
pubs.acs.org/ICPublished on Web 09/11/2009r 2009 American Chemical Society

Inorg. Chem. 2009, 48, 9057–9059 9057

DOI: 10.1021/ic901288h

Rechargeable Batteries Driven by Redox Reactions of Mn12 Clusters with

Structural Changes: XAFS Analyses of the Charging/Discharging Processes in

Molecular Cluster Batteries

Hirofumi Yoshikawa,*,† Shun Hamanaka,† Yasuhito Miyoshi,† Yoshihiko Kondo,† Satoru Shigematsu,‡

Nao Akutagawa,‡ Masaharu Sato,‡ Toshihiko Yokoyama,§ and Kunio Awaga*,†

†Department of Chemistry & Research Center for Materials Science, Graduate School of Science, Furo-cho,
Chikusa-ku, Nagoya 464-8602, Japan, ‡Section I Office of Energy Device Development,
Research & Development Center, Murata Manufacturing Company, Ltd., Yasu 2288, Oshinohara, Yasu-shi,
Shiga 520-2393, Japan, and §Institute for Molecular Sciences, Okazaki 444-8585, Japan

Received July 4, 2009

Molecular clusters such as theMn12 cluster (Mn12) can be used as
a cathode-active material in Li batteries. X-ray absorption fine
structure studies on the cathode materials in Mn12 molecular
cluster batteries demonstrated that the charging/discharging pro-
cesses include four-electron-redox reaction of Mn12 with a sig-
nificant change in its molecular structure.

Recently, much attention has been focused on the creation
of new energy systems, such as high-performance recharge-
able batteries, as a solution to the global energy and environ-
mental crises.1 Li ion batteries are already widely used
because of their good cyclability and high voltage.2,3 How-
ever, while this rechargeable battery can provide high capa-
city, its charging/discharging rate is slow because the
charging/discharging process includes absorption/desorp-
tion of Li ions into/from the cathode-active material,
LiCoO2. In addition, Co is toxic and expensive; therefore,
much effort has beendevoted to the development of low-cost,
environmentally friendly cathode materials that can realize
both quick charging/discharging and high power density.1

Redox-active molecular materials are good candidates for a
high-performance cathode-active material. Recently, organic
radical batteries have been developed as a new type of recharge-
able Li battery, in which organic polymers carrying stable
nitroxyl radicals are utilized as a cathode-active material.4-6

Because of the smooth and fast electrochemical reactions of the
organic radicals, the new batteries are quickly chargeable/
dischargeable. However, their capacities (<100 Ah/kg) are
lower than those of the Li ion batteries (180 Ah/kg) probably
because the rather large radical moiety (molecular weight= ca.
200) can store only one or two electrons in the redox reaction.
To achieve both high capacity and fast charging/dischar-

ging, we have previously proposed the use of polynuclear
metal complex clusters (molecular clusters that are small
aggregates of metal ions connected by organic ligands) that
undergomultistep redox reactions as a cathode-activemater-
ial for Li batteries. In our previous paper,7 we reported the
fabrication of amolecular cluster battery (MCB) inwhich the
cathode-active material is [Mn12O12(CH3COO)16(H2O)4]
(abbreviated as Mn12Ac). This molecule is a well-known
single-molecule magnet8 and exhibits a multistep redox
reaction.9 The MCBs of Mn12Ac were found to show an
extremely high capacity of ca. 200 Ah/kg in the first dis-
charge, which is higher than that of the usual Li ion batteries,
though the capacities of the second run and after were ca.
70 Ah/kg.
In the present work, we carried out ex situ X-ray absorp-

tion fine structure (XAFS) analyses of the charging/dischar-
ging processes of the Mn12 MCBs to reveal the microscopic
mechanisms of their battery performance. XAFS analysis is
an appropriate technique for observing valence changes and
local structures of nanoscale or highly disordered compounds
such as battery-active materials.10 Two different regions of
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absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS). On the basis of
the results of our analysis, we discuss the oxidation states of
the Mn ions and the bond lengths in Mn12 in the electro-
chemical charging/discharging process of Mn12 MCBs.
Mn12Pet ([Mn12O12(CH3CH2C(CH3)2COO)16(H2O)4])

with a bulky tert-pentyl carboxylate ligand was used as a
cathode-activematerial forXAFS studies because it was found
to be more stable than Mn12Ac. Figure 1a shows the charge/
discharge curves for aMn12Pet/Li battery at a constant current
of 0.1 mA in the voltage range of 2.0-4.2 V. The black curve
shows the charge for the as-prepared cell; the voltage quickly
exceeds 4.2 V from the initial high voltage (3.5 V). It is likely
that this battery was already charged in the fabrication process
of the coin cell. The red curve shows the first discharging
process; the voltage exhibits a gradual decrease, making a
narrow plateau at ca. 3.2 V, indicating a large capacity of ca.
150 Ah/kg. The blue and pink curves in Figure 1a indicate the
second charging and discharging processes, respectively. In
charging, the voltage exhibits a quick increase to ca. 3.4 V,
followed by a gradual increase, and, in discharging, the voltage
decreases gradually, indicating a capacity of ca. 110 Ah/kg.
This value is much lower than that for the first discharging but
is still comparable to those of organic radical batteries.4-6 The
cycle performance for the charging/discharging processes is
shown in Figure S1 in the Supporting Information. After the
significant decrease at the second cycle, the capacity exhibits a
much more gradual decrease. These charging/discharging
curves and cycle performances are nearly the same as those
of the previous Mn12Ac battery.7

To probe the electronic and structural changes ofMn12Pet

in the charging/discharging process, we performed XAFS
measurements on the cathodematerial after the first charging
(1C)/discharging (1D) and after the second charging (2C)/
discharging (2D). These samples were prepared separately;
after the charging/discharging operation, each sample was
taken from the coin cell and was subjected to the ex situ
XAFS measurements. Figure 1b shows the Mn K-edge
XANES spectra of 1C, 1D, 2C, 2D, and as-prepared
Mn12Pet. The spectrum of 1C is similar to that of Mn12Pet,
but after the first discharging, the spectrum of 1D is sig-
nificantly different from that of 1C.The spectra of 2C and 2D
are nearly the same as those of 1C and 1D, respectively.
It is known that the absorption edge energy of theXANES

spectra decreases with a decrease in theMnoxidation state.11

Figure S2 in the Supporting Information shows the linear
relation between the Mn valence and the edge energy, which
was obtained in the measurements for the referencematerials
MnO, Mn3O4, Mn2O3, and MnO2. From the absorption
edges of Mn12Pet, 1C, 1D, 2C, and 2D, which are defined as
the point of the largest gradient of the absorption curve, their
average Mn valences are calculated, as shown in Figure 1c.
There is no significant valence change betweenMn12 Pet and
1C,which is in agreementwith the small voltage change in the
first charging. It is considered that Mn12Pet in the as-
prepared battery is in the neutral state. The average valence
shows a decrease of 0.34 after the first discharging (1D) and
returns to the original value after the second charging (2C).A
good repeatability is observed in the change from 2C to 2D.
The valence change of 0.34 per Mn atom indicates that one

Mn12Pet molecule exhibits a valence change of ca. 4 in the
discharging/charging processes.12 On the basis of this value,
the theoretical value of the battery capacity is predicted to be
ca. 40 Ah/kg, which is much smaller than the large capacities
shownby1Dand2D.Apossible reason for the excess capacity
is the formation of electrical double layers at the inter-
face between microcrystals of Mn12. Another possible reason
is a parasitic charge due to electrochemical side reactions.13

Figure 1. (a) Charging/discharging curves of a Mn12Pet/Li MCB. (b)
Normalized Mn K-edge XANES spectra for Mn12Pet and the cathode
materials after the first charging (1C), the first discharging (1D), the
second charging (2C), and the second discharging (2D). (c) AveragedMn
valences of Mn12Pet, 1C, 1D, 2C, and 2D.
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It is characteristic ofMn12MCBs that the redoxof theorganic
part would be incorporated in the battery performance.
EXAFS analyses were performed in order to reveal struc-

tural changes in theMn12Pet molecule. EXAFS functions of
k3χ(k) (where k is the photoelectron wavenumber) were
obtained by the standard procedures of preedge baseline
subtraction, edge-energy determination, postedge back-
ground subtraction (cubic spline), and normalization using
the atomic absorption coefficients. Figure S3 in the Support-
ing Information depicts the k3χ(k) functions for the experi-
mentally obtained Mn absorptions. Fourier transforms of
the k3χ(k) functions (the k range is around 2.5-11.0 Å-1) are
given in Figure 2. Mn12Pet exhibits four main peaks at 1.0,
1.5, 2.4, and 3.1 Å. The two peaks at 1.0 and 1.5 Å are
assignable to the Mn-O distances, while the other two shells
at 2.4 and 3.1 Å are assignable to those ofMn-Mn.The curve
shapes and peak positions for 1C are similar to those for
Mn12Pet, although a shoulder peak appears around 2.4 Å.
After the first discharging process, 1D exhibits a completely
different curve; the four major peaks of 1C nearly disappear,
and a new peak comes out at 1.8 Å, which is assignable to
anMn-Odistance.Althoughwe obtainedEXAFS spectra of

the well-known one-electron-reduced Mn12 cluster,
Mn12Ph- ([Mn12O12(C6H5COO)16(H2O)4]

-),14 structural
features in 1D were significantly different from those in the
reduced one, as shown in Figure S4 in the Supporting
Information. It suggests a drastic transformation of the
molecular structure after discharging. After the second char-
ging, theMn-O andMn-Mn peaks recover in 2C, although
the peak intensities are slightly weakened compared with
those of 1C. This indicates a recovery of the molecular
structure of Mn12 after charging.
It is worth comparing the redox processes in the Mn12

battery with those of LiMn2O4, which is a cathode of Li ion
batteries. It is known that the Mn valence varies between
3.5 and 4.0 in LiMn2O4,

15 while Mn12 MCBs operate
between 2.9 and 3.3 (Figure 1c). It is also known that the
EXAFS spectra of LiMn2O4 include a strong peak at 2.5 Å,
which is ascribed to a Mn-Mn distance.15,16 This feature is
also very different from that in the EXAFS spectrum of the
Mn12 battery (Figure 2).
In summary, XAFS studies on the rechargeable Mn12Pet

battery revealed repeatable redox changes of the Mn12
molecule in the charging/discharging processes. This MCB
is concluded to be driven by approximately four-electron
redox of Mn12Pet, while the large capacity in the first
discharging cannot be explained by this value. The EXAFS
spectra suggest a significant structural change of Mn12Pet,
which is, however, repeatable in the redox process.
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Figure 2. Fourier transforms of the Mn K-edge EXAFS spectra for
Mn12Pet, 1C, 1D, 2C, and 2D.
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