25 µm) was used as a separa-
tor. All the assembling processes of the cell were done in
a dry room (dew point; below ca. −60℃).
The charge-discharge measurements were performed
in a constant current-constant voltage (CC-CV) mode
(terminated when the current reduced to 1/10 of the ini-
tial value) for charging to 4.2 or 4.5 V with a constant
current (CC) mode for discharging to 3.0 V with a
BTS2004-W (Nagano Co.) at room temperature. The
operating current in CC for charging and discharging
was 1.0 C-rate. A frequency response analyzer (Solartron
1255B) coupled with an electrochemical interface
(Solartron 1287) was used for the electrochemical imped-
ance measurements. The ac frequency was scanned
from 20 kHz to 10 mHz with an amplitude of 10 mVp-0.
To achieve an equilibrium state, relaxation time (1 h or
longer) was applied after each constant-current polariza-
tion.

3 Results and Discussion
Figure 2 shows the cycle performance for Li/LiCoO2
cells with a FCS-based electrolyte and the conventional
electrolyte, where the upper charge cutoff voltage is lim-
ited to 4.2 or 4.5 V. The discharge capacity with the
FCS-based electrolyte is somewhat lower than that with
the conventional electrolyte at a cutoff voltage of 4.2 V
due to the relatively lower ionic conductivity of the FCS-
based electrolyte (Table 1); this increases the potential
loss for the cathode operation, and hence cathode utiliza-
tion becomes lower than that with the conventional elec-
trolyte.
Significant capacity degradation during cycles is
observed with the conventional electrolyte when the
upper cutoff voltage is expanded to 4.5 V. This originates
from two factors. One is the structure destabilization
caused by the phase transition of LiCoO2. Chen et al.
reported that the performance of LiCoO2 cycled in a high
voltage range becomes poor by a structure change from
the O3 to the H1-3 Phase.12）The other is the oxidative
decomposition of the solvents in the high voltage range;
decomposition products increase the interfacial resis-
tance and degrade the function of the cathode surface.

In marked contrast to the reference system, the pre-
sent FCS system provides a high and stable discharge
capacity in 30 cycles even with a 4.5 V cutoff. This sug-
gests that the SEI film originated from the FCS-based
electrolyte would be electrochemically stable.
Interestingly, this film formation appears to inhibit or
stabilize the undesirable phase transition of the LiCoO2
and to protect the cathode against further oxidative
decomposition of the electrolyte at the electrode surface.
The charge-discharge curves of the Li/LiCoO2 cells in

a voltage range of 3 .0-4 .5 V are shown in Fig. 3 .
Polarization increases and a clear discharge plateau dis-
appears with cycling in the conventional electrolyte,
probably due to the destabilization of the electrode struc-
ture [Fig. 3(a)]. On the other hand, stable charge-dis-
charge curves are observed even at the 30th cycle in the
FCS-based electrolyte [Fig. 3(b)]. This suggests that the
polarization resistance is stable with cycling and the
cathode reaction remains reversible even with a high
cutoff voltage of 4.5 V in the FCS-based electrolyte.
After these cycling tests the appearance of a Li counter

Table 1 Electrochemical properties of FCS-based and
conventional electrolyte containing 1.0 mol dm−3 LiPF6 at
25℃.

Viscosity/mPa s Ionic conductivity/mS cm−1

FCS-based 9.44 3.51

Conventional 3.66 11.39

Fig. 1 Molecular structure of 1,1,2,2-Tetrafluoro-3-(1,1,2,2-
tetrafluoroethoxy)-propane (TFTFEP).

Fig. 2 Cycle performance of Li/LiCoO2 cell with
conventional and FCS-based electrolytes in voltage ranges
of 3.0-4.2 and 3.0-4.5 V.

Fig. 3 Charge-discharge curves for (a) conventional and (b)
FCS-based electrolytes in Li/LiCoO2 cells at 1st, 2nd and
30th cycles. These curves were recorded at a rate of 1.0 C
in cell voltage range between 3.0 and 4.5 V.
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electrode almost looked unchanged in both the tested
electrolytes at 4.2 and 4.5 V. Therefore, the influence of
the counter electrode on the cell performance is negligi-
ble. To confirm the difference in the cathode interface in
the tested electrolytes, we performed electrochemical
impedance measurements.
Figure 4 shows typical Nyquist plots for the Li/LiCoO2

cells with both electrolytes. Each impedance response is
measured at a full charge state at 4.5 V. A straight line
with a 45°slope in a low frequency range relates to the
finite-length Warburg impedance for solid-state Li＋ ion
diffusion. Two overlapping semicircles are observed in
the high and middle frequency regions. The semicircle
component in the high frequency region would include
not only contact resistances between particles but also a
charge-transfer resistance coupled with a double-layer
capacitance of the electrode.13-16）On the other hand, the
other, smaller semicircle, which is quite small except for
(b), in the middle frequency region is present only at
high voltage operation (3.0-4.5 V) and is not observed at
a charge cutoff voltage of 4.2 V (data not shown here).
Judging from these facts, this semicircle component
would be assigned to the surface film resistance formed
on the LiCoO2 cathode.
Characteristic changes in these impedance spectra
with cycling are observed in the semicircle components.
As for the conventional electrolyte, the semicircle in the
high frequency region, which becomes much larger in 31
cycles [Figs. 4(a) and (b)], is also much larger than that
observed in the FCS-based electrolyte at the same 31st
cycle [Fig. 4(d)]. This significant increase in the conven-
tional electrolyte would be ascribed to the structure
degradation of the LiCoO2 cathode in 30 cycles. In con-
trast, an increase in this resistance component is not sig-
nificant in the FCS-based electrolyte, suggesting that this
electrolyte is effective in preventing the structure degra-
dation and maintaining the cathode reversibility even if

the phase transition occurs.
Moreover, the other semicircle component in the mid-
dle frequency region, attributed to a surface film formed
on the cathode, increases drastically in the conventional
electrolyte, and no significant increase is observed in the
FCS-based system. These results correlate well with the
above results in Fig. 3; the significant increase in the
polarization resistance observed in the charge-discharge
curves with cycling in the conventional electrolyte is
attributed to the remarkable increases in these two
impedance components.
From the above results and discussion, the proposed
FCS-based electrolyte provides an electrochemically sta-
ble surface film on a LiCoO2 cathode and significantly
improves the cycle performance under a high-voltage
condition, suggesting that the electrolyte would probably
drastically improve the energy density of Li-ion batteries
based on a LiCoO2 cathode.

4 Conclusion
The electrochemical behavior of Li/LiCoO2 cells con-
taining a FCS-based electrolyte was investigated. Even
when the charge cutoff voltage was increased to 4.5 V, a
good cycle performance was obtained in the proposed
electrolyte in 30 cycles, and degradation behavior of the
cell by structure destabilization of a LiCoO2 cathode was
observed for the conventional electrolyte. The FCS-
based electrolyte inhibits an increase in the polarization
resistance with cycling, suggesting its protection effect
against further oxidative decomposition of the elec-
trolyte/electrode in high voltage. We consider such a
FCS-based electrolyte a promising system under a high-
voltage condition.
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