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a b s t r a c t

The electrochemical property of Keggin type hetero polyoxomolybdate K3[PMo12O40] (KPM) as the cath-
ode electrode material for lithium battery was examined. KPM showed charge–discharge performance
in the potential region from 4.2 V to 1.5 V with capacity of over 200 mAh g−1. From the result of the ex
situ XRD measurement, it is presumed that the electrochemical reaction of KPM proceeds via the lithium
ccepted 29 September 2010
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(de-)intercalation. The cycle performance of KPM is largely dependent on the charge–discharge potential
range. The capacity fade caused by deep discharging seems to be concerned to the 〈 to ® isomerization
of KPM.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Lithium batteries are a promising energy storage source for the
ext generation electric devices, e.g. hybrid vehicle and pure elec-
ric vehicle. At present, the currently using cathode materials for
he lithium battery are the intercalation materials of metal oxide
r phosphate including lithium ion in their lattices. For these mate-
ials the capacity is mainly determined by the re-productivity of the
tructure during the lithium (de-)intercalation.

Contrary to these lithium (de-)intercalation materials, the
athode materials, so called ‘organic radical cell’ that lithium inter-
alation does not proceed in the charge–discharge process, has
eveloped [1–4]. In the discharge process of the organic radical cell,
ischarge proceeds by electrochemical anion radical formation and
oncurrent lithium adsorption to the electrode surface. For this type
f electrodes, the redox active part for electrochemical reaction
s very small and independent from the crystal structure, because
edox occurs at the molecules connected with polymer media. The
apacity is almost equal to the amount of the redox active part
ontained in the materials. The organic radical cell shows compar-
tively faster charge–discharge performance, without slow lithium
ntercalation in charge–discharge process, than the lithium inter-
alation materials, though the durability of the organic electrode
aterials is apprehensive.

The metal complexes were expected to show unique elec-

rochemical properties as the electrode for lithium battery with
ndependent redox center and characteristic crystal structure.

∗ Corresponding author. Tel.: +81 52 735 7243; fax: +81 52 735 7243.
E-mail address: sonoyama@nitech.ac.jp (N. Sonoyama).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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Yamaki et al. have reported that metal-phthalocyanines show
lithium intercalation activity with high capacity. [5,6] Imanishi
et al. also reported the lithium intercalation into the fero-
cyanide [7,8]. The structures of these complexes are rather like
organic compounds or metal oxide and do not show much
different property from the organic compounds and oxide mate-
rials, respectively. The cluster ion electrodes are also expected
to show the intermediate property between the lithium inter-
calation electrodes and the organic radical electrodes. Usual
cluster ions consist of several or several tens of metal ions
in a unit. It behaves as a single molecule under the dissolved
condition in solvents. In the solidification process, cluster ions
form ionic crystals with some counter ions, while some of
them become amorphous. Recently, charge–discharge ability of
cluster complex was reported by Yoshikawa et al. [9] using
[Mn12O12(CH3COO)16(H2O)4] as a cathode material. This cluster
complex shows the initial discharge capacity of over 200 mAh g−1.
After the secondary discharge, [Mn12O12(CH3COO)16(H2O)4]
showed reversible charge–discharge performance with the capac-
ity around 100 mAh g−1. They also reported that this cluster
complex cannot stand under the highly polarized condition because
it contains many organic legends (acetic acid ion) for cluster ion
formation.

As the candidature for lithium battery cathode material, we
focused on Keggin type polyoxomolybdates K3PMo12O40 (KPM). In
Fig. 1(a) structure of typical Keggin type hetero polyoxometalates
[(XO4)(MO3)12]y− (X: Si, P; M: Mo, W, etc.) was shown. Around the

tetrahedral agenda ion (X) oxide, MO6 octahedrons are connected
with top or side sharing. From a different point of view, Keggin type
polyoxometalates are seen as four [M3O9] units are coordinating to
the XO4 ion. In the water or porous organic solvents, [PM12O40]3−

dx.doi.org/10.1016/j.jpowsour.2010.09.107
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sonoyama@nitech.ac.jp
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Fig. 1. (a) Structure of Keggin type polyoxome

s dissolved and behaves as a single ion. This cluster ion has many
pen windows and spaces in the cluster ion unit. The widest bottle
eck of the window is about 2 Å and this structure may allow the

ntercalation of the lithium ion whose radius is below 1 Å into the
luster ion itself in principle.

By adding larger cation, e.g. potassium ion, to the solution con-
aining [PMo12O40]3−, K3PMo12O40 (KPM) crystal can be obtained.
he crystal structure of KPM is shown in Fig. 1(b) and (c) [10]. In
he KPM crystal, [PMo12O40]3− ion presents as a separate ion with-
ut sharing any atoms with other ions. In principle, [PMo12O40]3−

on and potassium ion locate alternately. KPM crystal has cer-

ain amount of vacancies of [PMo12O40]3− ion and K+ ion occupies
his site for charge balance. (Fig. 1(c)) The KPM crystal also has

any spaces and tunnels along [1 0 0] and [0 1 1] directions with
he radius width of 2.0–2.2 Å. This interstitial space and tunnels
(b) and (c) crystal structure of K3[PMo12O40].

will make three dimensional lithium diffusion in the KPM crystal
possible, if lithium ion can be intercalated into the KPM. In this
crystal structure, redox active unit ([PMo12O40]3−) is embedded
in the frame work where lithium ion can diffuse along the three
dimensional path. Therefore, this material would have both char-
acteristics of lithium intercalation materials and organic electrode
material. The former is the frame work that allows the lithium dif-
fusion in crystal and the latter is the scattered “independent” redox
active unit to the crystal structure.

In this paper, electrochemical property of KPM was examined
as a lithium battery cathode material and its charge–discharge

mechanism is studied. With the aim of developing a high
capacity cathode material, mechanism of capacity fading was
discussed and the improvement of cycle performance was
attended.
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Fig. 2. (a) XRD pattern for K3[PMo12O40] synthesized in the present study. (b)
XRD patterns for K3[PMo12O40] as synthesized, discharged until 2.0 V and after one
824 N. Sonoyama et al. / Journal of P

. Experimental

Synthesis of K3[PMo12O40] was carried out via a usual method
11–13]. Identification of products was carried out by XRD mea-
urement using a powder X-ray diffract meter (Rigaku RAD-C)
ith Cu K˛ radiation. Obtained samples were dried at 120 ◦C for

2 h under air. Annealing treatment was carried out at 200, 300,
00, 500 and 600 ◦C for 12 h under air. The electrochemical perfor-
ance of cells was studied by charge–discharge cycle tests and CV
easurements using CR-2032 coin cells at 25 ◦C. The cathode elec-

rode consists of 30 wt% active material, 65 wt% acetylene black and
wt% PTFE binder. The electrolyte was ethylene carbonate–diethyl
arbonate mixed solvent (1:1) as a solvent with a supporting elec-
rolyte of 1 M LiPF6. The charge–discharge characteristics of the
amples were examined using a coin cell with lithium metal as
n anode using TOSCAT-5300 battery tester (Toyo System). Cyclic
oltamnmetry was measured under the potential control by a
otentio-galvanostat (Hokuto HA-501) and a function generator
Hokuto HB-105). AC-impedance spectra for cells were obtained
sing a frequency-response analyzer (Solatron 1255) connected
ith the potentiostat (Solatron 1260) in the frequency range 10−2

o 106 Hz with an applied potential of 0.2 V from the imposed poten-
ial. After the charge–discharge measurements, XRD measurement
as carried out under Ar atmosphere. ESR measurement was car-

ied out with JEOL RE-1X at room temperature in the magnetic field
ange of 220–430 mT.

. Results and discussion

In Fig. 2(a), the XRD pattern for KPM synthesized in this study
as shown. All the peaks are agreed with those of KPM in ICSD No.
150445.

In Fig. 3, cyclic voltamograph (CV) for KPM with scan rate
mV s−1 was shown. Very broad peaks were observed at 3.2, 2.9 and
.5 V in the anodic scan. The peak separation for the peaks at 3.2 and
.9 V is very large (about 0.2 V). Only the raise in cathodic current
as observed around 2.0 V instead of the apparent peak of cathodic

urrent that corresponds to the anodic current peak at 2.5 V. CV
urves of [PMo12O40]3− ion in aqueous-organic mixed solvents and
rganic solvents were reported by several groups. [14–17] Accord-
ng to these reports, dissolved [PMo12O40]3− shows five or six peaks
or two electron redox reaction at the region from −0.8 to +0.3 V vs.
CE. This potential range corresponds to 2.48–3.58 V vs. Li. The pro-
le of CV curve in the present study is much different. The reason

or these differences of the CV curve shape between the dissolved
on and solid polycrystalline is not clear. Kulesza et al. measured CV
urves for single crystal H4SiW12O40·31H2O, with Keggin structure
nd reported that single crystal H4SiW12O40·31H2O showed similar
V curves to the dissolved one in the aqueous solvent. [18] Gener-
lly, the CV curves of the solid state compounds are much different
rom that of the dissolved ion state. This difference would be related
o the ion diffusion speed in the crystals. It is known that some
f Keggin type hetero polyoxometalates show very high proton
onductivity [19], ∼0.1 S cm−1 at room temperature. For this high
roton conductivity comparable to the conductivity of liquid elec-
rolytes, the rate determining step would be the electron transfer
t the electrode surface, which is expected to be the rate determin-
ng step for dissolved Keggin type hetero polyoxometalates. This
imilarity in the reaction dynamics seems to be the reason that sin-
le crystal H4SiW12O40·31H2O showed similar CV curves to that of
issolved one. According to the discussion mentioned above, dif-
erent CV curve shape of KPM between the solid state and dissolved

tate suggests that the rate-determining step is different between
he solid KPM and dissolved [PMo12O40]3− ion for electrochemi-
al reaction. For the redox of solid KPM, lithium ion diffusion step
eems to concerning to the rate-determining step.
cycle discharge–charge. Inset is the close up of the main peak. (c) XRD patterns for
K3[PMo12O40] after annealing at various temperatures.

In Fig. 4(a), the charge–discharge curves for KPM in the voltage
range from 3.6 to 2.0 V were shown. In the discharge process, poten-
tial decreased linearly and several plateaus appeared at 3.2, 2.9, 2.5
and 2.0 V. This voltage for the plateaus is well agreed with the cur-
rent peak position of the CV curves (Fig. 3). In the charging process,
plateaus were observed at almost the same voltages to those in
the discharge process. Open circuit cell voltage showed about 3.3 V
at 1 h rest time after charging and the reversible charge–discharge
performance was kept after 30 cycles (discussed later). This result
evidently indicates that KPM shows reversible charge–discharge
ability as a lithium battery cathode.

The electrochemistry of highly reduced Keggin type poly-
oxometalates has hardly been studied, because Keggin type
polyoxometalates dissolved in the organic solvent is not stable
under the highly cathodic polarization. On the other hand, many
groups have reported some of molybdenum oxides show high
capacity as the lithium intercalation materials [20–22]. This high

capacity of molybdenum oxides is assignable to the multi step
reduction of molybdenum (from +6 to + 4). Also for KPM electrode,
lithium intercalation in the wide range voltage would be possible as
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long as the structure of KPM is maintained, because KPM crystal has
many space to store lithium ion. Fig. 4(b) is the charge–discharge
curves for KPM in the voltage range from 4.2 to 1.5 V. Reversible
charge–discharge curves for KPM were obtained with the initial
capacity of over 200 mAh g−1. This result suggests that multistep
reduction of molybdenum proceeds in discharge process of KPM,
because the ideal capacity for KPM with single step molybdenum
reduction is about 170 mAh g−1. In charging process, in order to
obtain the capacity which corresponds with that in discharging
process, voltage range was needed to be set to 4.2 V, though the
discharge starts at ∼3.5 V. This seems to concern with the high elec-
trode resistance of KPM. By AC-impedance measurement, the total
electrode resistance at 3.3 V was estimated to be about 1 k�.

The energy density of KPM is calculated to be about
480 mWh g−1, which is almost the same value with the current
materials (about 500 mWh g−1 for LiCoO2, about 400 mWh g−1 for
LiMn2O4). This result is due to the lower discharging voltage of
KPM, in spite of its high capacity.

To confirm charge–discharge reaction mechanism for KPM, ex
situ XRD measurements of KPM after discharge (to 2.0 V) and one
cycle discharge–charge process (2.0–4.2 V) were carried out. In
Fig. 2(b), XRD patterns for (1) before discharge (as synthesized), (2)
after discharge and (3) one cycle discharge–charge process were
shown. The inset of Fig. 2(b) is the closed up of the main reflec-
tion of KPM in each condition. All the reflections of XRD shifted to
lower angle after discharge and then shifted back toward higher
angle again by charging without changing the XRD pattern. This
result demonstrates that the lattice of KPM crystal expands by
lithium intercalation and shrinks reversibly by lithium deinterca-
lation without changing its crystal structure. This result does not
agree with the report of Jeannin et al. [23] They obtained single
crystal of electrochemically reduced six electron reduced Keggin
type polyoxotungstates Rb4H2[H2W12O40] and reported that three
tungsten atoms are displaced by 0.48 Å in the direction of the cen-
ter of a W3O9 group. The reason X-ray reflections do not return to
the original position is not clear, but isomerization of [PMo12O40]3−

ion, mentioned below, may concern with this.
For using KPM as the cathode material of lithium battery, the

stability of the reduced KPM crystal should be considered. It is
known that deep reduction of [PMo12O40]3− dissolved in the sol-
vent causes ˛ to ß isomerization of [PMo12O40]3− ion [24]: one
of the [Mo3O9] in [PMo12O40]3− rotates 60◦. It is also reported
that reduced [PMo12O40](3+y)− is easily hydrolyzed in the aqueous
solution. On the other hand, as the solid state oxidizing catalyst,
Keggin type polyoxometalates are reported to be very stable even
around 400 ◦C [25] and show very high activity as oxidation- and
acid-catalysts [26–28]. In the study about Keggin type polyox-
ometalates as an oxidizing catalysis including Cs3[PMo12O40], the
mechanism is proposed that the catalytic activity is induced by elec-
tron and proton (stored in polyoxometalates) transfer with redox
of consistent metal ions of the polyoxometalates [29]. This suggests
the solid state polyoxometalates are stable during the repeated
redox reaction. The results in the present study also demonstrate
that lithium ion reversely intercalates into the crystal of KPM
accompanying with the redox of KPM and the crystal structure of
KPM is maintained during lithium (de-)intercalation for one cycle
discharge–charge process. Though the reason for higher stability
for the solid state KPM than the dissolved condition is not clear,
it may be explained by the environment around [PMo12O40]3−

ion.
For the 〈 to ß isomerization of Keggin type polyoxometalates,

one of [Mo3O9] has to rotate 60◦. In the case of the dissolved

[PMo12O40]3− anion, there is sufficient cavity for [Mo3O9] ion rota-
tion. In addition, the intermediate product of isomerization may be
stabilized by the coordination of solvent molecules. On the other
hand, in the rigid crystal, the cavity for [Mo3O9] rotation is very
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imited. These environmental differences surrounding KPM may
uppress the ˛ to ß isomerization to a certain extent.

In Fig. 5, cycle dependence of the capacity in the various
harge–discharge voltage ranges was shown. The capacity fading
ate largely depended on the voltage range. In the voltage region
.2–2.3 V, discharge capacity hardly changed during 10 cycles,
hereas capacity fading speed increased with the increase in the

harge–discharge voltage range. Though the detailed mechanism
f this capacity fading is not known, this capacity fading seems
o be caused by ˛ to ˇ isomerization of a part of [PMo12O40]−3

on. Himeno et al reported that ß [PMo12O40]−3 ion shows a CV
eak at different potential from ˛ type [PMo12O40]−3 ion. [23]
new shoulder, appeared in the discharge curve in second and

hird cycles around 2.6 V in Fig. 4(b), corresponds to reduction of ß
PMo12O40]−3 ion [23]. This result suggests ˛ to ß isomerization is
lowly proceeding by deep charge–discharge.

For the improvement of the cycle stability, annealing treatment
f KPM was carried out. In Fig. 2(c), the XRD patterns of KPM
nnealed at 200–600 ◦C were shown. XRD patterns of KPM annealed
t 200–400 ◦C were hardly changed by annealing treatment. For the
ample annealed at 500 ◦C, new reflections appeared and all of these
eflections disappeared by 600 ◦C annealing. In Fig. 6, the cycle
ependence of the capacity of KPM annealed at various temper-
ture with the charge–discharge condition with 50 �A in voltage
anges of 3.6–2.0 V. The cycle stability of KPM is largely depen-
ent on the annealing temperature. The sample annealed at 500 ◦C
howed highest stability and the capacity maintaining ratio was
3% after 30 cycles. On the other hand, the capacity maintaining
atio of annealed sample below 400◦C was low: 18% after 30 cycles.
o identify this reason, ESR measurement of annealed samples were
arried out. In Fig. 7, ESR spectra of annealed samples at 200, 400
nd 600 ◦C were shown. For the samples annealed at 400 ◦C, an
vident micro wave absorption peaks were observed around the g
alue = 2.0 that were not found in samples annealed at other tem-
erature. These peaks can be assigned to that of Mo(V) ion [30,31].
rom this result, it was found that annealing of KPM at 400 ◦C under
ir causes the reduction of a slight part, not detectable by XRD, of
o(VI) ion of KPM to Mo(V) and this reduction of molybdenum

on seems to cause fast capacity fading in the cycle performance.
he ESR signal was not observed from the samples annealed above
00 ◦C. These results suggest a mechanism as follows. Annealing

bove 500 ◦C cause re-oxidization of Mo(V) to Mo(VI) and this oxi-
ation would reorganize the crystal structure of KPM that was
onfirmed as new XRD reflections in Fig. 2(c). This re-organized
urface by heat treatment above 500 ◦C seems to show higher cycle
Fig. 7. ESR spectra for K3[PMo12O40] annealed at various temperature.

performance than the KPM without heat treatment. By annealing
at 600 ◦C, the crystal structure seems to return to the original one.

The results in the present study demonstrated the possibility
for KPM application to the cathode material with high capacity. For
this application, a further stabilization of KPM crystal structure is
necessary. The study for KPM structure stabilization is now under
proceeding.

4. Conclusion
Lithium charge–discharge ability of KPM is demonstrated. This
hetero polyoxomolybdate cluster ion showed possibility of new
cluster ion type framework that can be developed for the lithium
storage.
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