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Chapter 1 

General introduction 

 

1.1. Rechargeable batteries 

Since the first battery Galvanic cell was invented two centuries ago, a variety of 

electrochemical redox couples have been proposed to build rechargeable batteries.
[1] 

However, only a few kinds of rechargeable batteries, namely lead-acid, 

nickel-cadmium (Ni-Cd) and nickel-metal hydride (Ni-MH), and so on, continue to be 

used (Fig. 1.1).
[2-4]

 The performance of these rechargeable batteries approaches close 

to their theoretical limit.
[5]

 In order to meet the demand for high efficiency 

rechargeable batteries for portable electric devices such as mobile phones, laptops and 

digital cameras, and for power electric instruments such as hybrid electric vehicles, 

solar- and wind- energy storage, more advanced rechargeable batteries are required.
[6, 

7]
 

Lithium ion batteries have been the most popular secondary batteries, since they 

were proposed and commercialized by Sony Corporation in the early 1990s.
[8]

 The 

configuration of a conventional Li-ion battery is illustrated in Fig. 1.2. These 

rechargeable Li-ion batteries typically comprise a carbon/graphite negative electrode 

(anode), an organic electrolyte, and a layered lithium transition-metal oxide such as 

 

 

Figure 1.1 Development of the rechargeable battery technologies. The values in red 

indicate their battery voltage. 
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Figure 1.2 Schematic operating principle of rechargeable Li-ion battery. 

 

LiCoO2 positive electrode (cathode). Upon charging, Li
+
 ions are deintercalated from 

the layered cathode host, pass though the electrolyte, and inserted into the graphite 

layers in the anode. During discharging, this process is reversed. During the battery 

reaction, the electrons pass through the external circuit. The Li-ion battery is based on 

the rocking chair type intercalation reactions of Li ions between the cathode and 

anode materials.
[9-11]

 

Rechargeable Li-ion batteries provide the highest energy density in the present 

battery technology due to the fact that lithium is the most electropositive (-3.04 V 

versus standard hydrogen electrode), as well as the lightest metal. However, their 

charging/discharging rate is slow, because the charging/discharging process includes 

deintercalation/intercalation of Li
+
 ions from/into the layered cathode-active materials. 

In addition, cobalt is toxic, and a limited resource, and thus much effort has been 

devoted to developing low-cost, and environmentally friendly alternatives to the 

present Li-ion batteries, which realize both high energy density and rapid 

charging/discharging. Usually, lithium batteries, in which the anode is lithium metal 

and the other components are the same as Li-ion batteries, are also examined to 

develop the cathode materials, because the cathode performance can be directly 
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evaluated, independent of the anode. When synthesizing new electrode materials, two 

basic questions should be addressed: (1) To what extent can we design and synthesize 

a new electrode material with a desired property? (2) What is the knowledge of 

chemistry that would guide the scientist to synthesize a new electrode material with a 

high performance? 

 

1.2. Cathode materials for rechargeable lithium ion and lithium batteries 

The cathode is probably the most important component of Li-ion or Li batteries, 

which mainly determines their performance.
[12]

 This electrode stores Li
+
 ions by the 

simultaneous reduction of the active materials in it. Their desired properties are high 

and reversible storage capacity for Li
+
 to obtain a large capacity per unit of weight or 

volume, a long battery life time, and rapid solid-state Li
+
 and electron transport for 

high rate capability.  

1.2.1. Lithium metal oxide materials 

Lithium transition-metal oxides are the most matured cathode materials for 

Li-ion batteries. They can be classified into three major groups: (a) layered materials 

LiMO2 (M: Co, Mn, Ni, and their combinations), (b) spinel structural materials 

LiM2O4 (M: Mn, Ni, Ti, and their combinations)，(c) olivine structural materials 

LiFePO4 (Fig. 1.3).
[13, 14]

 

Lithium cobalt dioxide (LiCoO2) is the most famous layered cathode material. Its 

crystal structure can be described as a regular stacking of CoO2 layers in which the 

Co
3+

 cations are sandwiched between two oxygen layers in CoO6 octahedra. Li
+
 ions 

are also sandwiched between two CoO2 layers, and occupy octahedral sites. Owing to 

the weak ionic bonds between Li
+
 and O

2-
, and to the strong covalency of the Co

3+
 

and O
2-

 bonding, Li
+
 ions can diffuse quickly into the two dimensional CoO2 

interlayer, whereas Co
3+

 remains immobile. The charge compensation mechanism can 

be described as follows:  

-

2-1

discharge

2 eLiCoOLiLiCoO xxx   
 

If x = 1, at which Li
+
 ions are completely deintercalated from LiCoO2, the  
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Figure 1.3 The crystal structure of (a) α-NaFeO2 type layer structure, (b) spinel 

structure LiMn2O4, and (c) olivine structure LiFePO4. (from Ref. 14) 

 

theoretical capacity is 274 Ah/kg. However, when x exceeds 0.5, the CoO2 layer 

breaks down, hence the practical capacity is limited to 140 Ah/kg, that is about a half 

of the theoretical capacity.
[15, 16]

 This performance can be improved by doping with 

trivalent ions (e.g., Al
3+

 or Cr
3+

), due to the suppression of cobalt dissolution in the 

electrolyte.
[17-20]

 However, the recognized disadvantages of cobalt, such as high 

toxicity, high price, and limited abundance, have led to extensive efforts to search for 

substitutes for this element. Mn, Ni and Fe are attractive alternatives to fully or 

partially replace Co, because they are much cheaper and safer, and in addition they 

can produce a higher practical capacity (160 Ah/kg).
[21, 22]

  

The spinel LiMn2O4, and its doped variants, have attracted much attention due to 

their advantages, such as safety and high charge/discharge rate capability. These 

properties arise from the chemical stability in the redox reaction of Mn
3+

/Mn
4+

, and a 

three dimensional passage for Li
+
 ions in this material. As such, they are being 

established as the cathode materials for electric vehicles. Their major drawback is the 

gradual capacity fading, which is caused by dissolution of Mn ions into the 

electrolyte.
[23]

 Much research effort has been focused on increasing their capacity 

retention by doping Li
+
 ions into the octahedral sites to form Li-rich spinel 

compounds, and by preparing nanostructured particles.
[23-25]

 

LiFePO4, with the olivine structure, is another attractive cathode material, and is 

regarded as one of the most promising candidates for power tools and hybrid electric 

(a) (b) (c) 
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vehicles.
[26-28]

 The advantages of this compound include its low cost, the low toxicity 

of iron, relatively high capacity (170 Ah/kg), and high capacity retention. The 

practical application of LiFePO4 is mainly hampered by its low electric conductivity 

and slow lithium diffusion speed.
[26, 29-31]

 

1.2.2. Organic cathode materials 

The metal oxides electrodes of the current Li-ion batteries are made from finite 

quantity of ores, and both the obtaining of mineral resources, and manufacturing the 

electrodes consumes large amounts of energy. Additionally, the charge/discharge rate 

is low in the current Li-ion batteries because of the low diffusion speed of Li
+
 ions in 

the transition metal frameworks. It cannot meet the requirement of new applications, 

such as electric vehicles, and power backup which need a high energy density, and a 

fast charging/discharging. Hence, materials with high Li
+
 diffusion speed produced 

from sustainable resources are desirable for new applications. 

Organic materials have been developed as promising alternatives to metal oxides 

for sustainable Li-ion and Li batteries, due to their reversible redox reactions, light 

weight, environmental friendliness, and processability.
[32, 33]

 Moreover, organic 

chemistry offers vast opportunities to synthesize organic electrode materials with the 

desired structure and electrochemical properties.  

Organic radical batteries using an organic nitroxyl radical polymer PTMA (poly 

(2,2,6,6-tetramethylpiperidinyloxy methacrylate) radical), a p-type redox active 

radical polymer, as cathode active material, was initially proposed by the NEC 

Corporation in 2004.
[34, 35]

 The reaction mechanism of the PTMA cathode is shown in 

Fig. 1.4. During the battery reaction, a one electron redox reaction occurs in the 

PTMA polymers which have unpaired electrons. Because of the high reactivity, and 

reversibility of the radical reaction, and the easy penetration/removal of Li
+
 into/from 

polymers, this organic radical battery exhibits a fast charge/discharge rate (charge up 

to 80% within 1 minute) , and an extraordinarily long cycle life (over several thousand 

cycles). 

In order to develop totally organic-based batteries, Nishide and his colleagues 

explored a phenoxyl polymer bearing a robust galvinoxyl radical, an n-type redox  
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Figure 1.4 Redox process of PTMA. 

 

 

Figure 1.5 (a) Redox reactions of phenoxyl and nitroxide radicals. (b) Radical 

polymers and their theoretical redox capacities. (from Ref. 37) 

 

active radical polymer, for an anode active material (Fig. 1.5).
[36]

 The cycle 

performance of the phenoxyl radical polymer batteries with a Li-metal counter 

electrode displayed no significant deterioration after 100 cycles (less than 5%). This is 

related to the fact that the battery reaction is a simple one-electron transfer from the 

galvinoxyl radical, and that there is no structural change in the amorphous polymer 

structure during redox cycling. This means that the phenoxyl radical polymer can 

serve as a Li
+
-ion containing electrode. Finally, they constructed an all organic battery, 

in which phenoxyl (n-type) and nitroxide (p-type) radicals were used as anode and 

cathode (Fig. 1.5).
[37-39]

 This all organic battery exhibited an excellent high rate 

(a) 

(b) 

charge 

discharge 
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Figure 1.6 Reaction mechanism of Li4C6O6 electrode. 

 

capability that allows rapid charging within 10 seconds, with a large charge current. 

This capability can be ascribed to the rapid redox reaction of the radicals, and the 

efficient charge diffusion within the polymer layers. However, the typical capacity of 

the organic radical batteries is 110 Ah/kg, which is less than that of LiCoO2 (148 

Ah/kg), because the radical moiety, with a molecular weight of ca. 200, can store only 

one or two electrons in the redox reaction. 

Recently, a tetralithium salt of tetrahydroxybenzoquinone (Li4C6O6), which can 

be both rduced to Li2C6O6, and oxidized to Li6C6O6, have attracted much attention 

(Fig. 1.6).
[40]

 This salt shows a good rechargeable battery performance, with a 

reversible experimental capacity of about 200 Ah/kg (2Li
+
 ions per molecule).

[41]
 In 

addition, this material can be directly synthesized from natural resources (e.g., sugar) 

in water, and be used to build all organic Li-ion batteries. However, the operating 

voltage (ca. 2V vs. lithium) of this battery is quite low for practical application. In 

order to improve upon this, it is necessary to tune the oxidation and reduction 

potential values by chemical substitutions. 

Because of their advantages over the conventional cathode materials, organic 

materials are expected to be applied in the next generation of rechargeable batteries. 

However, we cannot neglect the disadvantages of organic materials in terms of limited 

thermal stability, appreciable solubility in electrolytes, and low capacity. 

 

1.3. Molecular cluster batteries 

In order to achieve both high capacity and fast charging/discharging rate, our 

group has recently suggested molecular clusters, which undergo multi-step redox 

reactions at room temperature, as possible alternative cathode active materials. These 
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molecular cluster batteries (MCBs) exhibit an excellent charging/discharging 

performance.  

1.3.1. Molecular clusters 

The molecular clusters are the individual molecules which are formed by a 

limited number of interacting metal ions centers and coordinated organic ligands. 

They are attracting much attention in several research areas, such as molecular 

chemistry, magnetism and catalysis. 

Employment of the appropriate ligands and reaction conditions allowed us to 

synthesize a variety of high nuclearity clusters, with interesting structural, 

spectroscopic, electrochemical and magnetic properties. Among them, most of the 

metal ion centers possess unpaired electrons. The combination of the high-spin 

property, and large magnetic anisotropy of easy axis type, produces single-molecule 

magnets (SMMs), which exhibit a slow magnetization relaxation at low temperatures, 

to function as nanoscale magnets. Most of the SMMs have been found in transition 

metal chemistry, such as Mn9, Mn16, Mn20, Mn84, Fe6, Fe9, Fe22, and Ni5 (Fig. 

1.7).
[42-49] 

Besides the intrinsic magnetic properties, these clusters also exhibit multi-step 

redox reactions, in which the redox potentials are controllable by means of chemical 

modifications.
[50]

 This electrochemically active property can be harnessed for cathode  

Figure 1.7 The structure of Mn9, Mn20, Mn16, Mn84, Fe6, Fe9, Fe22, Ni5. (from Ref. 

42-49) 

Mn9 Mn20 Mn16 Mn84 

Fe6 Fe9 Fe22 Ni5 
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active materials in rechargeable batteries. Here, two kinds of molecular clusters, 

Mn12 and POMs, used in the thesis works, are explained.  

Twelve nuclei manganese clusters  

High nuclearity manganese carboxylate clusters have attracted much attention as 

one of the most promising nanoscale magnets, because of their unique structural and 

electronic properties.
[51, 52]

 The single molecule magnet Mn12-acetate (referred to as 

Mn12Ac) [Mn12O12(CH3COO)16(H2O)4] was firstly synthesized by T. Lis in 1980, 

using a one-pot reaction of Mn(CH3COO)16·2H2O and KMnO4 in acetic acid.
[53]

 Since 

1990, this molecule has been extensively studied as an SMM due to its ease of 

preparation, stability, and ease of modification in a variety of ways.
[54]

 Figure 1.8 

shows a schematic view of the molecular structure of an Mn12 cluster. The core 

structure is composed of an inner cubane structure of four Mn
4+ 

ions,
 
and an external 

ring which consists of eight Mn
3+ 

ions and eight O
2-

 ions. This core part is ligated to 

sixteen carboxylate groups and four H2O ligands that isolate the Mn ions from 

outside.
[55]

 The Mn12 derivatives can be synthesized by several methods. Among 

them, carboxylate substitution is the most useful and convenient. Stirring Mn12Ac 

and an excess amount of carboxylic acid (RCOOH) in organic solvents generates an 

exchange reaction between CH3CO2
- 
and RCO2

-
. This method provides benefits such 

as isotopic labeling, tunable redox potential, and stability in a variety of organic 

solvents. 

 

Figure 1.8 Schematic view of Mn12Ac cluster structure. 

Mn4+

Mn3+

Carbon

Oxygen

Mn
4+

 

Mn
3+ 

Oxygen 

Carbon 
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The Mn12 molecule possesses a large ground-state spin of S = [8×2－4×(3/2)] = 

10, because of strong antiferromagnetic interaction between eight Mn
3+ 

(3d
4
, S = 2) 

ions and four Mn
4+ 

(3d
3
, S = 3/2) ions in the molecule. This molecule also exhibits a 

strong uniaxial magnetic anisotropy along the molecular axis, which is caused by the 

Jahn-Teller distortions at the Mn
3+ 

sites. The combination of the high spin and the 

uniaxial magnetic anisotropy results in an effective potential barrier between the up 

and down spin states. At low temperatures, the rotation of the high spin magnetic 

moment is frozen due to this intramolecular potential barrier, and the magnetic 

relaxation becomes very slow. 

Quantum tunneling of the magnetization (QTM), which is observed as a 

characteristic hysteresis loop in the magnetization curve, is the most remarkable 

phenomenon found in the Mn12 clusters (Fig. 1.9).
[56]

 When the magnetic easy axis of 

Mn12 is oriented along the external field, the magnetization curves exhibit small steps 

appearing with an nearly constant interval. This feature has been rationalized as the 

thermally activated resonance tunneling of magnetization because QTM occurs 

effectively in the thermally excited states.
[56-58] 

Figure 1.9 Hysteresis loops measured on the single crystal of Mn12Ac in the field 

parallel to the easy axis at 1.77K, 2.10K and 2.64K. (from Ref. 56) 
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This molecule also exhibits another interesting aspect besides its magnetic 

properties. The electrochemical studies of Mn12Ac clusters show stepwise reversible 

reduction and oxidation processes (Fig. 1.10).
[55]

 There are several apparent redox 

couples; the oxidation process at 0.82 V and the first reduction process at 0.19 V 

appear to be reversible by electrochemical criteria such as CV peak separations and 

DPV peak sharpness. 

The electrochemical processes can be summarized as: 

  3

12

2

1212

0

1212 ][Mn][Mn][Mn][Mn]Mn[  

The electrochemical analysis shows that Mn12 is capable of adopting a number of 

stable oxidation levels and it is possible to change the properties by tuning the 

oxidation state. Additionally, Mn12Ac is insoluble in common organic electrolytes, in  

Figure 1.10 Cyclic voltammogram (top) and differential pulse voltammogram 

(bottom) of [Mn12O12(O2CMe)16(H2O)4]·2MeCOOH·4H2O in MeCN. (from Ref. 55) 
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which it is also stable. Thus, Mn12 could serve as a good candidate for cathode active 

materials for rechargeable batteries. 

Polyoxometalate clusters 

Polyoxometalate (POM) clusters are considered as molecular metal oxide anions 

from both structural and electronic points of view; they are formed by a limited 

number of metal centers (typically six to eighteen W or Mo ions) coordinated by 

bridging oxygen atoms, with enormous structural varieties. Among various types of 

POMs, the Keggin anions [XM12O40]
n-

 and the Wells-Dawson (W-D) anions 

[X2M18O62]
m-

, where M= W or Mo and X= P, Si or S (Fig. 1.11), have been 

extensively studied in the research fields of luminescence, catalysis, magnetism, and 

many others.
[59, 60]

 

The Keggin acids are widely used as homogeneous and heterogeneous acids, and 

oxidation catalysts because of their stability, and extensively alterable molecular 

properties. These POMs can catalyze a variety of reactions in the homogeneous liquid 

phase, offering strong possibilities for more efficient and cleaner processing, 

compared to conventional mineral acids. Especially in organic media, the activity of 

the Keggin acids is often higher than H2SO4 by two or three orders of magnitude.
[62]

 

 

 

 

Figure 1.11 The Schematic views of two typical heteropoly anions: Keggin structure 

anion [XM12O40]
n-

 and Wells−Dawson structure anion [X2M18O62]
m-

. (from Ref. 61) 

Keggin structure  Wells−Dawson structure  
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Figure 1.12 Cyclic voltammogram of 0.5 mM [PMo12O40]
3- 

in CH3CN containing 

0.05 M n-Bu4NClO4. (from Ref. 63) 

 

POMs also exhibit excellent electrical properties, such as the ability to undergo 

rapid and reversible multi-electron redox reactions, the possibility to tune their redox 

potentials by metal ions substitution without affecting their structure, and good ionic 

and electronic conductivity. For example, the phosphomolybdate anions, [PMo12O40]
3- 

(PMo12), which exhibit three electrons reversible redox reactions (Fig. 1.12), have 

been used as cathode-active materials for lithium batteries, though the details of the 

battery reaction mechanism remained unclear. 

1.3.2. Mn12 molecular cluster batteries 

In 2007, the first molecular cluster battery was fabricated by using Mn12Ac 

molecular clusters that undergo multi-electron redox reactions as a cathode active 

material in order to achieve both high capacity and fast charging/discharging.
[64]

 

Figure 1.13(a) schematically shows the structure of the Mn12 molecular cluster 

battery. Since the electronic conductivity of Mn12Ac is not so high, VGCF (Vapor 

Growth Carbon Fiber) is employed to increase the conductivity of the electrode. 
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Figure 1.13(b) shows an SEM image of the cathode; it looks as if a microcrystal of 

Mn12 is electrically wired with VGCF. The anode material is lithium metal foil that is 

isolated from the cathode by a separator (polyolefin film). The cathode and anode 

are placed in a coin-type cell (Model: CR2032) with a 1.0 M LiPF6 electrolyte in a 

mixed solution of diethyl carbonate (DEC) and ethylene carbonate (EC) (DEC/EC = 

7/3) in an inert atmosphere.   

The battery cell is cycled galvanostatically in the voltage range of 4.2 − 2.0 V at 

a constant current density of 0.1 mA. In this case, a positive current causes the 

oxidation of the cathode, whereas a negative current causes its reduction. Figure 1.14 

shows the charge/discharge curves, and cycle performance of Mn12Ac/Li molecular 

cluster battery. The black curve indicates the first charging; the voltage quickly 

exceeds 4.0 V from the initial high voltage (3.8 V). It is likely that this battery is 

already charged in the fabrication process of the coin cell. The red curve shows the  

 

 

 

Figure 1.13 (a) Schematic sketch of the Mn12Ac/Li molecular cluster battery. (b) 

SEM image of the cathode. 

(b) 

(a) 
Anode can 

Insulator 

Anode (Li metal) 

Separator 

Cathode (Mn12 cluster) 

Cathode can 

VGCF 
Mn12 

5 μm 
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Figure 1.14 (a) Charging/discharging curves, and (b) cycle performance of the 

Mn12Ac/Li molecular cluster battery. (from Ref. 64) 
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first discharging process; the voltage exhibits a gradual decrease, making two narrow 

plateaus at 3.4 V and 2.5 V, indicating a large capacity of ca. 200 Ah/kg. This value is 

larger than that of the Li-ion battery. The blue and pink curves indicate the second 

charging and discharging processes, respectively. In charging, the voltage quickly 

increases to a plateau at 3.7 V, followed by a gradual increase. In discharging, the 

voltage gradually decreases with a shoulder at 3.5 V, finally indicating a capacity of ca. 

90 Ah/kg. This value is much lower than that for the first discharging, but is 

comparable to those of the organic radical batteries. The cycle performance for the 

charging/discharging processes indicates that the large capacity in the first run 

significantly decreases, and finally the capacity is maintained at a constant value of 75 

Ah/kg, though it tends to gradually decrease. 

The theoretical capacity is calculated for the Mn12Ac/Li battery. If one Mn12Ac 

cluster molecule stores one electron, the capacity would be 14 Ah/kg. Therefore, the 

capacity in the second run or later can be explained by a few electrons reduction 

reactions of Mn12Ac. However, it might be hard to rationalize the large capacity in 

the first run. When the high rate performance is examined with 1 mA, the capacity 

decreases rather quickly during the charging/discharging processes. The slow rate of 

the charging/discharging reactions for the Mn12Ac MCBs is caused by the slow 

electron diffusion speed in the insulating microcrystals of Mn12Ac. Understanding 

the cathode reaction mechanism is important for developing molecular cluster 

batteries, and this motivates us to reveal the reaction mechanism using various 

physical methodologies. 

 

1.4. Methodology to elucidate the battery reaction  

Investigation on the reactions of the cathode materials plays an important role in 

developing high performance rechargeable batteries. While long-range order 

structural information is available from X-ray diffraction (XRD), solid-state nuclear 

magnetic resonance (NMR) and X-ray absorption fine structure (XAFS) are powerful 

tools for characterizing electronic properties and local structures in the cathode 

materials, without long-range structural ordering.
[65-69]

 Recently, some new
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technology was developed to study the electronic properties of the cathode materials 

such as STM-EELS (Scanning Tunneling Microscopy-Electron Energy-Loss 

Spectroscopy). Here, some of these techniques are explained.
[70]

 

1.4.1. Solid-state NMR 

Lithium solid-state (NMR) is very sensitive to the presence of electron spins, 

leading to a very precise characterization of the local environments surrounding the 

probed nuclei, e.g., 
6
Li, 

7
Li, 

31
P and 

29
Si.

[71-73]
 Therefore, in order to understand the 

mechanism of the Li
+
-ion-insertion reactions, and to improve the electrochemical 

performance of the LiCoO2 cathode materials, Delmas et al. performed the 

characterization of the state of Li
+
 ions in the LiCoO2 cathode by solid-state Li 

NMR.
[74]

 The ex situ 
7
Li MAS (magic angle spinning) NMR spectra of the 

deintercalated LixCoO2 (0.5 ＜ x ＜ 1.0) reveal that a weak new peak appears at 57 

ppm when x ＜ 0.94 (Fig. 1.15). This peak grows at the expense of the peak of 0 

ppm during 0.94 ＞ x ＞ 0.75. For x ＜ 0.75, the peak at 0 ppm disappears, and 

Figure 1.15 
7
Li MAS NMR spectra for LixCoO2 cathode materials. (from Ref. 74) 
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the new one shifts to higher fields. NMR indicates that a drastic change of the 

electronic interactions, and a phase transition, occurs in this material. Recently, much 

effort has been devoted to developing in situ solid-state NMR experiments to study 

the details of the battery reaction mechanism under realistic operating conditions. 

1.4.2. XAFS  

XAFS analysis is an appropriate technique for observing valence and local 

structure changes of nanoscale or highly disordered compounds, such as battery active 

materials.
[75]

 Two different regions of the XAFS absorption spectra are useful: X-ray 

absorption near edge structure (XANES), and extended X-ray absorption fine 

structure (EXAFS). XANES yields information on the oxidation states of the 

absorbing atoms, while EXAFS provides the local environments of the absorbing 

atoms. They give important insights into the battery reaction mechanisms. Since the 

time evolution of electrochemical reactions could not be obtained using ex situ XAFS 

measurements, much effort has been devoted to develop in situ XAFS measurement 

systems. Figure 1.16 shows a schematic view of an in situ transmission XAFS cell for 

studying the charge/discharge process of LiMn2O4 cathode materials.
[76]

 The averaged 

oxidation state of the Mn ions, and the local structure parameters (coordination 

 

 

Figure 1.16 A schematic illustration of the in situ cell for the transmission XAFS 

measurements. (from Ref. 76) 
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Figure 1.17 In situ Mn K-edge XANES spectra (a) and EXAFS spectra (b) of 

Li1-xMn2O4. (from Ref. 76) 

(a) 

(b) 
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number, inter-atomic distance, Debye-Waller factor) are obtained from the Mn K-edge 

XANES and EXAFS spectra measured during a discharging process (Fig. 1.17). The 

results show that addition of excess lithium to LiMn2O4 can improve the cyclic 

reversibility of the Li-ion batteries. Using an in situ XAFS cell, it is possible to reveal 

the electrochemical reactions of the cathode materials during the charging/discharging 

processes. 

1.4.3. STM-EELS 

Real-space observation of the locations of Li
+
 ions in the cathode materials is 

important to understand the mechanisms of redox reactions and structural 

deteriorations. Conventional characterization methods, such as XRD and NMR, are 

not suitable to clarify the relationship between the position of Li
+
 ions and the 

nanostructure of the cathode. STM-EELS (scanning transmission electron microscopy 

Figure 1.18 Observation of Li
+
 extraction and insertion in Li1.2-xMn0.4Fe0.4O2 cathode 

materials. (from Ref. 70) 
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electron energy-loss spectroscopy) is a powerful method to monitor the distribution of 

chemical species and the electronic properties of the cathode materials at nanoscale.
[77, 

78]
 Figure 1.18 shows the Li

+ 
extraction and insertion processes in a Li1.2-xMn0.4Fe0.4O2 

cathode material at different charging/discharging states (from left to right: 50% 

charging, 100% charging and 100% discharging).
[70]

 The distribution of Li
+
 is 

inhomogeneous, and has a strong correlation with the transition metal ions. At the 

beginning of the initial charging, Li
+ 

extraction occurs in Fe-rich regions, and Mn-rich 

regions retain many Li
+ 

ions. At the end of the initial charging, Li
+ 

ions are extracted 

from the Mn-rich regions. This method can clarify the Li
+ 

ion
 
distribution during 

charging/discharging in the cathode materials. Real-space observation techniques will 

become popular in the rechargeable battery technology. 

 

1.5. Scope of this thesis 

The present work focuses on revealing the reaction mechanism and fundamental 

role of the Mn12 molecule and [PMo12O40]
3- 

(PMo12)
 
in MCBs, and helps to derive a 

guiding principle for new cathode materials. In chapter 2, the valence state and local 

structure changes of the Mn and Mo ions in Mn12 and PMo12 batteries are 

investigated by in situ XAFS analysis. In chapter 3, the solid-state 
7
Li NMR and 

cyclic voltammetry for the Mn12 MCBs are studied. In chapter 4, the magnetic 

properties of Mn12 with various reduction states during discharging are discussed. 

Finally, in chapter 5, the reaction mechanism is summarized, and a bright prospect of 

MCBs can be envisioned. 
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Chapter 2  

In situ XAFS studies of MCBs 

 

2.1. Introduction  

X-ray absorption fine structure (XAFS) has been recognized as a powerful 

structural characterization method due to its advantages such as element specificity, 

sensitivity to short-range order (typically several Å), and chemical state. It can 

provide a microscopic picture of the local structure surrounding the absorber atom, i.e. 

the oxidation state, the geometric structure, the type, number and distances of 

coordinated atoms.
 
The sensitivity to the short-range order makes XAFS capable of 

probing the structural and electronic changes for a variety of systems, no matter 

whether the studied samples are crystalline or amorphous.
[1-4]

 

When an incident beam of monochromatic X-ray of energy E passes through a 

homogeneous sample, the incident intensity decreases according to the Beer-Lambert 

law: 

                        
xE

t eII )(

0

  

where I0 and It are the incident and transmitted X-ray intensities, respectively, where x 

is the sample thickness, and μ(E) is the linear absorption coefficient. 

The absorption coefficient μ(E) gradually decreases with increasing the energy of 

the incident photon. When the incoming X-ray photon has a larger energy than the 

binding energy of a core electron, this electron is excited to a vacant excited state, or 

to the continuum, and a sharp rise in the absorption intensity appears (Fig. 2.1(a)). 

This steep rise is named the absorption edge. For atoms in a molecule, or in a 

condensed phase, the higher energy region above the absorption edge displays a fine 

structure, which is due to the scattering by the neighboring atoms surrounding the 

absorbing atom (Fig. 2.1(b)). In XAFS experiments, the intensity of μ(E) as a function 

of energy is studied. As the core electrons in an atom have a characteristic binding 

energy, which depends on the atomic number, we can select the studied element by 

tuning the X-ray energy to the absorption range. 

(2.1) 
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Figure 2.1 (a) Schematic representation of the excitation process of X-ray absorption. 

(b) Schematic view of the scattering of an outgoing wave by neighboring atoms. A 

and S refer to the absorbing and scattering atoms, respectively. 

 

A typical XAFS spectrum for an Mn12 cluster is shown in Fig. 2.2. The abrupt 

rise in μ(E) is clearly shown above 6540 eV due to the absorption of Mn 1s electrons. 

XAFS is often divided into two regions, namely the X-ray absorption near edge 

structure (XANES), covering the edge region, and the extended X-ray absorption fine 

structure (EXAFS), starting from approximately 30 eV above the absorption edge.
[5,6]

 

The XANES region is dominated by the electronic state of the absorbed atom, in 

addition to the multiple scatterings of photoelectrons due to their low kinetic energies. 

In contrast, the EXAFS region is dominated by the single scattering effects of electron 

waves propagating in a nearly constant electronic potential. The XANES analysis can 

provide the details regarding the oxidation states of absorber atoms, and the EXAFS 

study can offer information about the local structures around them.  

Many kinds of XAFS measurement methods have been developed using 

synchrotron radiation light sources: transmission XAFS for usual materials, 

fluorescence XAFS for dilute impurity elements and thin-film samples, magnetic 

XAFS for spin-state research, in situ XAFS for state-transformation investigation, 

space- and time-resolved XAFS for dynamics.
[7]

 Figure 2.3 shows an experimental 

setup scheme of the transmission XAFS measurement. The absorption coefficient μ(E) 

can be directly measured using this. So far, ex situ XAFS has been widely utilized to 

study the local structural changes of the battery cathode materials.
[8]

 Recently, in situ 

(a) (b) 
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Figure 2.2 Mn K-edge XAFS spectrum of Mn12 cluster. 

 

 

 

 

 

 

Figure 2.3 Experimental set-up for transmission mode measurement. 

 

XAFS has also been developed, since it allows us to directly monitor the solid-state 

electrochemical reactions in the batteries, without disassembling the cells, thus 

avoiding possible air oxidation and moisture attack.
[9-11]

  

In the present study, we performed in situ Mn and Mo K-edge XAFS 

measurements for Mn12- and PMo12-MCBs, respectively. Here, we describe the 

valence states and local structures of the Mn and Mo ions in these battery reactions. 
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2.2. Experimental section 

2.2.1. Materials 

Two kinds of molecular clusters, Mn12Pe
t
 

([Mn12O12(CH3CH2C(CH3)2COO)16(H2O)4]) and TBA3[PMo12O40] (TBA= 

[N(CH2CH2CH2CH3)4]
+
), were used as cathode materials. The synthetic methods of 

these two molecular clusters are described as follows. 

Preparation of Mn12Pe
t
 ([Mn12O12(CH3CH2C(CH3)2COO)16(H2O)4]) 

Mn12Pe
t 
(Fig. 2.4(a)), containing a bulky t-pentyl carboxylate ligand, was used 

as a cathode-active material for the XAFS studies, because it was more stable than 

Mn12Ac. Mn12Pe
t
 was prepared by the ligand substitution method for Mn12Ac.

[12]
 

The starting material, Mn12Ac, was prepared as reported.
[13]

 An acetonitrile solution 

of Mn12Ac was treated with a solution of HO2CPe
t
 in CH2Cl2. The solution was 

stirred overnight, and the solvent was then removed in vacuo. The residue was 

dissolved in toluene, and the solution was again evaporated to dryness. This procedure 

was repeated twice. The residue was then dissolved in CH2Cl2, and treated again with 

HO2CPe
t
 in CH2Cl2. After three more cycles of the addition and removal of toluene, 

the residue was redissolved in CH2Cl2. After filtration, and the addition of MeNO2, 

the solution was allowed to stand at 4 °C for 4 days. The resulting black crystals of 

Mn12Pe
t
 were collected by filtration, washed with MeNO2, and dried in vacuo. 

Finally, they were identified by infrared (IR) spectroscopy. 

Figure 2.4 (a) Molecular structure of Mn12Pe
t
 (b) Molecular structure of [PMo12]

3-
. 

(a) 

Mn 

Oxygen 

Carbon 

(b) 

P 

Oxygen 

Mo 
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Preparation of TBA3[PMo12O40] ([N(CH2CH2CH2CH3)4]3[PMo12O40])  

TBA3[PMo12O40], with a Keggin-type struture, was synthesized according to a 

classical preparation method (Fig. 2.4(b)).
[14]

 H3PMo12O40 (1.83 g) was firstly 

dissolved in 10 ml of water. Addition of 0.97 g of (C4H9)4NBr in 10 ml water 

precipitated a crude TBA3[PMo12O40]. After filtration, the obtained yellowish solid 

was washed with water, ethanol, and ether, and was recrystallized in acetone. The 

purity was confirmed by IR spectroscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Schematic sketch (a) and photograph (b) of the in situ cell. 

(b) 

(a) 
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2.2.2. Battery cells for in situ XAFS measurements. 

We have developed a battery reaction cell for in situ XAFS studies, modifying a 

cell previously reported in the literature.
[15]

 A sketch of the present cell is illustrated in 

Fig. 2.5. The battery cell, with a diameter of 16 mm, is formed in-between a stainless 

steel and a polypropylene plate. These outside plates have an X-ray window in the 

center, which is made of a Kapton film. The sample space, shielded by two concentric 

O-rings, includes a cathode and an anode, separated by a separator. This in situ 

electrochemical cell is re-usable and portable, and the O-ring sealing allows the 

experiments to run for several days without significant degradation of the electrodes. 

2.2.3. Battery analyses of MCBs 

For the in situ XAFS measurements, batteries were prepared using the following 

assembly procedure. The cathodes were prepared by mixing 10:70:20 weight ratio of 

Mn12Pe
t
, carbon black, and polytetrafluoroethylene suspended in water (60 % PTFE 

solution) for Mn12Pe
t
 MCBs. PMo12 MCBs were fabricated, replacing Mn12Pe

t
 with 

TBA3PMo12, and polytetrafluoroethylene with polyvinylidene fluoride (PVDF). The 

slurry mixture was then spread evenly (0.5 mm thickness, diameter 15 mm) onto an 

aluminum plate and dried. The anode material was lithium metal foil (0.1 mm 

thickness). 1 M LiPF6 dissolved in a 7:3 volumetric mixture of diethyl carbonate 

(DEC), and ethylene carbonate (EC) was used as electrolyte. A polyolefin film was 

used as a separator. The cells were assembled in an Ar glovebox, and cycled 

galvanostatically in the voltage of 2.0 – 4.0 V at a constant current of 0.1 mA for 

Mn12Pe
t
 MCBs and in the voltage range of 1.5 – 4.0 V at a constant current of 1 mA 

for PMo12 MCBs, respectively. The specific charging/discharging capacities were 

calculated based on the weight of active material (Mn12Pe
t 
or TBA3[PMo12O40]) in 

the cathode. 

2.2.4. XAFS measurements 

Measurements of Mn12 MCBs 

In situ Mn K-edge XAFS spectra of Mn12Pe
t
 MCBs were recorded in the energy 

range of 6210.0 to 7190.0 eV, with a transmission mode at the beam line BL-12C of 

the Photon Factory in KEK, Tsukuba, Japan (Fig. 2.6). The in situ cell was placed 



33 
 

 

Figure 2.6 Schematic sketch of the in situ XAFS measurements (BL-12C). 

 

between two transmission ion chambers. A Si (111) double-crystal monochromator 

was used to select a specific X-ray energy. The intensities, I0 and It, of incident and 

transmitted X-rays were measured using ionization chambers filled with a He/N2 

mixture (7:3) for an incident beam, and N2 (100%) for a transmitted beam. During in 

situ XAFS measurements, the area of the cathode subjected to X-ray, was ca. 1 mm × 

1 mm. To avoid chemical decomposition of Mn12Pe
t
 by X-ray, a Quick-XAFS 

(QXAFS) method was adapted, by which one spectrum was obtained within 60 sec. 

During the charging/discharging reactions, we performed the measurements with an 

interval of 15 mins. The reference materials, MnO, Mn3O4, Mn2O3, and MnO2, diluted 

with boron nitride, also were measured using the same measurement conditions. 

Measurements of PMo12 MCBs 

In situ Mo K-edge XAFS spectra of PMo12 MCBs were recorded in the energy 

range from 19498.9 to 20003.9 eV with a transmission mode at room temperature, 

using the beam line BL-NW10A of the Photon Factory Advanced Ring (PF-AR) in 

KEK, Tsukuba, Japan. An in situ battery cell was placed between two transmission ion 

chambers. A Si (311) monochromator was used to select a specific X-ray energy. The 

intensities of the incident (I0) and transmitted X-ray (It) were measured with 

X-ray 
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ionization chambers filled with Ar and Kr, respectively. During in situ XAFS 

measurements, the area of the cathode subjected to X-ray, was ca. 1 mm × 1 mm. To 

avoid chemical decomposition of PMo12 by X-ray, the QXAFS method was adapted, 

by which one spectrum was obtained within 60 sec. During the charging/discharging 

reactions, we performed the measurements with an interval of 60 sec. We also 

measured QXAFS of the pellet samples of the reference materials, metal Mo, 

TBA3PMo12, MoO2, and Li2MoO4, which are diluted with boron nitride, using the 

same measurement conditions. 

2.2.5 XAFS data analysis 

Data analysis of Mn12Pe
t
 MCBs 

The software REX2000 (Rigaku Corp.)
[16]

 was used for analysis of the XANES 

and EXAFS for Mn12Pe
t
 MCBs. XANES spectra were obtained by pre-edge 

background subtraction, with Victoreen-like functions, and subsequent normalization. 

The EXAFS functions of k
3
(k) (k is a photoelectron wave number) were obtained by 

standard procedures of pre-edge baseline subtraction, edge-energy determination, 

post-edge background subtraction (cubic spline), and normalization using the atomic 

absorption coefficients. Subsequently, k
3
-weighted χ(k) data in the range of 2 – 11.5 

Å
-1

 for Mn K-edge were Fourier-transformed to r-space. All possible scattering paths 

and backscattering amplitudes for curve-fitting were calculated by FEFF (8.2).
[17]

 

EXAFS spectra in r-space over the range of 0 – 6 Å were fitted using theoretically 

calculated scattering paths to obtain structural parameters, such as the coordination 

numbers (the number of neighboring atoms), bond distances, Debye-Waller factors, 

and energy shifts. 

Data analysis of PMo12 MCBs 

XANES spectra of PMo12 MCBs were analyzed through the same procedure as 

that for Mn12Pe
t
 MCBs, using the software REX2000. EXAFS analyses were carried 

out by standard procedures using the analysis program EXAFSH written by 

Yokoyama et al.
[18] 

The EXAFS oscillation functions k
3
χ(k) (k being the photoelectron 

wave number) were obtained by pre-edge base line subtraction, post-edge background 

estimation using cubic spline functions, and normalization with the atomic absorption 
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coefficients. The employed k ranges in the Fourier transforms were approximately 2 

– 12 Å
-1

 for Mo K-edge. Curve-fitting of the in situ EXAFS data were performed by 

using the backscattering amplitudes, and the phase shifts for the appropriate Mo-O 

and Mo-Mo shells, which were calculated from the crystal structure of MoO2 using 

the ab initio multiple scattering code FEFF 8.4,
[19, 20]

 or were obtained from the 

experimental EXAFS spectra of the reference materials, TBA3PMo12 and Li2MoO4. 

Subsequently, the structural parameters, such as the coordination numbers (the 

number of neighboring atoms), and interatomic distances were determined for Mo-O 

and Mo-Mo in the PMo12 molecule during charging/discharging.  

 

2.3. In situ XAFS studies of Mn12 MCBs 

2.3.1. Charging/discharging curves of Mn12 MCBs 

Figure 2.7 shows the charging/discharging curves of an Mn12Pe
t
/Li battery 

obtained at a constant current of 0.1 mA/cm
2
 in the voltage range of 2.0 – 4.0 V. 

These data were recorded during the in situ XAFS measurements. The black curve 

indicates the first charging process of the as-prepared cell; the voltage increases 

from the initial high value of 3.5 V, and quickly reaches 4.0 V, thus indicating that 

the battery was already charged in the fabrication process. These voltages roughly 

agree with the working potential of this battery, namely 3.5 V against Li, 

calculated from the mono-electron reduction potential of Mn12Pe
t
 in its cyclic 

voltammogram.
[21]

 The red curve shows the first discharging process; the voltage 

exhibits a gradual decrease, and indicates a large capacity of ca. 210 Ah/kg. The 

second charging process (green) exhibits a quick voltage increase to ca. 3.5 V, 

followed by a gradual increase. The second discharging curve (blue) is very similar 

to the first one (red), without showing an obvious decrease in capacity. This in situ 

cell exhibits a similar cycle performance to the coin cell. 

It is notable that, in our previous works of the Mn12Ac MCBs, the battery 

capacity in the second cycle became smaller by ca. 100 Ah/kg than that of the first 

cycle.
[22]

 As described in the next chapter, this decrease would be caused by the 

disappearance of a capacitance effect, such as formation of electrical double 



36 
 

Figure 2.7 Charging/discharging curves of Mn12Pe
t
 MCBs. The labels, O, 1C, 1D, 

2C and 2D, indicate the characteristic samples in the first two cycles of the battery 

reaction. 

 

layers, in the second cycle or later.  

2.3.2. In situ XANES analyses 

Figure 2.8 shows the normalized Mn K-edge XANES spectra in the first charging 

(black curves), the first discharging (red), the second charging (green), and the second 

discharging (blue). These data were simultaneously taken during the 

charging/discharging curve measurements shown in Fig. 2.7. Figure 2.9 shows the 

XANES spectra for the second charging/discharging processes. They exhibit a 

systematic change with an isosbestic point at 6555 eV. The neutral Mn12Pe
t
 molecule 

consists of eight Mn
3+

 and four Mn
4+ 

ions, and the
 
presence of the isosbestic point 

means that only one of the Mn
3+ 

or Mn
4+

 ions exhibits a valence change in this battery 

reaction.
[27]

 It is also notable that every spectrum includes a weak peak at 6540 eV, 

which is known to indicate that the Mn ions are in an octahedral coordination.
[23]

   

Figure 2.10 shows a linear relationship between the Mn oxidation state and the 

X-ray absorption edge energy for the reference materials, MnO, Mn3O4, Mn2O3, and 

MnO2, where the edge energy is defined as the point of the largest gradient on the 
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Figure 2.8 Evolution of the normalized in situ Mn K-edge XANES spectra for 

Mn12Pe
t
 MCBs during the first two cycles. 

Figure 2.9 Manganese K-edge XANES spectra for Mn12Pe
t
 MCBs in the second 

charging/discharging. 
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Figure 2.10 Normalized Mn K-edge XANES spectra (a) and Mn valence vs. edge 

energy (b) for the reference materials MnO, Mn3O4, Mn2O3, and MnO2. 

 

absorption curve. By using this relation, the averaged valence Nv of the Mn ions in 

Mn12Pe
t
 was obtained as Nv = total Mn valence/12. The results are shown in Fig. 2.11, 

where the values of Nv are plotted as a function of the battery voltage V (see Fig. 2.7). 

The initial value of Nv before the first charging is 3.3, which agrees with that of the 

neutral Mn12Pe
t
 with Nv = 3.33. After the first charging, Nv shows only a slight 

increase to 3.5, which is consistent with the small changes in voltage and capacity in 
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the first charging. The first discharging brings about a quick decrease in Nv, and the 

value reaches 2.5 at V = 2.8 V. Unexpectedly, Nv becomes constant in the range of 2.8 

− 2.0 V, though the discharging curve still exhibits a capacity (see Fig. 2.7). The 

second charging increases the value of Nv from 2.5 to 3.3 after a plateau in the range 

of 2.0 − 3.0 V. This behavior is consistent with that in the discharging process. The Nv 

change by 0.9 during the first discharging indicates an approximately ten-electron 

reduction per one Mn12 molecule, and corresponds to a battery capacity of ca. 100 

Ah/kg. This value is in good agreement with the capacity indicated in the voltage 

range of 2.8 − 4.0 V (see Fig. 2.6), but is a half of the total value (210 Ah/kg). In the 

other words, the capacity of ca. 110 Ah/kg obtained in the voltage range of 2.0 – 2.8 V 

can likely be explained by something other than a redox change of the Mn ions. Since 

the redox reaction of the organic parts, such as carboxylate ligand in Mn12, is not 

possible in this voltage range, this capacity likely comes from a capacitance effect, as 

we will describe in Chapter 3. 

Figure 2.11 Averaged Mn valence of Mn12Pe
t
 in the Mn12 MCBs as a function of 

cell voltage V (V).  
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2.3.3. In situ EXAFS analyses 

EXAFS analyses were performed in order to obtain the structural change of 

the Mn12Pe
t
 molecule. The open circles in Fig. 2.12 show the Fourier transform 

(FT) spectra of the k
3
-weighted data (k range is around 2.5 − 11.0 Å

-1
) for the 

samples denoted by O, 1C, 1D, 2C, and 2D in Figs. 2.11. These spectra indicate 

radial atomic distribution around the manganese centers. Before the first charging, 

sample O exhibits three main peaks at 1.4, 2.4, and 3.1 Å. The peak at 1.4 Å is 

assigned to the Mn-O distance, while the other two are attributed to short and long 

Mn-Mn distances. Although this sample is the neutral Mn12Pe
t
, which consists of 

Mn
3+ 

and Mn
4+

, the Fourier transform exhibits a single Mn-O peak at 1.4 Å. These 

results indicate that the local structures of Mn
3+ 

and Mn
4+ 

in the skeleton of Mn12 

cannot be distinguished by this analysis (see Fig. 2.4(a)). The curve of 1C is nearly 

the same as that of O. After the first discharging, 1D exhibits a very different 

curve; the peak at 1.4 Å becomes very small, and a new peak appears at 1.8 Å. The 

evolution of the FT spectra in this first discharging (reduction) process from 1C to 

1D is depicted in Fig. 2.13. It is clear that the peaks at 1.4 and 1.8 Å swap their 

intensities, as the voltage V decreases from 4.0. The generation of the peak at 1.8 

Å is probably caused by an increase in the levels of Mn
2+

 ions, as indicated by the 

Mn-O distances in MnO2 and MnO being 1.87 Å and 2.22 Å, respectively. After 

the second charging, the sample 2C exhibits an initial three peaks (Fig. 2.12), 

though their intensities are slightly smaller than those of 1C. After the second 

discharging, the curve of 2D is nearly the same as that of 1D.  

We carried out a quantitative analysis of the EXAFS data in Fig. 2.12. Becuse 

the local structures of Mn
3+ 

and Mn
4+

 in the skeleton of Mn12 cannot be 

distinguished, we assume the coexistence of two independent Mn-O6 octahedra, 

namely Mn
3+

/Mn
4+

-O6 and Mn
2+

-O6. However, we did not take into account the 

whole molecular skeleton of Mn12 as a combined structure of the two octahedra,  

so as to avoid overparameterization, and do not try to fit the peaks for the Mn-Mn 

distances. The red curves in Fig. 2.12 are the theoretical best fits of the two 

independent Mn-O6 octahedra model, to the peaks at 1.4 and 1.8 Å. In this 
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Figure 2.12 The experimental and simulated Fourier transforms of the Mn K-edge 

EXAFS spectra for O, 1C, 1D, 2C and 2D. 

Figure 2.13 Evolution of the fourier transforms of the Mn K-edge EXAFS spectra 

in the first discharging. 
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analysis, Debye-Waller factors are scaled to the fixed values of 0.065 and 0.089 Å for 

Mn
3+

/Mn
4+

-O6 and Mn
2+

-O6, respectively. This assumption is justified since the 

relative thermal displacements of Mn
3+

/Mn
4+

-O6 and Mn
2+

-O6 atom pairs are not 

significantly affected by the higher nearest neighbor atoms and, moreover, we 

considered only the ratio of the coordination numbers for Mn
3+

/Mn
4+

-O6 and Mn
2+

-O6. 

We also fixed the energy shift to an appropriate value of −2 and −3 eV for 

Mn
3+

/Mn
4+

-O6 and Mn
2+

-O6, respectively, because the interatomic distances for 

Mn
3+

/Mn
4+

-O6 and Mn
2+

-O6 are not discussed here. The theoretical curves can explain 

the curvatures below 2.0 Å fairly well, which strongly suggests that the Mn12 core 

structure is maintained in the charging/discharging (oxidation/reduction) processes.  

2.3.4. Internal redox processes of Mn12 clusters in MCBs 

The XANES analysis indicates that either the Mn
3+ 

or Mn
4+ 

ions
 
in the neutral 

Mn12 change their oxidation state, and that the super-reduced species of Mn12, 

with a negative charge of ca. –10, is obtained after the discharging. The EXAFS 

analysis suggests that the Mn
3+

/Mn
4+

-O6 octahedra are gradually converted into the 

Mn
2+

-O6 during discharging. Because all the anion species of Mn12 synthesized 

thus far have structures in which some of the Mn
3+

 are replaced with Mn
2+

,
[24, 25]

 it 

is reasonable to conclude that the super-reduced species would be [Mn12]
8-

, 

possessing eight Mn
2+

 ions. 

The open circles in Fig. 2.14 show the evolution of the Mn
3+

/Mn
2+

 numbers in 

Mn12 as a function of the battery voltage, V, which were calculated from the 

XANES data in Fig. 2.10. The closed circles in this figure indicate the results from 

the EXAFS analysis, which shows the coordination numbers of the Mn
3+

 and Mn
2+

  

ions. In this analysis, it is assumed that the redox reaction takes place only   

between Mn
3+

 and
 
Mn

2+
 without changing the Mn

4+
 sites. The V dependencies of 

the Mn
3+

/Mn
2+

 numbers resulting from XANES and EXAFS analysis are in good 

agreement with each other. In the range of 4.0 − 3.3 V, the decrease in the Mn
3+ 

ions is negligibly small, despite the discharging. This result could be caused by the 

fully charged species including cation species of Mn12Pe
t
. In the narrow range of 
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Figure 2.14 Voltage evolution of Mn
3+

 and Mn
2+ 

numbers in Mn12 obtained from 

EXAFS and XANES during the first discharging. 

 

3.3 − 2.8 V, the Mn
3+

  Mn
2+

 reduction quickly takes place at eight Mn
3+

 sites, 

while the electrochemical reduction of Mn12 in solution occurs in a stepwise 

manner over a wide potential range.
[25, 26]

 This solid-state electrochemical reaction 

of Mn12 toward the super-reduced species means that the reduction of one Mn
3+

 

site does not affect other sites in the solid state.
[26]

 This type of ‘shielding’ can be 

rationalized by the presence of close contacts between the reduced sites and the 

counter cations (Li
+
), in addition to a stabilization of the reduced species in a 

dielectric field of solids. In the range below 2.8 V, there is no redox change in the 

Mn ions, though a half of the battery capacity is obtained. 

2.3.5. Conclusions 

In situ XAFS spectroscopy has revealed the evolution of the oxidation state, 

and the local structure of Mn ions in the Mn12 molecule in the battery reaction. 

The source of the large capacity of the Mn12 MCBs is clearly shown; one half is 

from the redox change in the Mn ions, but the other half is not. We will discuss 

this in Chapter 3. The valence and structural analysis of Mn12 during 

charging/discharging indicated a conversion between Mn
3+

 and Mn
2+

 in the Mn12 
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skeleton. The solid-state electrochemistry was found to prepare the super-reduced 

species of Mn12 better than the conventional solution electrochemistry.  

 

2.4. In situ XAFS studies of PMo12 MCBs 

2.4.1. Charging/discharging curves of PMo12 MCBs 

Figure 2.15 shows the charging/discharging curves of PMo12 MCBs for in situ 

XAFS measurements at a constant load current of 1 mA in the voltage range of 1.5 −   

4.0 V. In the first charging process (black curve), the voltage quickly increases from 

the initial value (ca. 3.4 V) to 4.0 V. It is likely that these pristine batteries are nearly 

in the charged state. The first discharging of the PMo12 MCBs (red curve) indicates a 

gradual voltage decrease, and a high battery capacity of ca. 270 Ah/kg at 1.5 V. This 

value is similar to the reported one for the POMs previously.
[27, 28]

 The second 

charging process (green curve) exhibits a gradual voltage increase up to ca. 4.0 V, 

indicating a capacity of 230 Ah/kg. The second discharging curve (blue curve) is very 

similar to the first one (red), although the capacity is slightly decreased. This could be 

rationalized by a loose packing of the cathode and the anode in the battery cell, so that 

the capacity of the second discharging decreased. This in situ cell shows the same 

Figure 2.15 Charging/discharging curves of PMo12 MCBs. The labels, O, 1C, 1D, 

2C and 2D, indicate the characteristic samples in the first two cycles of the battery 

reaction. 
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performance, as is found in the experiments with the coin cells. 

2.4.2. In situ XANES analyses 

Figure 2.16 shows the normalized Mo K-edge XANES spectra recorded during 

the measurements of the first charging (black curves), the first discharging (red), the 

second charging (green), and the second discharging (blue) (see Fig. 2.15). Figure 

2.17 shows the XANES spectra for the first discharging and second charging 

processes. They exhibit a systematic spectral change; there is a clear shift of the 

absorption curves to lower energies with discharging, while the curve returns back to 

the original after charging. It is notable that these spectra indicate a shoulder around 

20010 eV in the pre-edge region, which appears/disappears in the 

charging/discharging processes, respectively. This structure is well known to be 

characteristic of the presence of a Mo=O bond for a formally dipole forbidden 1s → 

4d excitation to anti-bonding orbitals directed principally along the Mo=O bond, and 

is ascribable to the Mo=O bonds located outside the PMo12 molecule.
[29, 30]

 The 

appearance and disappearance of this structure in the battery reaction indicate the 

presence and absence of the Mo=O bond, respectively.  

Mo K-edge XANES absorption edge energies have been utilized to determine the 

valence of molybdenum.
[31-34]

 Figure 2.18 shows a linear relationship between the Mo 

oxidation state and the X-ray absorption edge energy for the reference materials, 

metal Mo, MoO2, TBA3PMo12, where the edge energy is defined as that at which the 

intensity reaches to 60 % of the absorption peak-top. By using this relation, Nv of the 

Mo ions in PMo12 was obtained. The results are shown in Fig. 2.19, where the values 

of Nv are plotted as a function of the battery voltage V (see Fig. 2.15). 

Absence of the data in the voltage range of 4.0 − 3.3 V in the second discharging 

process is caused by interruption of incident X-ray due to a beam injection in PF-AR. 

The initial value of Nv is ca. 6 before the first charging, which agrees with the 

assumption that [PMo12]
3-

 consists of twelve Mo
6+

. However, this value exhibits no 

change during the first charging, indicating that the as prepared battery is in the 

charged state. In the first discharging, Nv exhibits a slight decrease from the initial 
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Figure 2.16 Evolution of the normalized in situ Mo K-edge XANES spectra for 

PMo12 MCBs during the first two cycles. 
 

Figure 2.17 Mo K-edge XANES spectra for PMo12 MCBs in the first discharging 

and second charging. 
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Figure 2.18 Normalized Mo K-edge XANES spectra (a) and Mo valence vs. edge 

energy (b) for the reference materials Mo metal, MoO2, and (Bu4N)3PMo12O40. 

 

value in the range of 4.0 − 3.0 V, which is consistent with a small capacity in this 

voltage range (see Fig. 2.15). In the range of 3.0 − 1.5 V, Nv shows a quick decrease to 

4.0. This voltage range of the valence change roughly agrees with the theoretical 

value (3.5 − 2.0 V) calculated from the redox potential of PMo12.
[35]

 The second 
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Figure 2.19 Averaged Mo valence of PMo12 in the PMo12 MCBs as a function of 

cell voltage V (V). 

 

decreases it reversibly. The Nv value change by 2.0 in the first discharging indicates 

that all of the twelve Mo
6+

 ions in PMo12 are reduced to Mo
4+

. In the other words, 

one PMo12 molecule can store twenty four electrons. This value is consistent with the 

observed battery capacity of ca. 270 Ah/kg (see Fig. 2.15).  

2.4.3. In situ EXAFS analyses 

EXAFS analyses were performed in order to obtain the structural information 

of the PMo12 molecule during charging/discharging. Figure 2.20 shows the 

Fourier transform (FT) spectra of the k
3
-weighted data (k range is around 2.0 − 

12.0 Å
-1

) for the samples denoted by O, 1C, 1D, 2C, and 2D in Fig. 2.15. These 

spectra indicate the radial atomic distribution around Mo. The as-prepared sample 

O exhibits four main peaks at 1.1, 1.6, 2.3, and 3.2 Å, as indicated by the arrows. 

In the previous EXAFS studies of PMo12,
[36]

 these four peaks were assigned to 

Mo=O (1.7 Å) and two kinds of Mo-O (ca. 1.9 and 2.4 Å) bonds, and Mo-Mo (3.4 

Å) distance, respectively, as indicated in the local structure of [PMo12]
3-

 (see Fig. 

2.24).
[37]

 The curve of 1C is nearly the same as that of O. After the first 

discharging, 1D exhibits a different spectrum; the peaks at 1.1 and 3.2 Å become  
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Figure 2.20 The Fourier transforms of the Mo K-edge EXAFS spectra for O, 1C, 1D, 

2C and 2D. 

Figure 2.21 Evolution of the fourier transforms of the Mo K-edge EXAFS spectra in 

the first discharging. 
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very small, and those at 1.6 and 2.3 Å significantly increase. After the second 

charging, the sample 2C exhibits the initial four peaks, though the peak intensity at 

3.2 Å becomes slightly smaller, and the peak at 1.6 Å becomes narrower, 

compared with those in 1C. After the second discharging, the curve of 2D is nearly 

the same as that of 1D. This indicates a nearly reversible structural change of the 

PMo12 molecule during the charging/discharging processes.      

Figure 2.21 shows the evolution of the FT spectra in this first discharging 

(reduction) process from 1C to 1D. It is clear that the peaks at 1.1 and 3.2 Å swap the 

intensities at 1.6 and 2.3 Å, as the voltage V decreases from 4.0 V. The decrease of the 

peak at 1.1 Å, and increase of that at 1.6 Å are ascribed to the transformation from 

Mo=O double- to Mo-O single-bond, as also indicated by the XANES results in the 

discharging process (see Fig. 2.16). The other intensity swapping between the peaks at 

3.2 and 2.3 Å is probably caused by a shortening of Mo-Mo distance, as described 

later.  

We carried out curve-fitting for the in situ EXAFS spectra, using the parameters 

of the backscattering amplitudes and the phase shifts of the appropriate Mo-O and 

 

Table 2.1 Interatomic distances and coordination numbers for Mo-O and Mo-Mo 

shells in O, 1C, 1D, 2C, and 2D. 

 

Shell O 1C 1D 2C 2D 

Mo=O 

(1.1 Å) 

R / Å 1.71 1.71 1.66 1.71 1.68 

CN 1.02 1.01 0.31 0.83 0.30 

Mo-O 1 

(1.6 Å) 

R / Å 1.86 1.87 1.92 1.87 1.95 

CN 1.99 2.12 1.35 1.63 1.84 

Mo-O 2 

(1.6 Å) 

R / Å 2.01 2.02 2.06 2.00 2.10 

CN 1.96 2.12 3.17 1.95 2.41 

Mo-O  

(2.3 Å) 

R / Å 2.43 2.40 - 2.45 - 

CN 0.81 1.18 - 0.51 - 

Mo-Mo 

(2.3 Å) 

R / Å - - 2.63 2.58 2.62 

CN - - 0.88 0.16 0.75 

Mo-Mo 

(3.2 Å) 

R / Å 3.49 3.49 3.53 3.49 3.59 

CN 3.59 3.59 0.46 1.96 0.16 

Distance values in the column of shell correspond to curve-fitted peaks in EXAFS 

spectra. Two shell analyses were used for Mo-O (1.6 Å), denoted as Mo-O 1 and 

Mo-O 2. R: interatomic distance, CN: coordination number. 
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Table 2.2 Energy shifts E and Debye-Waller factors 

 for Mo-O and Mo-Mo 

shells in O, 1C, 1D, 2C, and 2D. 

 

 Mo=O 

(1.1 Å) 

Mo-O 1 

(1.6 Å) 

Mo-O 2 

(1.6 Å) 

Mo-O  

(2.3 Å) 

Mo-Mo 

(2.3 Å) 

Mo-Mo 

(3.2 Å) 

∆E /eV 0 8 8 8 3.4 0 

σ
2
/ 10

-2
Å

2
 -0.967 -0.326 -0.046 0.627 0.155 -0.014 

Distance values in the column of shell correspond to curve-fitted peaks in the EXAFS spectra. 

Two shell analyses were used for Mo-O (1.6 Å), denoted as Mo-O 1 and Mo-O 2. 

Figure 2.22 Interatomic distances in the EXAFS curve-fitting of PMo12 in the 

PMo12 MCBs as a function of cell voltage (V). 

 

Mo-Mo shells, which were obtained for the reference materials, MoO2 and 

TBA3PMo12. The Mo-O peak at 1.6 Å was analyzed by using two Mo-O shells with 

the distances of 1.9 and 2.0 Å (see Table 2.1), while the other peaks were analyzed by 

the one-shell model. The coordination numbers and interatomic distances were 

obtained as fitting variables for all the shells used in the curve-fittings, while the 

Debye-Waller factors and the energy shifts E were fixed (Table 2.2). The results 

are shown in Table 2.1 for O, 1C, 1D, 2C and 2D. Figure 2.22 shows the evolution of 

all the interatomic distances used in the curve-fitting. These interatomic distances 

exhibit no significant changes. Figure 2.23 shows the evolution of the coordination
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numbers for the shells in the first discharging and second charging. The data are rather 

scattered, because the data quality of some EXAFS spectra were not good, due to 

inhomogeneous reactions. Coordination number is an indicator for the number of 

neighboring atoms. Actually, the summation of the coordination numbers for all the 

M=O and M-O shells in O and 1C becomes ca. 6, which is consistent with 

six-coordinated Mo (see Table 2.1). As shown in Figs. 2.23(a) and (b), the summation 

of the coordination numbers for the Mo-O shells (1.9 and 2.0 Å) slightly increases 

during the discharging, while those for Mo=O (1.7 Å) and Mo-O (2.4 Å) approach to 

zero. These tendencies imply that all the Mo-O interatomic distances become ca. 2.0 

Å, accompanied with the disappearance of Mo=O. Figure 2.22(c) indicates the 

evolution of the coordination numbers for two kinds of the Mo-Mo distances. In the 

discharging process, the coordination number for the Mo-Mo distance of 3.4 Å 

decreases, while that for 2.6 Å increases. These results suggest that the Mo-Mo 

distance shortens from 3.4 to 2.6 Å, that is, the Mo-Mo bond is formed during 

discharging. 

2.4.4. Model structure of the reduced PMo12 

The EXAFS analysis suggested that the distances of Mo-O and Mo-Mo become 

ca. 2.0 and 2.6 Å, respectively, after discharging. Using this information, we estimated 

a local structure of the 24-electron reduced PMo12 molecule (denoted as [PMo12]
27-

), 

as shown in Fig. 2.24(b). In this structure, all the Mo-O distances are set to be 1.9 − 

2.0 Å, and the nearest Mo-Mo are 2.6 Å to make a single metal-metal bond. Assuming 

that the [PMo12]
27-

 molecule has the highest symmetry, we constructed a model 

structure by assembling the local structure (see Fig. 2.24 (b)), as shown in Fig. 2.24 

(c). This structure is slightly reduced in size from the original one, and this feature is 

similar to a partial structure of MoO2 including a single Mo-Mo bond.
[19]

 Then, using 

the expected structure of ]PMo12]
27-

, we simulated the EXAFS spectra of this 

molecule by using the backscattering amplitudes and the phase shifts for appropriate 

Mo-O and Mo-Mo shells. They are calculated from the model structure in Fig. 2.24 (c) 

using the ab initio multiple scattering code FEFF 8.4.
[20]

 The simulated EXAFS 

spectrum is shown in Fig. 2.25 with the experimental spectra for the fully-discharged 
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Figure 2.23 Evolution of coordination numbers for (a) the summation of two Mo-O 

shells (1.9 and 2.0 Å), (b) Mo=O (1.7 Å, black) and Mo-O (2.4 Å, red) shells, and (c) 

Mo-Mo (2.4 Å, red) and Mo-Mo (3.5 Å, black) shells used in EXAFS. 
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Figure 2.24 Local structures of (a) [PMo12]
3-

, (b) [PMo12]
27-

, and model structures 

of (c) [PMo12]
27-

. 

Figure 2.25 Simulated Mo K-edge EXAFS spectra for [PMo12]
27-

 model structure 

(black) and experimental Mo K-edge EXAFS spectra for 1D (red). 

 

state (1D). The simulation can reproduce the features of the experimental spectra very 

well. It is reasonable to conclude that the model structure is highly possible to explain 

the structure of [PMo12]
27-
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discharging. In the range of 3.0 − 1.5 V, the reduction from Mo
6+

 to Mo
4+

 takes place 

at twelve Mo
6+

 sites, though it is well-known that only two- or three-electron 

reductions occur for PMo12 in this voltage range in the solution electrochemistry.
[35]

 

The present solid-state electrochemical reaction of PMo12 means that the reduction of 

one Mo
6+

 site does not affect the other Mo ion sites in the solid state, probably due to 

close contacts between the reduced sites and the counter cations (Li
+
), and that the 

highly-reduced species are stabilized in the dielectric field of the solid.
[26]

 PMo12 can 

be regarded as a molecular electron-sponge with the volume change suggested by the 

EXAFS analyses.
[38, 39]

 This kind of electron-sponge behavior may be common in the 

solid-state electrochemistry, such as in the battery reactions, as ten-electron redox 

reactions also take place for the Mn12 clusters in the Mn12 MCBs.  

Besides the 10 wt% PMo12 MCBs, the charging-discharging performances were 

tested for the coin cell batteries, in which the cathode includes a 30 wt% of the active 

material, TBA3PMo12. The charging/discharging curves for the 30 wt% POM MCBs 

show that the first discharging capacity becomes less than one-third of that in the 10 

wt% battery (Fig. 2.26). We measured in situ XAFS of the 30 wt% POM MCBs to 

reveal this active-material ratio dependence on the battery performances. Figure 2.27 

shows the charging/discharging curves during in situ XAFS measurements. This 

behaviour is almost similar to that of the coin cell battery, although the capacity 

decreases in the second discharging. Normalized in situ Mo K-edge XANES spectra 

exhibit slight spectral changes between charged and discharged states (Fig. 2.28). This 

behavior is very different from that of 10 wt% POM MCBs (see Fig. 2.16). As shown 

in Fig. 2.29, the values of the averaged Mo valences Nv, which are calculated from the 

edge energies in Fig. 2.28, decrease from ca. 6.0 to 5.0 in the discharging process, and 

then return back to the original value of 6.0 in the charging process. These results 

indicate an approximately 11-electron reduction per one PMo12 molecule in 

discharging, and the obtained theoretical capacity of 115 Ah/kg is comparable to a 

small battery capacity of ca. 70 Ah/kg (Fig. 2.27). Impedance measurements on both 

the 10 and 30 wt% POM-MCBs (Fig. 2.30) demonstrate that the charge-transfer 

resistance for the 30 wt% MCBs is higher than that for the 10 wt% ones. Since the 
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Figure 2.26 Charging and discharging curves for the first two cycles of 30 wt% 

PMo12/Li MCBs using the coin cell battery. 

 

Figure 2.27 Charging and discharging curves of 30 wt% PMo12/Li MCBs during 

XAFS measurements.  
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Figure 2.28 Evolution of the normalized in situ Mo K-edge XANES spectra for 30 

wt% PMo12 MCBs during the first two cycles. 

 

Figure 2.29 Averaged Mo valence of PMo12 in the 30 wt% PMo12 MCBs as a 

function of cell voltage (V). 
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Figure 2.30 Impedance spectra of the 10 and 30 wt% PMo12/Li MCBs using the coin 

cell batteries. (Frequency range: 200 kHz – 10 mHz) 

 

PMo12 is an insulator, the small capacity of the 30 wt% one is caused by a poor 

electron transfer between the PMo12 and the carbon electrode due to a ratio increase 

of the PMo12. To achieve a high capacity in MCBs with high ratios of active 

materials, it is necessary to develop a system with effective/smooth electron transfer 

between the cluster molecules and the electrode. 

2.4.6. Conclusions  

In situ Mo K-edge XAFS measurements on POM-MCBs revealed the evolution 

of the oxidation state and the local structure of Mo ions of the PMo12 molecule in the 

battery reaction. The large discharging capacity is explained by twenty-four electron 

reductions of the PMo12 molecule, in which the reduction from Mo
6+

 to Mo
4+

 takes 

place at twelve Mo
6+

 sites, accompanied by a shrinking in molecular size. These 

results suggest that POMs are promising cathode active materials for 

high-performance rechargeable batteries.  

 

2.5. Summary 

In situ XAFS studies of both Mn12Pe
t
 and PMo12 MCBs were carried out to 

investigate the reaction mechanism of MCBs comprehensively. The ten-electron 
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reduction of Mn12 clusters in Mn12Pe
t
 MCBs takes place in the limited voltage range, 

indicating that a half of the whole capacity is from the redox reaction of the Mn ions 

and the other comes from a physical effect. In contrast, the 24-electron reduction of 

PMo12 can explain the whole capacity of this battery. 

The in situ XAFS analysis suggested that reversible structural changes and 

super-reduction of molecular clusters occurred both in Mn12Pe
t
 and PMo12 MCBs. 

The super-reduction behavior can be rationalized by close contacts between the 

reduced metal ions and Li
+
 ions, and the presence of a dielectric field, which stabilizes 

the reduced metal ion sites in the molecular clusters. Using solid-state 

electrochemistry, we succeeded in preparing super-reduced molecular clusters, which 

cannot be obtained in conventional solution electrochemistry. 
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Chapter 3 

Electrical double layer effect of Mn12 MCBs studied by 

cyclic voltammetry and solid-state 
7
Li NMR 

 

3.1. Introduction 

Electrical double layer capacitors (EDLCs), so-called supercapacitors, have 

recently attracted a considerable amount of attention as promising energy storage 

devices, due to a large energy density and a long life cycle.
[1-5]

 An electrical double 

layer (EDL) is usually formed at an electrode/electrolyte interface, where electric 

charges are accumulated on the electrode surface, and ions with opposite charges are 

arranged on the surface of the electrolyte side (Fig. 3.1).
[6]

 

As described in Chapter 2, the capacity of ca. 100 Ah/kg in 2.8 – 4.0 V of the 

Mn12 MCB is assigned to a multi-electron redox of Mn ions of Mn12, while the 

origin of ca. 100 Ah/kg in the range of 2.0 – 2.8 V remained unclear. In this chapter, 

we tried to investigate the capacity between 2.0 and 2.8 V, which is probably caused 

by the formation of EDL, using cyclic voltammetry (CV) measurements and nuclear 

magnetic resonance (NMR) spectroscopy. 

 

 

Figure 3.1 Depiction of the EDL at the surface of the cathode. 
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Figure 3.2 Paramagnet with magnetic moment μe, and electronic spin S =1/2 (a) and 

the effect of a static magnetic field (b). (from Ref. 4)  

 

CV measurements are usually preformed to study EDLCs. An idealized EDLC 

with a good charge retention exhibits a rectangular shaped voltammogram, which 

indicates no redox reaction.
[7]

 The value of the capacitance can be estimated from CV 

curves using the following equation:  

                   

dt
dE

I

dt
dE

dt
dQ

dE
dQ

C 

 

 

where I is the current, 
dt

dE  is the potential sweep rate used in the CV 

measurements. 

To form an EDL in a Li
+
 ion electrolyte, the physisorption of Li

+
 ions onto 

electrode/electrolyte interfaces is required. This suggests that it is important to 

investigate the behavior of Li
+
 ions in the battery system.

[8]
 
7
Li magic angle spinning 

(MAS) NMR spectroscopy has been widely used to study the environments and 

motions of the Li
+
 ions in electrode materials. 

7
Li nuclei has a high natural abundance 

(93%), and a large quadrupolar moment (I=3/2), so that NMR is sensitive to detect a 

small amount of Li
+
 ions.

[9-11]
 Since cathode materials such as LiMn2O4 are 

paramagnetic, the lithium NMR spectra are affected by the interactions between 

lithium nuclear spins and unpaired electron spins in the cathode (Fig. 3.2). These 

interactions offer valuable information concerning the local environments around Li
+
  

(a) (b) 
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No field 

μe=-gμBS 
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ions.
[12, 13]

 

In this chapter, comprehensive discussion will be given on the unknown capacity 

of ca. 100 Ah/kg in 2.8 – 2.0 V in the Mn12 MCBs, based on solid-state 
7
Li MAS 

NMR on the ex situ cathode samples, and CV measurements. It is proposed that Li
+
 

ions play an important role in the formation of EDL below 2.8 V in the discharging 

process. 

 

3.2. CV measurements of Mn12 MCBs 

3.2.1. Experimental 

The coin cell batteries are fabricated for CV measurements (see the experimental 

section of Chapter 2). The cathodes are prepared by mixing Mn12Pe
t
, carbon black 

and PTFE in the weight ratio of 10: 70: 20. The coin cells are assembled in an Argon 

glovebox with Li foil as an anode, polypropylene as a separator, and 1 M LiPF6 

EC/DEC solution as an electrolyte. The CV measurements of the Mn12 MCBs are 

carried out using a Biologic SP-150 potentiostat. The current density is calculated 

based on the weight of Mn12Pe
t
 in the cathode. Since it is well-known that carbon 

materials exhibit EDLCs, CV measurements are also performed on the coin cell using 

carbon black as a cathode, Li metal as an anode, 1 M LiPF6 EC/DEC solution as an 

electrolyte to obtain an EDL capacitance of only carbon black. 

3.2.2. Results and discussion 

Figure 3.3 shows a CV curve for the Mn12 MCBs measured at a scan rate of 1.0 

mV/s in a potential window of 1.8 – 4.0 V, which is nearly consistent with that of the 

charging/discharging test (see Chapter 2). The current obviously shows an increase in 

the voltage range of 3.0 – 4.0 V, indicating electrochemical reactions, which are 

ascribed to the redox of Mn ions, as described in Chapter 2. However, the current 

depends little on the voltage in the range of 1.8 – 3.0 V, indicating no oxidation and 

reduction. To investigate the electrochemical behavior below 3.0 V, CV curves of the 

Mn12 MCBs were measured between 1.8 and 3.0 V at scan rates of 0.5, 1.0, and 3.0 

mV/s. As shown in Fig. 3.4, the curves at 0.5 and 1.0 mV/s exhibit nearly rectangular 

shapes, indicating a typical EDL behavior, as reported for carbon nanomaterial-based 
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Figure 3.3 Cyclic voltammograms of Mn12 MCBs in the range of 1.8 – 4.0 V at scan 

rate of 1.0 mV/s. 

Figure 3.4 Cyclic voltammograms of Mn12 MCBs in the range of 1.8 – 3.0 V at scan 

rates of 0.5, 1.0, 3.0 mV/s. 
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Figure 3.5 Plot of the current in the EDL as a function of scan rate of Mn12 MCBs. 

 

Figure 3.6 Cyclic voltammograms of carbon black in the range of 2.0 – 3.0 V at scan 

rate of 1.0 mV/s. 
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capacitors.
[14, 15]

 The absolute value of the current increases with increasing scan rate, 

suggesting that it is capacitive in nature. At the high scan rate of 3.0 mV/s, the curve 

deviates from a regular rectangular shape, suggesting imperfect reversibility perhaps 

at the separator-electrode interface, due to an ohmic drop, which is a usual 

characteristic of EDLC.
[16-19]

 In Fig. 3.5, the anodic currents at 2.4 V in the 

rectangular shaped CVs are plotted as a function of scan rate. The linear relation 

between them indicates that the EDL capacitance is stable and constant, being 

independent of the scan rate, since the capacitance is defined by Eq. 3.1. Using these 

results, the value of the EDL capacitance is estimated as ca. 100 F/g, which is 

comparable to those of high-performance carbon material-based capacitors. This 

value can be converted to a battery capacity, ca. 70 Ah/kg, by assuming that the 

working voltage V of the capacitance is 2.4 V. Note that the relationship between the 

units of F/g (capacitance) and Ah/kg (capacity) is as follows: 

                   V
gF

kghA 







6.3

1
1

 

Figure 3.6 shows a CV curve for carbon black measured at a scan rate of 1.0 

mV/s between 2.0 and 3.0 V, where the current is about 15 mA/g, and then the EDLC 

capacity is calculated as ca. 10 Ah/kg. These results mean that the contribution from 

carbon black can be neglected. Although the value of the EDLC, ca. 70 Ah/kg, is 

smaller than the actual battery capacity, 100 Ah/kg, it is due to a fast scan rate in CV 

measurements.  

The CV measurements of the Mn12 MCBs indicate that the capacity of 100 

Ah/kg in 2.0 – 2.8 V can be explained by the EDL capacitance. Since the operating 

voltage of usual EDLCs using organic electrolyte does not exceed 3.0 V, this working 

voltage is quite reasonable.
[4] 

The value of the EDLC observed in the present battery 

is as high as those of high performance capacitors recently reported in carbon 

nanomaterials.
[5]

 Combination of the EDL capacitance and the redox behavior of the 

Mn ions brings about the high capacity of the Mn12 MCBs.  

 

 

(3.2) 
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3.3. Solid-state 
7
Li NMR measurements of Mn12 MCBs 

3.3.1. Experimental 

To prepare the ex situ NMR samples, the coin cell batteries were fabricated using 

a standard assembly procedure. The cathodes were prepared by mixing Mn12Pe
t
, 

carbon black and PTFE in the weight ratio of 10: 70: 20. The coin cells were 

assembled in an Argon glovebox with Li foil as an anode, polypropylene as a 

separator, and 1 M LiPF6 EC/DEC solution as an electrolyte. The cells were cycled 

galvanostatically at 0.1 mA in the voltage range of 2.0 – 4.0 V. The cathode samples 

for NMR studies were taken out from coin cells stopped at various voltages during 

charging/discharging. After drying, the cathodes (5 mg) were crushed, and then were 

inserted into zirconia rotors with a diameter of 4.0 mm for MAS NMR measurements. 

The samples were not washed in order to prevent the decomposition of solid 

electrolyte interface (SEI) and any loss of active materials. 

The NMR spectra were acquired at 194.38 MHz using a Bruker-500 MHz 

spectrometer, with a 4.0 mm probe at a 10 kHz spinning speed. All the spectra were 

referenced to a 
7
Li peak of 1 M LiCl aqueous solution. A rotor-synchronized spin echo 

sequence (90° - τ - 180° - τ – acq.) was used to collect a total of 256 scans for each 

spectrum. A recycle delay of 5 seconds was used to avoid a saturation of the 
7
Li 

signal. 

3.3.2. Results and discussion 

Battery performance of Mn12 MCBs  

Figure 3.7(a) shows the charging/discharging curves of the first two cycles for 

the Mn12 MCBs at a constant current of 0.1 mA in the voltage range of 2.0 – 4.0 V. A 

large capacity of ca. 210 Ah/kg is obtained in the first discharging, but the capacity 

slightly decreases in the second cycle. The behavior is similar to that of the in situ 

XAFS batteries (Fig. 2.7). The charging/discharging voltage vs. time plots are shown 

in Fig. 3.7(b). The voltages, at which the NMR spectra were measured (Fig. 3.8), are 

marked as black dots. 
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Figure 3.7 (a) Charging/discharging curves of a coin cell of Mn12Pe
t
 MCBs. The 

labels, O, 1C, 1D, 2C and 2D, indicate the characteristic samples in the first two 

cycles of the battery reaction. (b) Charging/discharging voltage vs. time curves for 

coin cell. Black dots show the different voltage states at which NMR spectra were 

collected. 
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7
Li MAS NMR studies 

Figure 3.8 shows the 
7
Li MAS NMR spectra of the cathodes obtained at various 

voltages during charging/discharging. A major resonance at 0 ppm in the NMR 

spectra was observed for every sample. In order to obtain the values of the line width 

and the chemical shift, we carried out a Lorenzian fitting of the NMR spectra using 

the software DMFIT 2008.
[20]

 Figure 3.9 shows the curve fittings for the spectra 

denoted by O, 1C, 1D, 2C, and 2D. The spectra can be divided into three components: 

a rather narrow peak at -0.5 ppm or -1 ppm (blue curve), a very broad central peak at 

about 0 ppm (gray curve), and a sharp and weak peak at -0.3 ppm (green curve). 

These green-curve resonances at -0.3 ppm can be ascribed to the Li
+ 

ions in a
 

diamagnetic environment in the solid-electrolyte interphase (SEI) or in the residual 

electrolyte, while the gray-curve peaks are due to the contribution of the Li
+
 ions 

randomly dispersed in carbon.
[21-23]

 Then, the blue-curve peaks are assignable to the 

mobile Li
+
 ions in the batteries, which are affected by the surrounding environment of 

the Li
+
 ions in the cathode.

[24]
 We analyzed the blue curves in detail, to reveal the 

dependence on the charging/discharging. 

Figure 3.10 shows the evolution of the line width of the blue curves as a function 

of the voltage. After the first charging, the line width shows only a slight decrease. 

The first discharging increases the line width from 200 Hz to 1350 Hz after a plateau 

in the range of 4.0 – 3.3 V. The line width becomes constant in the range of 2.0 – 3.1 

V during the second charging, then the value quickly decreases, and reaches 400 Hz at 

V = 4.0 V. The second discharging exhibits similar behavior to that of the first 

discharging. It is well known that the broad and narrow line widths indicate low and 

high mobilities of Li
+
 ions, respectively.

[24]
 The line width becomes broader during the 

discharging process, which means that the mobility of the Li
+ 

ions
 
decreases, while it 

becomes narrower during charging, which suggests a mobility increase. It is thought 

that the Li
+
 ions would come closer to the active material, Mn12, resulting in a strong 

electrostatic interaction between reduced Mn12 molecules and Li
+ 

ions, and a low 

mobility of Li
+ 

ions in the discharging process, while they leave from the Mn12 
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Figure 3.8 
7
Li MAS NMR spectra of Mn12Pe

t
 cathodes at various 

charging/discharging voltages during the first two cycles. 

 

 

 

Figure 3.9 Curve fitting results of 
7
Li NMR spectra for O, 1C, 1D, 2C and 2D. 

(Black line is experimental curve; red line is simulated curve; the assignments of blue, 

green and gray components are described in the text.) 
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Figure 3.10 
7
Li MAS NMR line width evolution as a function of cell voltage. 

 

Figure 3.11 
7
Li MAS NMR chemical shift as a function of cell voltage. 
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molecules and become free during charging. 

Figure 3.11 shows the chemical shift change during charging/discharging 

processes. During the first discharging, the chemical shift exhibits a quick increase to 

higher fields after passing through a plateau in the range of 4.0 – 2.8 V. In the second 

charging, the chemical shift shows a quick decrease in the range of 2.0 – 2.5 V, and 

then becomes constant at 2.5 – 4.0 V. The second discharging exhibits a similar 

dependence of the chemical shift as that in the first discharging. 

It is well known that the chemical shifts of NMR spectra are governed by the 

secondary magnetic field, due to the electronic current induced by the applied field.
 

For the small nucleus with only 1s electron such as H and Li
+
, the chemical shifts 

result from the neighbor anisotropy effect.
[25, 26]

 Namely, negative shifts indicate the 

decrease of local paramagnetic moments on the neighboring atoms, while positive 

shifts mean the increase. The negative/positive change of the chemical shifts observed 

in the charging/discharging would correspond to the decrease/increase of the 

paramagnetic moments of Mn12 clusters. The in situ XAFS study (Chapter 2) 

revealed that the oxidation/reduction reaction is caused by the redox change between 

Mn
3+

 (S = 2) and Mn
2+ 

(S = 5/2) ions during the charging/discharging processes. 

These results suggest that the paramagnetic moment of the Mn12 cluster 

decreases/increases during charging/discharging, which is consistent with those from 

the solid-state 
7
Li NMR studies. 

7
Li NMR spectra for layered materials (e.g. LiCoO2) usually exhibit a large 

positive change in the chemical shift, due to a close contact between Li
+
 and Co ions 

when Li
+
 ions are inserted into the interlayer.

[27]
 However, only a small positive shift 

was observed in
 7
Li NMR spectra of Mn12 cathode. This means that Li

+
 ions have a 

weak interaction with the core Mn ions of the Mn12 molecule, since the carboxylate 

ligand moiety of Mn12 prevent a contact of Li
+
 ions with Mn ions, even after 

discharging. 

Ex situ solid-state 
7
Li MAS NMR revealed the evolution of the mobility and the 

local environment of Li
+
 ions in the battery reaction of the Mn12 MCBs. It is 

concluded that the Li
+
 ions leave from the Mn12 molecule during charging, while they 
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Figure 3.12 Evolution of Li
+
 ions position during charging/discharging. 

 

come closer to the Mn12 molecules during discharging (Fig. 3.12).  

 

3.4. Discussions on the EDL formation in Mn12 MCBs  

Based on the CV and NMR results, the formation of an EDL in the discharging 

process of the Mn12 MCBs is schematically shown in Fig. 3.13. In the first step of 

discharging, the [Mn12]
0
 clusters are reduced to [Mn12]

8-
 in the voltage range of 4.0 

to 2.8 V (Fig. 3.13(a)). Then, the Li
+
 ions move to the Mn12 clusters, and are trapped 

on the surfaces of the Mn12 clusters. In the range of 2.8 – 2.0 V, the surface of the 

carbon black electrodes is charged negatively (Fig. 3.13(b), (c)), and an EDL is 

formed at the interface of the carbon black electrode and the active material. This 

process is reversible in the charging process. The value of ca. 100 Ah/kg in 2.8 – 2.0 

V can be explained by this EDL capacitance (supercapacitance) effect. So the Mn12 

MCBs exhibit a higher capacity than the theoretical one estimated from only the redox 

of the Mn ions in Mn12. This is an advantage of the Mn12 MCBs, although a 

combination of the redox reactions and the EDL capacitance is not usual. 
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Figure 3.13 Procedure of EDL formation (a) Mn12 clusters are reduced to [Mn12]
8-

 

(b) Li ions accumulate on the surface of Mn12 clusters (c) EDL forms at the interface 

between carbon and Mn12 clusters. 
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Chapter 4 

In situ magnetic studies of Mn12 MCBs 

 

4.1. Introduction 

A family of Mn12 cluster exhibits exotic magnetic properties, such as a 

single-molecule magnet (SMM) behavior, due to a strong magnetic anisotropy, and a 

large ground-state spin (S = 10).
[1-5]

 As well as neutral Mn12 clusters, one- or 

two-electron reduced Mn12 clusters, which can be prepared by chemical reduction 

methods, are isolated, and their magnetic properties have been investigated.
[6-11]

 

Magnetic studies of these anions suggest that their ground spin states change due 

to the variation of Mn-Mn spin exchange interactions in the Mn12 core structure 

resulting from the valence change of the Mn
3+ 

to
 
Mn

2+
.
[7, 12]

 [Mn12]
- 
salts have an S = 

19/2 ground state, while two electron reduced [Mn12]
2- 

anions exhibit a ground state 

spin of 10, the same as that of the neutral Mn12. More recently, Christou’s group has 

reported [Mn12]
3-

 possessing a half integer S = 17/2 ground state.
[13]

 These reduced 

Mn12 derivatives maintain a SMM behavior, although the blocking temperature, and 

total spin moment are tuned.
 

As described in Chapter 2, XAFS studies indicate that [Mn12]
8- 

is formed in the 

discharging process of the Mn12 MCBs. Since this kind of super-reduced Mn12 

clusters could not be obtained by usual chemical and solution electrochemical 

methods, it is expected that they exhibit novel and exotic magnetic properties.  

In the present study, in situ magnetic analysis of the Mn12 MCBs are carried out 

to investigate the magnetic properties of [Mn12]
8-

. Such in situ measurements are 

useful, because [Mn12]
8- 

is probably unstable, and its magnetic properties couldn’t be 

evaluated exactly by ex situ methods. In addition, this method is also useful to 

understand the intermediate reduced states between [Mn12]
0 
and

 
[Mn12]

8-
. 
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4.2. Experimental 

4.2.1. Battery cells for in situ magnetic measurements. 

A reusable battery cell is developed for in situ magnetic studies. A sketch of the 

in situ cell is illustrated in Fig. 4.1. In order to investigate magnetic properties using a 

SQUID device with a 9mm diameter sample chamber, a small diamagnetic battery is 

made from two quartz glass cells. Both quartz glass parts are held together to form a 

battery space. The cathode is prepared by the same procedure for the coin cell battery 

described in Chapter 3, and it contains ca. 2 mg of Mn12Pe
t
. The anode material is a 

lithium metal foil (0.1 mm thickness). The electrolyte used in this study is a EC/DEC 

(7:3) solution of 1 M LiPF6. A porous glass fiber (Whatman) is used as a separator. 

The final dimensions of the in situ cell are 5 mm (width) × 5 mm (height) × 15 mm 

(length). This in situ electrochemical cell allows us to investigate the magnetic 

properties of Mn12 MCBs without dissembling the battery. 

4.2.2. In situ magnetic measurements 

In situ magnetic measurements of Mn12 MCBs were carried out with a Quantum 

Design SQUID magnetometer (MPMS XL-5). The in situ cell was fixed onto the 

probe rod and inserted into the sample chamber (Fig. 4.2). The in situ cell was cycled 

galvanostatically at room temperature (300 K) until the second charging. The 

charging/discharging cycles were stopped at various voltages, and then the 

temperature was decreased to 1.8 K. Then, the field dependence of the magnetization  

 

Figure 4.1 (a) Schematic sketch of the in situ cell, (b) Photograph of the in situ cell. 

(b) (a) 
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Figure 4.2 (a) Photograph of the in situ cell fixed on the probe rod, (b) Schematic 

sketch of the in situ magnetic measurement setup.  
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measurements were carried out, applying the field up to 5 T. The battery cells include 

carbon materials, PTFE binder, Li metal, platinum current collectors, and quartz glass 

boxes. Magnetic compensation for these materials was done by measuring the 

magnetization of the cell including other components except Mn12. 

 

4.3. Results and discussion 

Figure 4.3(a) shows the charging/discharging curves of the first cycle for an in 

situ magnetic battery cell at a constant current of 0.1 mA/cm
2 

in the voltage range of 

2.0 – 4.0 V. A capacity of ca.165 Ah/kg
 
is obtained in the first discharging. Although 

this value is smaller than that of the coin cell battery (210 Ah/kg), it is probably 

caused by a loose contact between the cathode and the anode. The evolution of 

voltage as a function of time is shown in Fig. 4.3(b). The voltage of the samples, at 

which the magnetic measurements were performed, are marked with black dots. 

The field dependence of the magnetization was examined at 1.8 K, increasing the 

magnetic field up to 5 T. Figure 4.4 shows the magnetization curves for the samples 

marked by black dots in Fig. 4.3(b). Since Mn12 in the cathode is a powder sample, 

the coercive field Hc for the present samples is smaller than that of a single crystalline 

sample of Mn12 reported in the literature.
[3]

 After the first charging, the magnetization 

curve of 1C shows a saturation magnetization, similar to that of O. During the first 

discharging process, the value of the saturated magnetization gradually increases, as 

seen in the samples at 3.2 and 3.0 V. Then, the value becomes almost constant. The 

magnetizations are not saturated, even at 5 T, for the samples O, 2.8V, 2.3V and 1D, 

indicating that the field is not enough to turn the magnetic domains completely along 

the field direction.  

Mn12 molecule possesses a large ground state spin of S = 10, which can be 

rationalized on the basis of the sign and relative magnitude of the exchange 

interactions within the Mn12 core structure: the four central Mn
4+

 ions are weakly 

ferromagnetically coupled, and the remaining Mn
3+

-Mn
4+

 and Mn
3+

-Mn
3+

 interaction 

are all antiferromagnetic, with the former much stronger than the latter. As a result, 

the stronger Mn
3+

-Mn
4+ 

interactions over the weaker Mn
3+

-Mn
3+ 

ones, aligning the 
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Figure 4.3 (a) Charging/discharging curves of in situ magnetic Mn12 MCBs. The 

labels, O, 1C, 1D, 2C and 2D, indicate the characteristic samples in the first two 

cycles of the battery reaction. (b) Charging/discharging voltage vs. time curves for in 

situ magnetic battery cell. Black dots show the different voltage states at which 

magnetic experiments were performed. 
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Figure 4.4 Magnetization curves for the in situ Mn12 MCBs at various voltage states. 

 

spins of the outer Mn
3+

 ions all parallel and thus antiparallel to the central Mn
4+ 

ions. 

This suggests that [Mn12]
0
 has an S = 16 – 6 = 10 ground state,

[14-16]
 as described in 

details later. It is well known that magnetization for a powder sample tends to 

approach the saturation value Msat at a low temperature and a high enough field, as in 

the following equation:
[1]

 

                        SNgM Bsat   

where N is Avogadro’s constant, g is Lande’s factor, μB is the Bohr magneton, S is the 

spin number. The spin numbers of the Mn12 molecule during charging/discharging 

are estimated by inputting the magnetic moment at 5T into this equation. The results 

are summarized in Table 4.1.  

The ground spin states of reduced Mn12 molecules could not be estimated 

exactly due to a change in the competing exchange interactions when the oxidation 

state of Mn ions is modified. In [Mn12]
8- 

salts, the interactions between Mn
2+ 

and
 

Mn
4+

 ions overcome those between Mn
2+ 

and
 
Mn

2+ 
ions. So all spins of the outer Mn

2+
 

ions are aligned parallel, while thay are antiparallel to those of the central Mn
4+ 

ions. 

This means that the theoretical magnetizations of reduced Mn12 molecules can be 

simply calculated by assuming the antiferromagnetic interactions between Mn
2+

 (S = 

(4.1) 
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Table 4.1 Magnetic parameters for each charging/discharging state. 

 

Sample name O      1C      3.2V     3.0V     2.8V     2.3V    1D 

Experimental 

spin 
10      8.7      9.5      10.7      13      13.8     13.5 

Theoretical 

spin 
10      10       10       12       14      14       14 

Mn12 

reduced state 
[Mn12]0   [Mn12]0   [Mn12]0   [Mn12]4-   [Mn12]8-   [Mn12]8-   [Mn12]8- 

Theoretical spin numbers are calculated by assuming Mn2+ (S = 5/2), Mn3+ (S = 2), and Mn4+(S = 3/2). 

 

5/2 (HS), g = 2) (or Mn
3+ 

(S = 2 (HS), g = 2)) and Mn
4+

(S = 3/2 (HS), g = 2), and by 

ignoring the Jahn-teller effect of Mn
3+

. As described in Chapter 2, the reduction of 

Mn
3+ 

to Mn
2+ 

takes place at the eight
 
Mn

3+ 
sites in the narrow

 
voltage range of 3.3 – 

2.8 V of the discharging process. In this range, the Mn12 core is regarded as a 

formula of Mn
4+

4Mn
3+

8-xMn
2+

x (x = 0～8). The S values for [Mn12]
x-
 were calculated 

as follows:  

2
10)]

2
3(4)

2
5(2)8[( xxxS   
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The experimental and theoretical spin numbers for each discharging state are 

summarized in Table 4.1. Figure 4.5 shows the evolution of the spin number in the 

Mn12 cluster as a function of the battery voltage during the first discharging. The red 

curve exhibits the theoretical spin number, while the black curve indicates the 

experimental results. Experimental and theoretical analyses agree fairly well with 

each other. This confirms that [Mn12]
8-

 has a larger ground state spin number (S = 14) 

than that of [Mn12]
0
 (S = 10). Although a significant spin change was observed above 

2.8 V, it is consistent with the voltage range in which eight electron reductions occur, 

as indicated by in situ XAFS analysis. 

For example: 

(4.2) 
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Figure 4.5 Voltage evolution of spin number in Mn12 MCBs during the first 

discharge. 

 

4.4. Conclusions 

In situ magnetic analysis on Mn12
 
MCBs was carried out to investigate the 

magnetic properties of super reduced Mn12. It is suggested that [Mn12]
8-

 possesses a 

high-spin state of S = 14, which is higher than that of [Mn12]
0
 (S = 10). This means 

that super reduced Mn12 species, with higher ground spin states were prepared by 

solid-state electrochemistry. These results also confirm that the valence of Mn ions 

change by above 2.8V, which agrees with those of the in situ XAFS analysis. This in 

situ magnetic measurement method is useful to elucidate novel magnetic properties of 

metal complexes with unusual oxidation states, obtained by a solid-state 

electrochemistry. 
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Chapter 5  

Conclusions and perspectives 

 

In this thesis, the reaction mechanism of molecular cluster batteries (MCBs) was 

investigated by in situ XAFS (Chapter 2), NMR and cyclic voltammetry (Chapter 3), 

and in situ magnetic analyses (Chapter 4). The fundamental understanding of the 

reaction mechanism of MCBs is a key step to develop high-performance MCBs, in 

which a high capacity, rapid charging, and long life cycle can be achieved for real 

applications. Elucidations of structural and electronic-state changes of the molecular 

species in the battery reactions are also important in the fields of fundamental sciences, 

because their behavior in solid-state electrochemistry is probably different from that 

in solution electrochemistry. In this chapter, results documented in this thesis are 

summarized, and future studies on MCBs are suggested. 

 

Discovery of super-reduced molecular clusters 

In situ XAFS studies of the Mn12 and PMo12 MCBs have revealed the 

formation of super-reduced molecular clusters, such as eight-electron reduced 

[Mn12]
8-

, and twenty-four-electron reduced [PMo12]
27-

 in the discharging processes, 

with reversible structural changes. These super-reduced molecular clusters in the 

solid-state electrochemistry of their battery reactions have been observed for the first 

time in this work. Note that they could not be obtained by conventional solution 

electrochemistry. These results show that the large capacity of the PMo12 MCBs is 

caused by the twenty-four-electron reduction of Mo ions in PMo12, while 

eight-electron reduction of Mn ions in Mn12 can explain only a half of the whole 

capacity of the Mn12 MCBs.  

 

EDL effects in the Mn12 MCBs 

In the Mn12 MCBs, the other half of the capacity cannot be explained by the 

multi-electron redox of the Mn ions in Mn12. In Chapter 3, the origin of this 
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additional capacity was investigated by using cyclic voltammetry, and NMR analyses. 

The results suggested the formation of EDLs in the discharging processes, which were 

probably formed between the negatively charged carbon black electrodes and Li
+
 ions 

trapped on the surface of Mn12. In fact, the value of this EDL capacitance 

corresponded to a half of the observed capacity. Combination of the EDL capacitance 

and the redox reactions is advantageous for realizing high capacity rechargeable 

batteries. 

 

Difference between the Mn12 and PMo12 MCBs 

The reaction mechanisms of Mn12 and PMo12 MCBs were demonstrated to be 

different from each other. In the former, the capacity is explained by a combination of 

the EDL capacitance, and the redox reactions. In the latter, only the redox reaction of 

PMo12 is involved in the battery reaction. This means that the contribution of the 

EDLs to the Mn12 MCBs is rather large, compared to that of the PMo12. From a 

structural point view, there is a significant difference between the two clusters. 

Namely, Mn12 has carboxylate ligands, while PMo12 is formed only by the metals 

and O
2-

. As indicated in Chapter 3, trapping of Li ions between the molecular clusters 

and the carbon electrodes probably forms the EDLs, so that organic ligands in the 

Mn12 would play an important role in this supercapacitor effect. 

 

Applications of in situ magnetic analyses 

An in situ magnetic analysis method was developed to investigate the magnetic 

properties of the super-reduced [Mn12]
8-

 in the Mn12
 
MCBs. It is suggested that 

[Mn12]
8-

 possesses a high-spin state of S = 14, which is higher than that of [Mn12]
0
 (S 

= 10). This means that Mn12 species with a higher spin ground state can be prepared 

by solid-state electrochemistry. The change in the spin quantum numbers of the Mn 

ions, determined from these results, is consistent with the results from the Mn valence 

changes obtained by the XAFS. This kind of in situ magnetic measurement is a useful 

method to elucidate novel magnetic properties of metal complexes with unusual 

oxidation state obtained by a solid-state electrochemistry. 
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Perspectives on MCBs 

Based on the reaction mechanisms of MCBs described in this thesis, the 

following strategies are proposed to develop MCBs with high capacity, rapid charging, 

and excellent cycle performance: 

1. Stable molecular clusters including a large number of redox-active metal 

ions enable a rapid charging and long life cycle, as well as a high capacity, as the 

performance of the PMo12 MCBs is better than that of the Mn12 MCBs. 

2. Organic ligands included molecular clusters enhance the EDL 

capacitance effects, resulting in an additional capacity. 

3. To obtain a rapid charging and a large plateau voltage, it is necessary to 

develop effective/smooth electron transfers between the cluster molecules and the 

electrode, and quick Li ion diffusion. Nanohybridization between molecular 

clusters and single walled carbon naotubes would be useful, since at present the 

cathodes are made by only mixing microcrystals of the molecular clusters and 

carbon black particles. 

 

We are now at the point of realizing high-performance MCBs along these 

strategic paths. The author hopes that this thesis on the fundamental understanding of 

the reaction mechanisms of MCBs will be useful to develop them for practical 

applications. 
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