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a  b  s  t  r  a  c  t

A  cell  employing  a  graphite  cathode  and  a  molybdenum  (VI) oxide  (MoO3)  anode  is  investigated  as
a possible  energy  storage  device.  Graphite  cathode  allows  raising  the  voltage  well  above  the  cathode
materials  of  LIBs  without  causing  safety  issues.  The  bottom  potential  of  this  anode  is  2.0  V  vs. Li/Li+,
which  is  well  above  the  lithium  plating  potential.  Pulse  polarization  experiment  reveals  that  no  lithium
deposition  occurs,  which  further  enhances  the  safety  of the  graphite/MoO3 full  cell.  Charge/discharge
eywords:
afety of batteries
raphite cathode
olybdenum oxide anode

mechanism  of  this  system  results  from  intercalation  and  de-intercalation  of  the  PF6
− in  the  cathode

(KS-6)  and  Li+ in  the anode  (MoO3). This  mechanism  is  supported  by in  situ  X-ray  diffraction  data  of  the
graphite/MoO3 cell  recorded  at various  states  of  charge.

© 2011 Elsevier B.V. All rights reserved.

ntercalation/de-intercalation
ulse polarization

. Introduction

Nowadays, rechargeable energy storage systems are attracting
rowing attention because of increasing fuel costs and environ-
ental issues. Lithium ion batteries (LIB) and electric double-layer

apacitors (EDLC) offer promissing alternatives for limiting the
se of traditional fossil fuels [1–3]. However, LIB have insufficient
ower density and safety. Fires caused by LIB have been reported
ecently [4].  In addition, the electrolyte reacts easily with most
athode materials in their charged state. Charged transition metal
athodes are prone to release oxygen and might trigger dangerous
xplosion-like reactions [5,6]. On the contrary EDLC do not contain
igh valence transition metal oxides. Therefore they are consid-
red to be inherently safer. However, EDLC have a considerably
maller energy density due to the lower capacities and working
oltages [7–10]. A possible method of increasing the energy density
f electrochemical energy storage devices without compromising
heir safety is by means of so-called hybrid supercapacitors. Hybrid

upercapacitors are asymmetrical power sources, in which an elec-
rode of a lithium secondary battery replaces one of the activated
arbon electrodes in the EDLC [1,2,10–12,4].

∗ Corresponding authors. Tel.: +81 952 20 4729; fax: +81 952 20 4729.
E-mail addresses: kgngu@yahoo.com (N. Gunawardhana), yoshio@cc.saga-

.ac.jp (M.  Yoshio).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.04.059
Following a similar approach, we  have suggested a novel high-
energy capacitor called a Megalo-capacitance capacitor, in which
a graphite positive electrode and an activated carbon anode have
been used in combination with a Li-free electrolyte [13–15]. The
charge storage mechanism at the positive graphite electrode aids
in the absorption and intercalation of the PF6

− anion within the
graphite layers. This capacitor provides higher energy density com-
pared with conventional EDLC because of its higher operating
voltage and capacity due to not only by adsorption, but also by
intercalation [16–18].

Three factors contribute to the safety of these systems. The
first factor states that cathode materials used in LIBs are lithi-
ated transition metal oxides, which undergo oxidation to a higher
valence state during the charging process. Since there are no
transition metal oxides in the positive electrode, there is no
possibility for oxygen to be released from the cathode in its
over-charged state. Second, the operating voltage of MoO3 is
around 2.0 V vs. Li/Li+, which is well above the lithium plating
potential and the risk of lithium dendride formation is neg-
ligible. Third, because both Li+ and PF6

− are simultaneously
consumed upon charging, the net LiPF6 concentration gradually
decreases with the increase of the state of charge. This means

that such a device will have a high internal resistance in its
overcharged state, which will suppress dangerous high current
flow in extreme situations, such as a shortcut or mechanical
disintegration.

dx.doi.org/10.1016/j.jpowsour.2011.04.059
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:kgngu@yahoo.com
mailto:yoshio@cc.saga-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2011.04.059
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lines along with linear regions. During the first charging the cell
shows a sudden voltage increase up to 2.2 V but the capacity at
this stage is small as the amount of the anions adsorbed to the
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Recently, we have demonstrated another electrochemical
ower source based on graphite and TiO2 employed as cathode and
node, respectively [17]. However, this system has limited cycle life
hich might be caused by the TiO2 anode. To clarify capacity fad-

ng mechanism of cells with graphite cathode we have investigated
ther possible metal oxides to replace TiO2.

In this work, we describe the features of the power source com-
osed of a KS-6 cathode and MoO3 anode. In situ X-ray diffraction
XRD) measurements performed at various stages of charge of both
lectrodes were carried out to elucidate the charge storage mecha-
ism. Data obtained from a 4-electrode cell examined the potential
rofiles of the half-cells Li/MoO3 and Li/KS-6. They were compared
o that of the full cell MoO3/KS-6 and further confirmed the sug-
ested charge storage mechanism.

. Experimental

The artificial graphite KS-6 (Timcal, Switzerland) was used
or cathode material and commercial MoO3 (Wako, Japan) was
sed as anode material. Powder X-ray diffraction (MiniFlex II,
igaku, Japan) using CuK� radiation was employed to identify
he intercalation of anions and structural changes in positive
nd negative electrodes during charge/discharge cycling. In situ
RD analyses were conducted using a homemade cell which
as described in a previous report [15]. It was  assembled in

rgon filled glove box to prevent any reaction with moisture
n the air and consisted of two electrodes separated by glass
ber filters soaked with electrolyte. The electrodes for in situ
RD were prepared by mixing 10 wt% poly(vinylidene-fluoride-
exafluaoropropylene)(PVdF-HFP) binder, 80 wt%  active material,
0 wt% acetylene black dissolved in N-methyl-2-pyrrolidone (NMP)
olution. For the rest of the experiments the electrodes were pre-
ared using 90 wt% active materials with 4 wt% AB (acetylene black)
nd 6 wt% PVdF binder in NMP  solution. The electrochemical char-
cterizations were performed using a CR2032 coin-type cell. The
lectrodes were pressed under a pressure of 300 kg cm−2 and dried
t 160 ◦C for 4 h under vacuum. The positive and negative electrodes
ere separated by three glass fiber filters and the amount of the

lectrolyte was ca. 0.5 mL.  The electrolyte was 1 M LiPF6-EC:DMC
1:2 by volume) supplied by Ube Chemicals, Japan. Mass loading
f electrodes was 4–6 mg  cm−2. The charge/discharge performance
as carried out in the voltage range of 1.5–3.5 V under a current
ensity of 100 mA  g−1.

. Results and discussion

We have introduced KS-6 as a positive electrode, which belongs
o graphite by Franklin definition because the value of the interlayer
istance, d(0 0 2), is less than 3.36 Å [19]. Primary use of KS-6 is as

 conductive binder. It has an average particle size of around 6 �m
nd 18 m2 g−1 of specific surface area. The electrochemical proper-
ies of KS-6 as anode material in a lithium secondary battery has
een studied previously [13–15,17].  The MoO3 used in this study
as an orthorhombic structure with lattice parameters of a = 6.05 Å,

 = 29.04 Å, and c = 3.86 Å. Fig. 1 shows the charge/discharge curves
f the MoO3 vs. a Li/Li+. MoO3 has voltage plateaus of 2.7 V and
.4 V at the first charge but the voltage slowly decreases between
.7 and 2.0 V in the second cycle. Structural change in the crystal

attice of MoO3 is anticipated during charge/discharge in this volt-
ge range. It shows charge capacities of 228 and 197 mAh  g−1 at
he first and second charge processes. The second discharge capac-

ty decreased by about 5 mAh  g−1 compared with the first discharge
apacity due to the electrolyte decomposition. The retention rate
f the discharge capacities was about 90% from the second to the
0th cycle.
Fig. 1. The initial charge/discharge curves for Li/1 M LiPF6-EC/DMC(1:2)/MoO3 with
a  current density of 100 mA  g−1 between 3.0 and 1.0 V at room temperature.

Pulse polarization experiment of MoO3 vs. Li/Li+ was performed
in the following manner. The first cycle was carried out at 0.8 mA  to
form the SEI layer and to measure the capacity of the cell. Then the
capacity was  changed by predefined increments equal to 20% state
of charge (SOC). After adjusting the state of charge, the cell was
rested for 5 min  and then a pulse of 5 mA  with duration of 6 s was
applied to the cell. The data is shown in Fig. 2. We  use CR2032 coin
cells with glass separators soaked with a 1.0 M LiPF6 solution, which
typically has an internal resistance associated with the polarization
of MoO3 electrode. It is clear that under current pulse cell voltage
remains well above the lithium plating potential.

It is worth noting that only the KS-6/MoO3 cell allows rising the
potential of KS-6 up to 5.5 V vs. Li/Li+ without significant capac-
ity loss. We  were not able to increase the voltage of the cathode
up to 5.5 V vs. Li/Li+ with other metal oxide anodes including TiO2
reported previously [17]. We  believe that partial amophirization of
MoO3 has some influence on the performance of the full cell.

Fig. 3(a) shows the first charge/discharge curve o the KS-
6/1M LiPF6-EC/DMC (vol. 1:2)/MoO3 energy storage system during
cycling. In a full cell, the voltage versus capacity curves show bent
Capacity /  mAh.g-1

Fig. 2. The result of pulse polarization experiment. The test condition was a current
density of 100 mA  g−1 then a pulse of 500 mA  g−1 with a duration 6 s.
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Fig. 4. Potential profiles of KS-6/MoO3 cell during the galvanostatic
ig. 3. (a) The initial charge/discharge curves, (b) cycles for the KS-6/MoO3 cell with
n  electrode mass ratio of 1:1 in the voltage range of 3.5–1.5 V during cycling. The
est condition was a current density of 100 mA  g−1.

dge plane regions of the graphite is not large. When the volt-
ge increases further PF6

− anions start to intercalate within the
raphite layers. It is notable that the later process has a major con-
ribution to the overall capacity of the cathode. This mechanism is
upported by the in situ XRD data. During discharge, the KS-6/MoO3
ell shows an initial sharp voltage decrease until 2.8 V and then
radually decreases down to 1.5 V. Fig. 3(b) shows the variation in
pecific charge/discharge capacity with the number of cycles for the
S-6/MoO3 energy storage system. The KS-6/MoO3 system shows
n initial discharge capacity of 81 mAh  g−1 and capacity retention
f 90% from the 3rd to the 200th cycles. A major factor contributing
o the capacity fading of this system is the large volume expansion
f graphite during intercalation of PF6

− anion.
Fig. 4 shows the potential profiles of the KS-6/MoO3 cell during

alvanostatic charge/discharge, recorded in a 4-electrode cell with
 reference Li electrodes. Such a cell allows measuring the contri-
ution of each half-cell reaction to the overall potential profile. In
he initial charge process, the potential of KS-6 jumps suddenly to
bove 4.5 V against Li metal. Then PF6

− anions start to insert into the
nterlayer space of KS-6. This results in the bent shape of the voltage
rofile, which could be raised up slowly until reaching its ceiling
otential. Although some electrolyte decomposition at the KS-6 is
bserved at high potentials, it is not that drastic like activated car-
on, because the specific surface area of KS-6 is rather small. On the

ther hand, the potential of the MoO3 negative electrode initially
rops down to 2.7 V against Li metal. Then it gradually decreases
rom 2.7 to 2.0 V against Li metal. These two processes maintain the
otal voltage of KS-6/MoO3 between 1.5 and 3.5 V.
charge/discharge process. The positive and negative electrodes have the same
weight of active material.

In order to investigate the reaction mechanism and structural
changes of the cathode and the anode, in situ XRD experiments were
conducted. Fig. 5(a) shows in situ XRD diffractions of the KS-6 elec-
trode in the KS-6/MoO3 energy storage cell at various voltages. The
(0 0 2) peak at 26.5◦ corresponding to a 3.35 Å value for d(0 0 2) indi-
cated a well-ordered graphitic structure. The (0 0 2) peak started to
shift to a lower angle at 2.0 V (4.5 V vs. Li/Li+) and then the peak
split into two  peaks at 24.3◦ and 25.3◦ during the voltage change
from 2.0 to 3.5 V.

KS-6/MoO3 allows rising the potential of KS-6 up to 5.5 V vs.
Li/Li+, which is 0.2 V higher than the cathode of KS-6/TiO2 cell.
Under such a higher potential PF6

− can intercalate deeper into the
graphite structure. Deeper PF6

− intercalation results in a stronger
peak position at 24.3◦. Seel and Dahn have studied the intercala-
tion of PF6

− anion into graphite. They have observed a peak in XRD
spectra at 25.3◦ which corresponds to gallery height of 4.5 Å [20].
In the present work we observe this peak at 25.2◦ which corre-
sponds to gallery height of 4.6 Å. According to the literature the
stage numbers for anion intercalation into the KS-6 can be roughly
estimated as 3 and 5, respectively [21–25].  Since stage 3 is dom-
inant, we can extract higher capacity from KS-6 compared to the
KS-6/TiO2 cell. We  believe that ascription of stage number needs
further investigation. We  will continue to study the stage structure
in the near future. During the first discharge peak position of elec-
trode change back to 26.5◦. However, the peak intensity is relatively
small compared to that of the pristine material.

Fig. 5(b) shows the in situ XRD patterns of MoO3 in the KS-
6/MoO3 energy storage system. Unlike graphite, MoO3 peak shift
has started at 2.0 V (2.7 V vs. Li/Li+) and the original peaks disap-
peared at the end of charge. It can be assumed that the capacity
of MoO3 is larger than the other tested metal oxides (TiO2 and
Nb2O5) and results in a structural change from orthorhombic to
amorphous state [17]. This was  confirmed by discharging the full
cell back to zero volts. Unlike graphite, the original peak positions
and heights of MoO3 do not reappear in the XRD pattern which indi-
cates its partial amorphization [26]. Despite this amorphization, it
is the most stable metal oxide tested so far to construct a full cell.
Though the potential of the full cell is increased up to 3.5 V, as we
observed from the 4-electrode cell, the voltage of MoO3 anode only
changes from 2.7 to 2.0 V vs. Li/Li+. The in situ XRD and 4-electrode
cell results could be used to elucidate the intercalation mechanism
of LiPF into graphite and MoO when the weight ratio of cathode
6 3
to anode is 1:1. During the charging of the KS-6/MoO3 full cell, the
ions in the LiPF6 electrolyte solution migrate towards their respec-
tive electrodes. The PF6

− ions intercalate into the interlayer spaces
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ig. 5. In situ XRD patterns of the (a) KS6 (graphite) and the (b) MoO3 electrode dur
:1  for KS6 to MoO3.

f the graphite cathode electrode, while the Li+ ions insert into the
oO3 anode. The first part of the mechanism takes place in the

oltage region from 0 to 2.2 V in the charging process and involves
dsorption of PF6

− to the edge-plane surfaces of graphite. The sec-
nd part of the mechanism proceeds when potential exceeds 2.0 V
nd involves PF6

− intercalation into KS-6. When the KS-6/MoO3 cell
s discharged, the Li+ and PF6

− ions are extracted from their respec-
ive electrode structures and reconstituted into the original LiPF6
olution. These types of electrochemical devices do not fall into any
f the existing categories of capacitors and rechargeable batteries.
his kind of electrochemical cell shows merits in the concepts of
afety and high-energy density compared with Li-ion batteries and
DLC, respectively.

In the present study, we investigate the performance of KS-
/MoO3 by using a weight ratio of cathode to anode material of
:1. In addition, we used a 1.0 M LiPF6 solution as the electrolyte.
e suggest that performance of this energy storage system could

mprove by changing the weight ratios of the cathode to anode and
he concentration of the electrolyte. This is because energy density,
wing voltage, and specific capacitance are functions of the elec-
rodes mass ratio and ion concentration of the electrolyte. As the
verall performance, including capacity and cycleability, depends
n the matching ratio between positive and negative electrodes,
e will continue to study this area in future to enhance the per-

ormance of KS-6/MoO3 energy storage system. Furthermore, we
ill continue to study the intercalation of different anions such

s BF4
−. The latter is smaller than PF6

−. Therefore it may  exhibit
eeper intercalation into the interlayer spacing of graphite, giv-

ng a higher capacity while preserving the good cycleability of the
oO3/KS-6 cell.

. Conclusions

A novel energy storage system containing a graphite cathode

nd MoO3 anode has a high capacity, as well as a good cycleabil-
ty in the voltage region between 1.5 and 3.5 V. During charging,
S-6 undergoes deeper PF6

− intercalation compared with other
S-6/(metal oxide) cells. In situ X-ray data, reveal that deeper

[
[
[
[

e first charging process of a KS6/MoO3 energy storage system with a weight ratio of

intercalation of PF6
− into the graphite cathode leads to some struc-

tural changes of the pristine graphite structure. The MoO3 anode
undergoes partial amorphization. Despite its amorphization, MoO3
generates the most stable life cycle. Such electrochemical storage
systems are inherently safe because there are no transition metal
oxides at their higher valence state. In addition overcharge is not
possible because the electrolyte is being gradually consumed upon
charging.
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