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Variations in open-circuit potential (OCP) of artificial graphite and polyacenic semiconductor (PAS)
negative electrodes have been investigated as a function of the storage time in alkylcarbonate-based
electrolyte solutions after their cathodic charging (electrochemical lithiation) to discuss self-discharge
phenomena of these negative electrodes for lithium ion batteries. The OCP of the graphite showed a
plateau at ca. 90 mV vs. Li/Li+ for a long period (>8 × 105 s), which suggested the retention of a stage
raphite
olyacene
elf-discharge
pen-circuit potential
c impedance

structure of lithiated graphite during the storage. The lithiated PAS electrode gave gradual changes in OCP
during the storage in the carbonate-based electrolyte solutions, suggesting continuous loss of Li species
in the electrode. Variations in the interfacial resistance determined by an ac method, corresponding to
the changes in the structure and properties at the electrode/electrolyte interface, also showed different
features for the lithiated graphite and PAS electrodes. The mechanisms of self-discharging for these car-

disc
bonaceous electrodes are
the OCP variations.

. Introduction

There have been much efforts devoted to develop larger-sizes
f lithium-ion batteries (LIBs) for electric vehicle (EV) and other
tationary uses. One of the key issues for utilizing LIBs in such
pplications is ensuring the safety and reliability of the battery
tself [1]. Self-discharge behavior of each electrode strongly influ-
nces not only the battery performances but also the safety issue
f the total power system [2]. For example, when we use a nega-
ive electrode whose self-discharge rate is much faster than that
f the counter positive electrode, float-charging of the cell under
constant voltage over a long period would cause serious over-

harge at the positive electrode due to unbalancing the potential
istribution. Thus, understanding the self-discharge behavior of
ach electrode has become more and more important to design
nd develop larger-sizes of LIBs [2].

With respect to graphite-based negative electrodes, for instance,
azami and co-workers have reported the contribution of the self-

ischarge process to the capacity loss of the overall LIB system, and
roposed self-discharge mechanisms deduced from their exper-

mental results [3,4]. The main cause of the capacity loss of the
egative electrode is considered to be certain chemical processes
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ussed from the results of the influences of temperature and additives on
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occurring at the electrode/electrolyte interface during the storage.
Contribution of the SEI (solid-electrolyte-interphase) formation to
the self-discharging processes is discussed in detail [3]. On the
other hand, ageing mechanisms of oxide-based positive electrodes
have also been investigated extensively [2,5,6]. However, there
are few publications on the self-discharge characteristics for car-
bonaceous materials other than graphite. In the present work, we
have examined a carbonized organic semiconductor material, so-
called polyacenic semiconductor (PAS) [7], which has been used as
high capacity negative electrodes for LIB [8,9] and electrochemical
capacitors [10]. As PAS can store a larger amount of Li than graphite,
it has been regarded as a high capacity negative electrode material
of LIB. Despite of the well-established mechanism for the charge
storage in PAS material [11,12], little has been understood on the
capacity loss behavior of PAS during the long-term storage. In the
present work, we have monitored the variation in the open-circuit
potential (OCP) of PAS electrode in alkylcarbonate-based organic
electrolyte solutions as a measure of self-discharging rate with stor-
age time. The resulting OCP profiles as a function of the electrolyte
composition were discussed with comparing those obtained for a
lithiated graphite electrode.
2. Experimental

Powdered carbon, PAS (Kanebo) or artificial graphite (KS6, Tim-
ical) was used as the active material of the negative electrode. The

dx.doi.org/10.1016/j.jpowsour.2010.12.073
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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est electrode was composed of 90 wt.% (mass%) of the active mate-
ial with 10 wt.% of a binder, poly(vinylidenedifluoride) (PVdF).
t was made from slurry of the active material with the binder
ispersed in N-methylpyrolidinon (NMP), which was coated on a
u foil current collector. The thickness of the active material was
ontrolled to ca. 70 �m. A laminate type three-electrode cell con-
isting of a PAS or graphite negative electrode as a test electrode
as used in this work. Here, we used a lithium (Li) foil chip as
reference electrode and a large surface area Li foil as a counter

lectrode, in order to avoid possible influences of conventional pos-
tive electrode materials on the self-discharging behavior of the
est electrodes. A geometric area of 6 mm × 6 mm was used as the
orking area of the test electrode. The electrolytic solution was
mol dm−3 (M) Li(C2F5SO2)2N dissolved in mixed solvent of ethy-

ene carbonate (EC) and diethyl carbonate (DEC) with 2:3 volume
atio (1 M LiBETI/EC + DEC). This electrolyte composition was cho-
en because of its compatibility with polymeric gel electrolytes
ontaining the same solution composition [13,14]. An electrolyte
ystem containing 5 wt.% of vinylene carbonate (VC) was also exam-
ned to discuss the effects of the SEI forming reagent in the solution.
n this experiment, the base electrolyte composition of 1 M LiPF6/PC
PC: propylene carbonate) was used to detect the effect of the addi-
ive more clearly. The water contents in these electrolyte solutions
ere less than 50 ppm. The total volume of the electrolyte solu-

ion in the cell was about 2 mL, the most of which were kept in the
olypropylene separator sheets.

The charge and discharge cycling was carried out under
constant-current condition coupled with constant-potential

CC–CP) charging, where the term “charging” means the cathodic
ithiation of the negative electrodes and “discharging” the anodic
elithiation. Constant current rate of 80 mA g−1 was applied for
harging and discharging of PAS and graphite. For PAS electrode, the
ut-off conditions of charging were 800 mAh g−1 for the first charge
nd 600 mAh g−1 for the second charge under constant potential
0 V vs. Li/Li+), each of which was done after the electrode potential
eached at 0 V under the constant current charging. For the graphite
KS6) electrode, the charging capacity was set to 420 mAh g−1 for
he first charge and 370 mAh g−1 for the second charge with the
ame current and potential conditions as those for PAS electrode.
he same current density (80 mA g−1) was employed for discharg-
ng the test electrodes with the cut-off potential of 2.5 V vs. Li/Li+.

The open-circuit potential (OCP) of the negative electrode was
onitored after each first or second charging. Variation in the

otential was recorded for 106 s (ca. 280 h) at 25, 40 and 55 ◦C. An ac
mpedance method was applied to analyze the interfacial processes
uring the storage of the charged electrodes. As the measurement
ondition, ac amplitude of ±5 mV, frequency range from 20 kHz to
0 mHz, and no dc-bias (at rest potential, i.e. OCP) were employed.
hese electrochemical measurements were carried out under a dry
r atmosphere.

. Results and discussion

Typical charge and discharge curves of PAS and graphite (KS6)
egative electrodes are shown in Fig. 1, which were obtained
t the first two cycles in 1 M LiBETI/EC + DEC under a current
ate of 80 mA g−1. The potential profiles under the constant cur-
ent conditions are typical for PAS [15] and artificial graphite
16]. The variation in the discharge potential at the graphite elec-
rode reflected changes in its stage structure of lithiated graphite,

.e. graphite intercalation compound (GIC) [17,18]. The discharge
apacity of ca. 320 mAh g−1 for the first cycle, which is almost the
ame as the ideal capacity of this material, indicates that the charg-
ng capacity of 420 mAh g−1 was enough to lithiate the graphite
orming stage-1 GIC (LiC6) and to compensate so-called irreversible
Fig. 1. Typical charge and discharge curves of graphite (a) and PAS (b) electrodes in
1 M LiBETI/EC + DEC at 25 ◦C.

capacity for the first charging of the graphite. On the other hand,
the discharge capacity of PAS for the first cycle was ca. 450 mAh g−1,
which was much lower than the charge capacity (800 mAh g−1),
and tended to increase with the repeated cycle. This means that
the present condition for the first charging process was not suffi-
cient to compensate the irreversible capacity for the PAS electrode.
In general, irreversible capacity in the first cycle of PAS is much
higher than that of graphite, which also depends on the electrolyte
composition.

In Fig. 2a, OCP of the graphite after the first charge (420 mAh g−1)
is plotted against the standing time. In the present work, the varia-
tions in OCP are shown for square root of time (t1/2), which will be
convenient to analyze when possible diffusion steps are included in
the process concerning the self-discharge behavior of the electrode.
The OCP value of the graphite changed to higher one immediately
after the circuit was opened. After t1/2 = 150 s1/2, the potential kept
almost constant at ca. 90 mV vs. Li/Li+ for t1/2 = 900 s1/2 (ca. 225 h),

which corresponds to the equilibrium potential of the reaction
between stage I and stage II of GIC [17].

Li1−xC6 + xLi+ + e = LiC6 (1)
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ig. 2. Variation in OCP with time after the 1st charge (a), and the discharge curve
fter the OCP measurement (b) for graphite electrode in 1 M LiBETI/EC + DEC at 25 ◦C.

he OCP value increased steeply after t1/2 = ∼950, which suggests
hat the GIC composition changed to another equilibrium state.
ig. 2b shows the discharge profile of the lithiated graphite after
he storage for 106 s (ca. 280 h) at 25 ◦C, which is compared with
hat for the first discharge immediately after the full charge. The
ischarge capacity of ca. 100 mAh g−1 observed for the electrode
fter 106 s standing means that the changes in the OCP after the
torage is caused by loss of Li species in the GIC structure.

Variations in the ac impedance responses for the lithiated
raphite are shown in Fig. 3, as a function of the storage time after
he first charge. The Nyquist plot of the impedance (Fig. 3a) consists
f two semi-circles with Warburg component in the lower fre-
uency region, which are characteristics for the lithiated graphite in
rganic electrolyte solutions [18]. In Fig. 3b, the resistance compo-
ents of the semicircles in the higher and lower frequency regions,
1 and R2, are plotted with the storage time. Both resistances kept
lmost constant values with storage time after the first increase

uring 0 < t1/2 < 100. The constant value of R1 suggests the SEI resis-
ance of the graphite unchanged up to t1/2 ∼ 600. After that the film
esistance increased gradually with the storage time. The increase
n the R2 value after t1/2 ∼ 600 corresponds to the charge trans-
Fig. 3. Variations in the ac impedance with time after the 1st charge for graphite
electrode in 1 M LiBETI/EC + DEC at 25 ◦C. (a) Nyquist plots, (b) variations in the
resistance components in the impedance.

fer resistance increasing with the self-discharge of the graphite
electrode. These results qualitatively consist with those reported
previously [18].

Fig. 4 shows a comparison in the OCP variation at different stor-
age temperatures. The plateau potential did not change with the
storage temperature. However, the time of the potential change
from ca. 90 mV to higher one was slightly shortened with the
increase in the storage temperature. The capacity retention dur-
ing the storage was also decreased with the temperature. Thus, the
OCP variation in Fig. 4 seems to correspond to the change in the
self-discharging rate with temperature.

Fig. 5a shows the OCP variation of PAS electrode for the stor-
age in 1 M LiBETI/EC + DEC at 25 ◦C. Although a similar profile was
observed for the OCP after the first charge, here is employed the
data after the second charge because of its better reproducibility. It
gave a completely different profile from that of the graphite elec-
trode. No stepwise change but continuous variation was observed
for OCP throughout the storage time of 106 s. A similar OCP pro-

file was obtained for the experiment using 1 M LiPF6/PC as the
electrolyte solution. In Fig. 5b, constant-current discharge curves
are shown for PAS electrodes in LiBETI/EC + DEC before and after
the storage. The discharge capacity of PAS electrode after the
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Fig. 4. Temperature dependence of the OCP variation with time for graphite in 1 M
LiBETI/EC + DEC.

Fig. 5. Variation in OCP with time after the 2nd charge (a), and the discharge curve
after the OCP measurement (b) for PAS electrode in 1 M LiBETI/EC + DEC at 25 ◦C.
rces 196 (2011) 3604–3610 3607

2nd charge was about 520 mAh g−1, which is reasonable value for
the PAS electrode charged to 600 mAh g−1. Storage for 106 s after
the 2nd charge caused the capacity loss of about 120 mAh g−1.
Thus, the OCP change during the storage shown in Fig. 5a can
be explained by the change in state-of-charge (SOC) of the PAS
electrode. The OCP shown in Fig. 5a changed almost linearly with
the square root of time (t1/2), in which the slope of the line
slightly changed with time. The potential of PAS electrode charged
in the solution containing Li+ is determined by the following
reaction.

Cn + yLi+ + ye = LiyCn (2)

where n denotes the number of carbon consisting of unit PAS,
and y the doping level of Li species. The maximum y/n ratio in
PAS is generally about 1/2, which corresponds to the maximum
charging capacity of about 1000 mAh g−1 [15]. Thus, the varia-
tion in OCP is regarded as the change in the doping level, y,
of lithiated PAS. The discharge capacity after the 106 s storage

(Fig. 5b), being less than that of fully charge PAS electrode by about
120 mAh g−1, indicates that the change in OCP with the storage time
is caused by the loss of Li-species in the lithiated PAS during the
storage.

Fig. 6. Variations in the ac impedance with time after the 2nd charge for PAS elec-
trode in 1 M LiBETI/EC + DEC at 25 ◦C. (a) Nyquist plots, (b) variations in the resistance
components in the impedance.
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Fig. 7. Schematic models for self-discharging at graphite (A) and PAS (B) e

If the electrode potential of lithiated PAS in the electrolyte con-
aining Li+ is determined by a Nernst-type equation, the OCP value,
OCP, will be determined by the concentration of Li+ in the elec-
rode:

OCP = E◦ −
(

RT

F

)
ln

(
[Li+ in electrode]

[Li+ in electrolyte]

)
(3)

owever, as shown in the discharge curves (Fig. 5b), the electrode
otential of lithiated PAS gives almost linear change with the dop-

ng level (i.e. SOC), especially in the initial stage (highly doped level).
quasi-linear relation between OCP and square-root of storage

ime, t1/2, shown in the initial stage of the storage (Fig. 5a) strongly
uggests that the loss of Li species in the lithiated PAS is governed
y some diffusion process. A slight change in the slope (or small
ending of the curve) in the OCP vs. t1/2 relation observed at around

1/2 = ∼600 would be some changes in the process that lose active
i-species in the electrode.

Fig. 6 shows the results of the ac impedance measurement for
ithiated PAS as a function of the storage time. The Nyquist plot
f fully charged PAS electrode (Fig. 6a) was generally the same as
hat of the lithiated graphite, which consists of two semicircles.
he charge transfer and interfacial resistances determined from the
iameter of the semicircle did not show significant change with the
torage time (Fig. 6b). Correlation between the continuous change
increase) of OCP with time and the constant values of the equiv-
lent series resistance (ESR) for long-term storage suggests that
he charge loss process of lithiated PAS does not cause the forma-

ion or growth of a resistive film on the electrode surface. From
hese results, we can conclude that the continuous increase in OCP
f lithiated PAS during the storage is simply due to the loss of Li
pecies in the electrode, without any significant changes in the
urface chemistry of the electrode.
es in alkylcarbonate-based electrolyte solution (LiBETI/EC + DEC) at 25 ◦C.

Fig. 7 shows qualitative expression for a possible self-discharge
mechanism of lithiated PAS electrode during the storage at ambient
temperature, comparing with that of charged graphite in organic
electrolytes. For both electrodes, OCP changes observed in the
initial period within t < 104 s are due to some relaxation of the
concentration gradient of Li species in the solid that was more
accumulated in the surface layer. After that, the self-discharge pro-
cess becomes main factor of the OCP change. The main process of
the self-discharge at the lithiated graphite would be the loss of
charge (Li species in graphite) to form SEI at the electrode surface
[2,18], while, at the lithiated PAS, the SEI formation would not be
a major route of the self-discharge processes. Some heterogeneous
reaction(s) between Li species in PAS and components in the elec-
trolyte would be the main cause of the self-discharge, which leads
to smaller changes in the interfacial resistance with the storage
time.

Effects of the additive component in the electrolyte solution
on the self-discharge characteristics of lithiated PAS are shown
in Fig. 8. The OCP change in the PC-based electrolyte solution
containing 5 wt.% VC (vinylene carbonate) as the additive is com-
pared with that in the solution without VC (Fig. 8a). The slope
of the OCP curve in the electrolyte with the additive was some-
what different from the solution without VC; the slope was
rather steep at the initial period of the storage, while became
smaller than that in the solution without VC after the storage
time of 3 × 105 s (ca. t1/2 ∼ 550 s1/2). The discharge capacity after
the storage in the VC containing electrolyte, shown in Fig. 8b,
was higher than that for the electrode stored in the solution

without VC. These results would indicate that the additive VC
reacts cathodically or chemically with lithiated PAS to form SEI
at the electrode surface, which will contribute to decreasing fur-
ther reaction of the Li species in the electrode to lose the stored
charge.
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Fig. 9. Variations in the ac impedance with time after the 1 charge for PAS electrode
ig. 8. Variation in OCP with time after the 1st charge (a), and the discharge curve
fter the OCP measurement (b) for PAS electrode in 1 M LiPF6/PC with and without
wt.% VC at 25 ◦C.

Fig. 9a shows the results of the ac impedance measurements
t PAS in the electrolyte containing VC. Two semi-circles were
btained in the complex plane, which are respectively related with
he surface chemical and charge-transfer processes. When com-
ared with the results shown in Fig. 6a, we can find that the

mpedance component in the lower frequency region was rather
mall in the electrolyte containing VC. In Fig. 9b, variations in the
esistive components for each process at lithiated PAS in additive-
ree and VC containing electrolytes are plotted with the storage
ime. The interface resistance at higher frequency region, R1, related
ith the SEI formation, showed a little difference between the cases
ith and without VC in the electrolyte. On the other hand, the

harge-transfer resistance at lower frequency region, R2, gave sig-
ificant difference between the case with and without the additive

n the electrolyte solution. Both of the absolute value of R2 and its
ime dependence in the solution containing VC are smaller than

hat in the solution without the additive. These results suggest that
he addition of VC in the PC-based electrolyte solution gives small
nfluence on the resistance of SEI component itself, but contributes
o the reduction in the charge-transfer resistance at lithiated PAS
n the PC-based electrolyte.
in 1 M LiPF6/PC with and without 5 wt.% VC at 25 ◦C. (a) Nyquist plots, (b) variations
in the resistance components in the impedance.

Fig. 10 shows the OCP variations at lithiated PAS under different
temperature conditions. The storage at higher temperature brought
steep increase in OCP at the initial stage of the storage time. This
would correspond to fast rate of the self-discharge of the charged
electrode at higher temperature, which is generally observed. How-
ever, it is noteworthy that the OCP variation at higher temperature
tended to saturate after the steep increase reached to around
300–400 mV vs. Li/Li+. As the electrode potential is directly reflect
to the amount of the Li species in the electrode, as discussed previ-
ously, this phenomenon implies that the self-discharging reaction
at higher temperature (40–55 ◦C) will be limited after some extent
of the reaction. That is, the film formation reaction, which is rather
slow at the PAS electrode (Fig. 7), would be accelerated at higher
temperature to form a thicker protective film, like as that formed on

lithiated graphite, which will slow-down further self-discharging
process.

Details in the effects of the electrolyte components and the stor-
age temperature on the self-discharge characteristics of PAS and
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Fig. 10. Temperature dependence of the OCP variation with time for PAS in 1 M
LiPF6/PC. We employed a technique of monitoring the open-circuit potential of lithi-
ated carbon electrodes with storage time to examine their self-discharge behavior
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n lithium-ion battery system, from viewpoints of ensuring the battery safety and
eliability. We found clear differences in the self-discharge profile between graphite
nd polyacenic semiconductor electrodes, which were related with the differences
n the properties of the surface layer formed during the storage.

raphite electrodes are now under investigation, whose results will
e published elsewhere in near future.

. Conclusions

The self-discharge behavior of a fully charged PAS electrode was
xamined by monitoring the open-circuit potential (OCP) as a func-
ion of the storage time, comparing with that of lithiated graphite.

he OCP profile of charged PAS showed gradual changes with
he storage time, while that of lithiated graphite gave a potential
lateau over a long period. These potential changes corresponded
o the changes in the state-of-charge (SOC), i.e. degree in self-
ischarging, of the electrodes. The ac impedance responses of the

[

[
[

rces 196 (2011) 3604–3610

electrodes during the storage suggested that the self-discharge pro-
cess at the graphite electrode is accompanied by such interfacial
reactions as growth of the SEI layer. At the lithiated PAS electrode,
however, the self-discharge process did not bring the increase in
the interfacial impedance, but lead to the loss of Li species in the
electrode. This difference in the self-discharging process between
the graphite and PAS electrodes is considered to be based on the
difference in the structures and properties of SEI formed on the
electrodes.
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