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Chapter 1. General Introduction 

1-1. Background 

The first secondary battery (storage battery) that could be used repeatedly by 

recharging was the lead storage battery invented by Plante in 1859 [1]. Various 

improvements have been made to lead-acid batteries since then, and are still generally 

used as automobile-mounted batteries. 

Recently, lithium-ion batteries, nickel/hydrogen batteries, and others have been 

developed and widely used as power sources for small electronic devices including 

mobile phones and personal computers [1, 2]. The development and popularization of 

excellent secondary batteries have greatly contributed to miniaturization, weight 

reduction, and improved performance of large electronic devices such as portable 

computers. 

In particular, since the 2000s, mobile phones and notebook PCs have greatly 

increased in popularity, and the role of secondary batteries in the industrial development 

and convenience in daily life has continued to expand.To solve global problems, 

including global warming and depletion of energy resources, power generation 

technology using natural energy such as solar, wind, and geothermal must be developed 

to replace fossil fuels. To widely spread the use of these renewable energy sources, a 

technology that enables stable power supply regardless of the time of production and the 

weather is required. Secondary batteries are expected to play an important role for 

leveling output power and effectively storing surplus power. 

Secondary batteries are expected to become increasingly popular in 

transportation machinery as a power source for next-generation electric vehicles and 

hybrid vehicles that replace gasoline vehicles that emit CO2, NOx, etc.... The 

development of electric vehicles with extended ranges will require secondary batteries 

with higher energy density than that of existing secondary batteries [2]. 

Furthermore, recently in Japan, the demand for public transportation has increased in 

the major metropolitan areas of Tokyo, Osaka, and Nagoya, which have a huge 

population [3]. Storage batteries can also be used as a power source for land-based mass 

transportation such as railways and buses [4]. Japan has an aging society, as the total 

population began to decline after peaking in 2008, and continues to decline rapidly, 
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especially in rural areas [5]. It is estimated that Japan’s population in 2050 will be 

approximately 75% of that in 2010 [5]. This necessitates the rapid development and 

maintenance of the society. 

It is important to build and implement comprehensive policies by utilizing 

knowledges from a wide range of fields, rather than thinking separately about each 

policy. Energy policy is no exception and the development of large-scale secondary 

batteries that enable large-capacity electricity storage and supply will be important for 

realizing a sustainable society. 

 

1-2. Lithium-Ion Batteries 

1-2-1. Mechanism  

The cathode material of lithium ion secondary batteries in current practical use 

is a Li+ ion containing transition metal oxide such as lithium cobalt oxide (LiCoO2). In 

addition, graphite is mainly used for the anode, where lithium perchlorate (LiClO4) and 

lithium hexafluorophosphate (LiPF6) can be dissolved in a mixed organic solvent such 

as a carbonate ester as the supporting electrolyte. 

In addition, various substances have been studied as novel battery materials, 

and research has been conducted for their practical application. The secondary battery 

configuration shown in Figure 1-1 uses a layered carbon material for the anode, LiCoO2 

for the cathode material, and an organic electrolyte to dissolve Li salt, which was 

practically used by Asahi Kasei and Sony in 1991. The reaction equation is expressed in 

Eq. (1.1). 

 

Cathode 221 LiCoOxexLiCoOLi x  


 

Anode 66 CxexLiCLix    

All 62621 CLiCoOCLiCoOLi xx 
 

(1.1) 
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Figure 1-1. Structure of a lithium-ion battery. [6]. 

 

During the charging reaction, Li+ in the cathode material is desorbed and eluted 

in the electrolytic solution, and Li+ in the electrolytic solution is inserted between the 

anode carbons. At this time, electrons flow from the cathode to anode via an external 

circuit. The reverse reaction occurs during the discharge reaction, where Li+ and 

electrons move from the anode toward the cathode. This reaction, called intercalation, 

proceeds while maintaining the host structure of both electrodes, and largely governs 

the reversible stability during the charge/discharge reaction. 

Energy density is expressed as the product of the cell voltage and amount of 

electricity that can be stored per unit weight or volume. Lithium-ion batteries exhibit the 

highest energy density among currently available secondary batteries because lithium, 

which is responsible for charge transport, is the lightest metal and its redox potential is 

the most basic, allowing increased cell voltage. 

 

 

1-2-2. Challenges 

A quarter of a century has passed since the practical application of the LiCoO2 

cathode, and demand for this technology continues to expand. Under modern 
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circumstances, lithium-ion batteries currently in practical use have major problems. The 

first major problem is capacity, which is directly related to the size of the storage battery. 

LiCoO2 can theoretically extract a capacity of 274 mAh g-1, assuming that all Li+ can be 

desorbed. However, when the amount of Li+ desorption reaches 0.4 to 0.5 electrons, 

phase transition from orthorhombic to monoclinic occurs, changing the crystal structure 

[7-9]. For this reason, the range in which reversible Li+ insertion/desorption can be 

performed in LixCoO2 is limited to 0.5 <x <1, as shown in Eq. (1.1). The actual working 

capacity of this type of battery is approximately 130 to 140 mAh g-1, which is nearly 

half of the theoretical value, which represents a practical limit. Another problem is that 

Co, which is a rare transition metal, is quite expensive. Many studies have been 

performed to develop a novel cathode materials to replace LiCoO2, and the following 

sections outlines a few examples. 

 

1-3. Cathode Materials 

1-3-1. Layered rock salt-type oxide cathode materials 

Figure 1-2 shows the structure of LiCoO2 as a typical example of a layered rock 

salt-type oxide cathode material. 

 

Figure 1-2. Structure of LiCoO2. 

Li

CoO6

Li

CoO6
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As the name suggests, the Li layers and transition metal layers exist alternately 

in a layered structure. As described above, the host structure does not change even when 

a Li+ desorption occurs. In addition to LiCoO2, many layered rock salt-type oxide 

cathode materials have been studied, such as LiNiO2 in which Co is replaced with Ni. 

Co and Ni are adjacent transition metals in the periodic table and have similar atomic 

weights and properties. The theoretical capacity of LiNiO2 is 275 mAh g-1 which is 

nearly the same as LiCoO2, but Ni is cheaper and more abundant than Co. 

However, LiNiO2 tends to be reduced from Ni3+ to Ni2+ during synthesis, resulting in 

the formation of Li deficient Li1-xNi1+xO2 [10]. In addition, when Li+ is desorbed from 

LiNiO2, Ni moves from the 3b site to the Li+ 3a site, and cation mixing occurs so that 

Li+ occupies the 3b site when large amounts of Li are present [11,12]. Therefore, the 

Ni-based material is not easy to synthesize compared to LiCoO2 and its rate 

performance and cycle performance are easily degraded due to decreased Li+ diffusion 

rate [13]. 

 In addition, as a layered type cathode material, research has been conducted on 

a material in which some Co in LiCoO2 is replaced with another transition metal. A 

popular example is the Ni/Co/Mn ternary layered oxide of LiNi1/3Co1/3Mn1/3O2 reported 

by Ohzuku et al. [14]. This material can be obtained by replacing 1/3 of the Co in 

LiCoO2 with Ni and Mn, maintaining electrical stability by replacing trivalent Co with 

divalent Ni and tetravalent Mn. 

Since Mn4+ cannot be further oxidized and is electrochemically inactive, Ni and Co are 

oxidized when Li is desorbed for charge compensation. The existence of Mn increased 

the thermal stability of highly oxidized electrodes [15]. Because the Co content is lower 

in this material compared to that in LiCoO2, it is a novel cathode material that has the 

potential to replace LiCoO2. 

However, it has been highlighted that the rate performances of this novel material are 

low compared to those of LiCoO2, because Li+ diffusion is slow, and capacity 

degradation is significant when charged to a high potential of ≥ 4.5 V (vs Li / Li+) 

[15,16]. 
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1-3-2. Spinel-type cathode materials 

 An example of a cathode material with a typical spinel structure, LiMn2O4 has 

been extensively studied and Figure 1-3 shows its structure. 

 

 

 

Figure 1-3. Structure of LiMn2O4. 

 

The theoretical capacity of LiMn2O4 is 148 mAh g-1, which is small compared to those 

of LiCoO2 and LiNiO2. However, the main constituent transition metal Mn, is low-cost 

and abundant, with features such as relatively low environmental impact and high safety 

during charging [17]. 

A major issue with the LiMn2O4 cathode is its poor cycle performance due to the elution 

of Mn ions into the electrolyte and crystal structure distortion due to the presence of 

Mn3+, which is a Jahn-Teller ion [18,19]. Therefore, research was performed to improve 

the charge/discharge performance by replacing some Mn with other metals [20]. 

Kaneko et al. examined the mechanism of cycle performance improvement via 

substitution experimentally and computationally by analyzing the local structure of the 

Co/Cr substituted Mn spinel LiMyMn2-yO4 (M = Co, Cr), showing that excellent 

charge/discharge performances were obtained in the 4 V region for Cr-substituted 

materials [21]. Kaneko et al. also argued that the reduction in local strain due to 

substitution and increased bonding strength between Mn-O are factors that improve the 
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cycle performance. In addition, substitutional spinel oxides including those containing 

Co, Cr, Ni, and Fe that operate at a high potentials of ≥4.5 V have attracted significant 

attention for realizing higher energy densities [22,23]. In particular, Ni-substituted 

electrode materials for large-capacity batteries have shown great potential because of 

their high capacity and excellent charge/discharge performance. 

 

1-3-3. Olivine structure cathode materials 

Cathode materials with an olivine structure, represented by LiMPO4 (M = Mn, Co, Ni, 

Fe), were first reported by Padhi et al. [24]. The most common representative of this 

material type is lithium iron phosphate (LiFePO4) and Figure 1-4 shows its structure. 

 

 

Figure 1-4. Structure of LiFePO4. 

 

LiFePO4 has the great advantage of containing Fe, which is inexpensive and 

abundant, exhibiting a relatively high potential of approximately 3.5 V. Because PO4 

forms a stable skeletal structure, the materials exhibits excellent thermal stability and 

cycle performances during charging [25]. Moreover, despite the relatively low 

Li

CoO6

Li

CoO6

Li 

P 

O 

Fe 
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theoretical capacity of 170 mAh g-1, it has been reported that a capacity close to the 

theoretical value can be obtained experimentally [26].  

General issues regarding an olivine-type phosphate include its low electronic 

conductivity of only approximately 10-8 S cm-1 compared to those of others such as 

LiCoO2 (10-3 S cm-1) and LiMn2O4 (10-5 S cm-1). This is significantly lower than the 

other cathodes, and is likely due to the strong ionic bonding between the transition 

metals M and O as well as the isolation of valence electrons of the metal, resulting in 

low electronic conductivity of the olivine phosphate. 

 

1-3-4. Current status and issues associated with cathode materials 

A major challenge facing all cathode materials, including LiCoO2, in practical use is 

low actual capacity. The performance of current lithium-ion batteries is largely limited 

by the cathode materials, representing the main obstacle that prevents increased 

capacity. 

Lithium ion batteries using these transition metal oxides as cathode materials 

have already approached the theoretical limit [27], and it is considered difficult to 

further increase the size and capacity. 

To further increase the capacity, it is conceivable to develop a material with a larger 

theoretical capacity, that is, a material containing a large amount of Li that contributes 

to charging and discharging. Figure 1-5 shows a potential roadmap for the development 

of improved cathode materials. 

 



12 

 

 

 

Figure 1-5. NEDO cathode material roadmap [28]. 

 

Examples of alternatives to layered oxide-based, spinel-based, and olivine-based 

cathode materials include Li-rich solid solution systems, vanadium oxide-based 

materials, and silicate-based materials. Although many vanadium oxide-based cathodes 

are capable of fast charge and discharge [29], their average potential is low 

(approximately 2.5 V) and energy density is not easily improved.  

In addition, lithium-sulfur batteries are currently being studied as storage batteries with 

higher theoretical capacities, but many issues remain for their practical use, including 

the easy dissolution of sulfur in organic electrolytes [30]. 

Therefore, Li-rich cathode materials have attracted significant attention for increasing 

the energy density of lithium ion batteries. 
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1-4. Lithium-Rich Cathode Materials 

1-4-1. Overview 

Li-rich material, as the name suggests, is a material that contains an excessive 

amount of Li in the structure compared to the conventional materials. As a typical 

example, Figure 1-6 shows the structure of Li2MnO3, which is a layered rock salt type 

Li-rich material. 

Figure 1-6. Structure of Li2MnO3. 

 

 The Li and transition metal layers are present, similar to conventional cathode 

materials, but the Li+ is also present in the transition metal layer (LiMn2 layer; Figure 

1-6). The presence of excess Li+ can greatly improve the theoretical capacity. For 

example, the theoretical capacity of Li2MnO3 is 458 mAh g-1, assuming that all Li in 

Li2MnO3 can be desorbed. However, for materials that undergo intercalation, described 

in the previous section, oxidation of the transition metal is necessary for Li+ elimination. 
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For Li2MnO3, the formal oxidation state of Mn is 4+, so it is considered impossible to 

desorb Li+. 

 

1-4-2. Li2MnO3 

As mentioned previously, Mn4+ cannot be further oxidized and is 

electrochemically inactive. Therefore, Li2MnO3 is considered to be an inert phase that 

cannot easily electrochemically desorb Li+, achieving a charge/discharge capacity of 

approximately 10 mAh g-1 even if the charge/discharge reaction is repeated at a 

potential range of ≤4 V.  

Li2MnO3 has attracted significant attention because Bruce et al. revealed that 

an initial charge capacity of ≥300 mAh g-1 could be obtained by charging to ≥ 4.5 V 

[32,33]. Many reports regarding the associated reaction mechanism, including that by 

Yu et al., which noted the charge compensation by oxidation of Mn4+ to Mn5+ [34]. 

Kalyani reported that charge compensation was achieved by O2- desorption and H+ 

exchange reactions [35]. Koyama et al. reported that charge compensation by oxidation 

of oxygen occurs because high capacity cannot be achieved only by charge 

compensation by Mn oxidation [36]. 

However, the initial discharge capacity of Li2MnO3 is greatly reduced 

compared to the actual charge capacity [34] and has not been applied for practical use. 

Significant research efforts have been dedicated to clarifying the underlying mechanism 

and it is now believed that a reaction such as that described in Eq. (1.2) occurs with 

oxygen gas generation during the initial charge reaction [37]. 

 

22

-+

32 O
2

1
MnO2e2Li→MnOLi     (1.2) 

 

Furthermore, this reaction occurs irreversibly and the cycle performance is deteriorated 

due to the phase transition from a layered rock salt-type structure to spinel-type 

structure. 
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1-4-3. Lithium-rich solid solution materials  

Li2MnO3 has attracted great expectations for its high theoretical capacity, but the 

problem of poor cycle performance due to lack of structural stability remains a 

significant challenge. Thus, layered rock salt-type oxide cathode materials with a stable 

host structure, such as LiCoO2, have attracted much attention since it was believed to be 

soluble in the electrolyte solution. Thus, research aimed at the realization of a material 

that combines the high capacity features of the excess cathode material and high 

stability and good cycle performances of the layered rock salt-type oxide cathode 

material has been reported. 

Solid solution materials can be represented by xLi2M'O3- (1-x) LiM”O2 (M' and M” are 

transition metals), which is a combination of a Li-excess cathode and layered rock 

salt-type oxide cathode. A large number of combinations exist for these materials that 

can be produced by replacing some of the transition metal of the layered rock salt-type 

oxide with another metal or application of a ternary system with the various solid 

solution ratios of x, M’, and M”. Dahn et al. reported materials containing Mn as a base 

for both transition metals M’ and M”, and replaced some of the M” on the layered oxide 

side with Ni, Co, Cr, etc., at various substitution ratios [38-48]. 

In these systems, assuming that all Li+ can be desorbed, the theoretical capacity ranges 

from approximately 350 to 400 mAh g-1, and as for Li2MnO3, a large capacity can be 

achieved by charging to ≥ 4.5 V, 300 mAh g-1 during the initial charge process. However, 

the initial discharge capacity decreases to approximately 150 to 250 mAh g-1, and 

thereafter, the capacity gradually decreases while showing the same charge/discharge 

capacity. This is considered to be caused by the effect of oxygen desorption by the 

reaction described in Eq. (1.2) and local phase transitions [49]. In addition, it has been 

reported that polarization is very large at the end of the charge/discharge reaction, and 

the inactive Li2MnO3 component has been identified as a governing factor of rate 

performances [50]. Li2MnO3-based solid solution cathode materials often exhibit 

suppressed irreversible capacity at the first cycle compared to Li2MnO3 due to the effect 

of the solid solution of the layered oxide. 
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1-4-4. Li2RuO3 

Li-rich cathode materials containing Mn have a higher theoretical capacity than 

layered rock-salt cathode materials, with the initial charge capacity typically exceeding 

300 mAh g-1, but generally lack reversible stability. This low stability is a significant 

barrier for practical use. Therefore, Li-rich cathodes containing other transition metals 

instead of inert Mn have been studied. A typical example is Li2RuO3, wherein Mn is 

replaced with the 4d transition metal Ru and Figure 1-7 shows the structure. 

 

Figure 1-7. Structure of Li2RuO3 [31]. 

 

Similar to Li2MnO3, Li2RuO3 also contains excess Li+ in the transition metal 

layer. The theoretical capacity of Li2RuO3, assuming that all Li+ can be desorbed, is 328 

mAh g-1, which is small because the atomic weight of Ru is approximately twice that of 

Mn. A significant difference between Li2RuO3 and Li2MnO3 is that Li charge 
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elimination can be achieved by Ru oxidation. That is, during the charging process, 

reactions such as those described by Eqs. (1.3) and (1.4) can occur. 

 

  eLiLiRuORuOLi 332      (1.3) 

  eLiRuOLiRuO 33         (1.4) 

 

Because the reported capacity is approximately 250 to 280 mAh g-1, the reaction 

described in Eq. (1.4) is not expected to proceed completely [51]. 

In addition, a major feature of Li2RuO3 is its lack of capacity reduction during 

discharge, as commonly observed in Mn-based materials. The initial discharge capacity 

has been reported to be approximately 250 to 280 mAh g-1, with relatively good cycle 

performances [31,51-55]. 

Since Ru is a rare 4d transition metal, it is unsuitable as a practical material for 

widespread industrial use. Therefore, a material in which Ru is replaced with a more 

abundant element has been reported. Tarascon et al. reported a material in which some 

of the Ru is replaced with Mn, Sn, or Ti. [31,51,53,54]. 

 

1-4-5. Cation disordered-type materials 

In addition to layered oxide cathode materials, the novel type of lithium-rich 

cathode materials with a cation disordered rock salt structure has been actively studied. 

For many years, rock salt structures were considered electrochemically inert [56-59]. 

When designing such materials, a route for Li diffusion in the bulk region is required. 

Because the electrostatic repulsive force greatly affects Li diffusion, the route must 

avoid high valence transition metals. To ensure such a route is formed in the electrode 

materials, the amount of transition metal must be reduced by adding excess Li. In the 

composition of Li2-xMO2, with excess Li but where x ˂1.0, electrochemical activity is 

greatly increased [60-63].  

These materials can be easily synthesized by mixing via mechanical energy input, such 

as ball milling. Yabuuchi et al. reported a novel cation disordered cathode material, 

Li1.2Ti0.4Mn0.4O2 [64], achieving ˃300 mAh g-1 during the 1st charge at 50 °C and a low 
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current rate, exhibiting a relatively reversible charge/discharge behavior. This material 

has the significant advantage of charge compensation of Mn3 + / Mn4 +, which is difficult 

to realize using layered oxide cathode materials. 

 

Figure 1-8. The general structure of cation disordered rock salt cathode materials. 

  

Yabuuchi et al. also reported the same type of cathode containing other cation 

disordered rack salt cathode materials Li1.3Nb0.3Mn0.4O2 [61], Li9/7Nb2/7Mo3/7O2 [65], 

and so on to achieve high capacity by combined cationic and anionic redox. Lee et al. 

reported Li(1+x)/100Ni(1/2-x/120)Ti(1/2-x/120)Mox/150O2 [66] cathode materials that can utilize 

the Ni redox reaction more effectively. The authors tried to perform high-capacity 

charge compensation via redox reaction between Ni2+/Ni4+, but in rock-salt structures, 

the Ni redox reaction is limited between the 2+ and 3+ charge states. 

In Li-excess materials, the proportion of the transition metal occupying the cation site 

decreases. Therefore, it is necessary to use anionic oxygen redox in addition to cation 

charge compensation to obtain a high capacity. However, if the amount of Li addition 

exceeds a critical value, the structure becomes unstable, causing oxygen desorption. To 

prevent this problem, the Li composition can be easily adjusted, but this decreases the 

availability of diffusion paths for Li, as shown in Figure 1-9 [67]. Therefore, an 

approach to solve these problems is urgently required. 
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Figure 1-9. The challenges faced by cation-disordered cathode materials. [67] 

 

1-5. Oxygen Redox and Electronic Structure Analysis 

1-5-1. Anionic redox reaction 

Many studies have been conducted regarding the factors that cause the 

irreversible behavior of Li2MnO3 materials and those that contribute to the high capacity 

and reversible charge/discharge capacity of Li2RuO3. Recently, the underlying 

mechanism has been considered from the viewpoint of electronic structure and Figures 

1-10 and 1-11 show the density of states (DOS) of the representative Li2MnO3 and 

Li2RuO3. 
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Figure 1-10. Li2MnO3 density of states function [36]. 

 

Figure 1-11. Li2RuO3 density of states function [68]. 

 

It is clear that the overlap between the Mn-3d and O-2p orbits is small near the 

Fermi level of Li2MnO3, as indicated by the red line in Figure 1-10. This reflects the 

weak hybridization between the transition metal and oxygen and low covalent bonding. 

Koyama et al. reported that charge compensation is achieved by desorbing electrons 
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from the O-2p orbital during Li desorption in Li2MnO3 charging and by desorption of 

oxygen, as described in Eq. (1.2) [36]. 

In contrast, in the vicinity of the Li2RuO3 Fermi level, as indicated by the red 

line in Figure 1-11, it is clear that a large overlap exists between the Ru-4d and O-2p 

orbitals. Thus, a hybrid orbital is created between Ru and O, resulting in highly covalent 

bonding. Tarascon et al. reported that during Li2RuO3 charging, the reaction described 

in Eq. (1.3) occurs initially, but the subsequent oxidation reaction of the anion (oxygen) 

occurs instead of Ru oxidation, and charge compensation for Li desorption is achieved 

[69]. The major difference between Li2MnO3 and solid solution materials based on 

Li2MnO3 is that oxygen desorption occurs at a higher potential region, whereas Li2RuO3 

undergoes oxygen oxidation. Therefore, a difference in the degree of hybridization can 

be observed between the two materials. 

Tarascon et al. used density functional theory (DFT) and DOS to reveal that an 

electronic structure that can stabilize oxygen holes during Li desorption would result in 

reversible charge/discharge and good cycle stability. For Li2MnO3, an irreversible 

reaction occurs due to the generation of oxygen, and for Li2RuO3, a reversible redox 

reaction occurs between the oxide (O2-) and peroxide ions (O2) 
n- [69].  

Ceder et al. noted that a Li-rich cathode material exhibits a linear local 

structure of Li-O-Li because Li is also present in the transition metal layer. Because the 

energy of this Li-O-Li orbital is high and easily oxidized, the cathode material can 

effectively utilize the oxygen redox reaction as long as a local Li-O-Li structure is 

present [70]. In addition, Bruce et al. reported the experimental confirmation of oxygen 

gas generation originating from the cathode materials using mass spectrometry (MS) by 

replacing oxygen in the Mn-based solid solution material with 18O. The authors 

suggested that oxygen generation could not be confirmed at ≤4.5 V, but oxygen gas was 

generated at ≥4.5 V. This oxygen did not originate from the decomposition of the 

electrolyte solution, but the oxygen present in the cathode materials [71]. 

Various reports describing differing interpretations of the oxygen redox 

reaction have been published and the associated research is ongoing. Application of the 

reversible oxygen redox reaction to high capacity expression is important for the future 

of cathode materials. 
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The charge compensation mechanism of cathode materials involves a complex 

reaction mechanism featuring a redox reaction of the cation (transition metal) and a 

redox reaction of the anion (oxygen). X-ray absorption spectroscopy (XAS) is an 

effective technique for analyzing the electronic structure and local structure changes of 

each element in the cathode materials. Conventionally, XAS has been used to observe 

changes in the valence of transition metals during the charge and discharge processes 

using hard X-rays. However, since oxygen greatly contributes to the charge/discharge 

process, the soft X-ray region including the K absorption edge of oxygen has attracted 

increasing attention. Oishi et al. analyzed the electronic structure of Li2MnO3 and Mn 

solid solutions using XAS in the soft X-ray region, demonstrating that oxygen 

contributed to charge compensation in the high potential region [72-74]. Yabuuchi et al. 

found that the lithium rich cathode materials Li1.3Nb0.3Mn0.4O2 and Li1.42Mo0.29Fe0.29O2 

adopt a “superoxide state” that differs from conventional materials during charging, as 

determined by XAS measurements [75,76]. 

 

1-5-2. Challenges for anionic redox 

The realization of a reversible anion redox reaction is indispensable for 

achieving a high capacity, which is characteristic of lithium-rich cathode materials. 

However, many problems remains for the effective use of anion redox, including the 

dependence of the reversible anion redox reaction proceeds on the electronic state in the 

material. Control of the electronic state remains difficult and electrode performance has 

been improved by approaches developed using both experimental and computational 

methods. However, research progress has not yet reached a decisive point where the 

electronic state can be precisely controlled.  

Another challenge involves the anion redox reaction itself. In the charge 

compensation mechanism of lithium-rich cathodes, both cations and anions contribute 

to the redox reaction, but the anion redox reaction is a kinetically slower reaction 

[54,77]. Li et al. suggested that Li+ diffusion coefficients in the plateau region (i.e. at 

higher voltage) of the first charge are very small, which were attributed to the high 

kinetic barriers associated with the concurrent Li+ extraction, oxygen loss, and structural 

rearrangement [77]. Therefore, the lithium-rich cathode materials that undergo an anion 
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redox reaction generally exhibit low rate performance, and are not suitable for 

high-speed charge/discharge, which is important for practical use. 

 

1-5-3. Anionic doping of lithium-rich cathode materials 

This chapter has reviewed many previously reported lithium-rich cathodes, which 

have been commonly improved by changing the kind of cation in the metal oxide or 

changing the cation composition. By cationic substitution, the electronic state of the 

cathode materials can be drastically changed. However, the cation-substitution methods 

realized by changing the species or the ratio of transition metals in lithium-rich cathode 

materials described above still suffer from the sluggish kinetics of the anion redox 

reaction, voltage hysteresis, poor rate capability, and voltage fading [54]. 

Recently, the stabilization of anion redox and the use of transition metal redox instead 

of anion redox have been investigated. A promising approach involves anionic 

substitution for lithium-rich cathode materials instead of cationic substitution. Using 

anionic substitution, the electronic state of the cathode materials can be drastically 

changed, similar to cationic substitution. Generally, since cathode materials are 

composed of metal oxides, in anion substitution oxygen is substituted with another 

anion. Thus, it is natural to consider a material that substituted some oxygen with 

fluorine. Recently, anionic substitution by fluorine-doping has been reported [67, 78-82], 

and since oxygen is substituted with fluorine, it is necessary to use a transition metal 

with a lower valence to maintain the charge balance in the crystal. By partially reducing 

the constituent transition metal, the valence can be decreased to improve the cationic 

redox capacity. For example, Horse et al. synthesized Li2MnO2F in which some O in 

Li2MnO3 was replaced with F. In this material, the valence of Mn is primarily trivalent, 

so that the capacity can be obtained from the redox reaction of Mn3+ / Mn4+ [78].  

Even when fluorine substitution is performed, no significant difference in the theoretical 

capacity is observed, so the ratio of charge compensation by the transition metal redox 

increases while the contribution of oxygen redox to the charge compensation decreases. 

With fluorination as a new degree of freedom to tune and mix the average anion 

and cation valence, the rational design of lithium rich cation-disordered cathodes has 

become increasingly complex. Therefore, to design novel cathode materials, careful 
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balance between the lithium excess and transition metal content, as well as 

consideration of the feasibility of fluorination and synthesis temperature are required 

[83, 84]. 

 Another alternative anion substitution method is the replacement of oxygen 

with nitrogen, and several nitrogen doping techniques for lithium-rich cathode materials 

have been reported [85-87]. Binder et al. suggested that the existence of nitrogen in the 

surface layer contributed to lithium diffusion acceleration, as the nitrogen-doped 

lithium-rich cathode exhibited improved rate capabilities and suppressed the voltage 

fading [85]. The nitrogen doping examples reported to date have been limited to surface 

treatments, and the detailed reaction mechanism has not yet been clarified. In addition, 

when nitrogen substitution is performed using the same approach as fluorine 

substitution, the transition metal remains in a highly oxidized state to maintain the 

charge balance. In addition, since the 2p orbital of nitrogen is closer to the Fermi level 

than that of oxygen, the presence of nitrogen may result in a new anion redox 

mechanism. Therefore, the nitrogen substitution approach can stabilize the oxygen 

redox reaction, leading to a higher capacity. The development of novel cathode 

materials by anion substitution remains in its infancy and is a desirable field where 

further development is expected. 

 

1-6. Next Generation Batteries 

Cathode material development for further applications of lithium ion batteries has been 

described with specific examples in previous sections. Research regarding the practical 

application of next-generation storage batteries to large-scale applications is not limited 

to lithium-ion batteries, and some other types will be briefly mentioned in this section.  

A typical example of a next-generation battery is the sodium ion battery that uses 

monovalent ion similar to lithium. The great advantage of sodium is that it is superior to 

lithium in terms of abundance and cost. In addition, a number of materials can be 

adopted for use as sodium-based materials, in sharp contrast to lithium-based materials 

[88]. For example, Na2/3[Fe1/2Mn1/2]O2 reported by Yabuuchi et al. is a layered oxide, 

but unlike a general Li-based layered oxide, the space group was assigned as P2 [88]. In 
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addition, sodium has a lower Lewis acidity than lithium, reducing its desolvation 

activation energy and accelerating the interface reaction [89]. 

However, the ionic radius and atomic weight of sodium are larger than those of lithium, 

resulting in decreased theoretical capacity. Furthermore, since the standard electrode 

potential of sodium is approximately 0.3 V higher than that of lithium, it is impossible 

to construct a system with a voltage higher than that of a lithium system with the same 

material configuration. 

If divalent ions can be used as charge carriers, charge storage can be performed more 

efficiently than for monovalent ions such as lithium and sodium. To take advantage of 

divalent ions, the adoption of magnesium and calcium over lithium has been considered. 

The magnesium ion batteries have attracted significant attention as they are less 

flammable and explosive than lithium ion batteries and are currently being developed as 

safe storage batteries. 

Many reports of candidates for cathode materials for magnesium ion batteries 

have been published. However, because magnesium is a divalent ion, the Coulomb 

interaction in the solid is stronger than for lithium, and it is difficult to insert magnesium 

into the host material. Another problem restricting the development of these batteries is 

the slow diffusion of magnesium ions in the host material [90]. 

Moreover, divalent ions exhibit strong Lewis acidity, complicating the design of 

electrolytes due to problems associated with achieving a stable solvation state [91]. In 

addition, magnesium metal reacts with many organic electrolytes, passivating its surface 

and preventing the precipitation dissolution reaction at the anode. Conventionally, 

Grignard reagents have been used as electrolytes, but other systems that cause 

magnesium precipitation and dissolution have been developed. Shiraga et al. succeeded 

in achieving the magnesium precipitation dissolution reaction with high coulombic 

efficiency using an electrolytic solution containing magnesium bromide dissolved in 

2-methyl-tetrahydrofuran (2-MeTHF) [92]. 

In addition to these systems, lithium-sulfur batteries using multi-electron 

reactions with polysulfides as an intermediate during the sulfur reduction reaction have 

been developed. A lithium-air battery wherein lithium metal is arranged as the anode has 

also attracted significant attention. Moreover, the anode materials, electrolytes, additives, 
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and binders used in lithium ion batteries are constantly being improved. Advances in 

strategies aimed at developing high performance batteries by using abundant 

general-purpose elements are required. Therefore, deep insight based on crystal 

structure analysis and electronic structure analysis of various materials, understanding 

of functionalization based on these insights, and a wide range of seamless approaches 

must be developed to achieve morphological control and compounding of materials for 

use in next-generation batteries. 

 

1-7. Outline of the Present Thesis 

The present thesis consists of seven chapters that are focused on the crystal and 

electronic structures of cathode materials for the development of next-generation 

batteries. 

In Chapter 1, the formation of storage batteries and current issues are reviewed, 

mainly focusing on lithium-ion batteries. Because the application of lithium-ion 

batteries to large-scale applications is hindered by the low capacity of cathode materials, 

the development of novel high capacity cathode materials is urgently needed, and other 

types of next-generation storage batteries are briefly introduced.  

In Chapter 2, the monoclinic lithium-rich Li2TiO3 and Li2RuO3 crystal 

structural analysis were performed. Recently, many reports regarding lithium-rich 

cathode materials have been published, but their precise crystal structure remains 

largely unknown. In this chapter, precise analysis considering stacking faults and cation 

mixing was performed to determine basic crystallographic information for revealing the 

correlations between the Li-rich materials structures and the differences of Li+ diffusion 

path mechanism. 

In Chapter 3, magnesium batteries are investigated as next-generation battery 

systems. Using intercalation-type cathodes similar to those of lithium ion batteries, the 

performance of the magnesium battery can be greatly improved. In this chapter, the 

mechanism of magnesium insertion/extraction using the olivine-type FePO4 system as a 

host structure was investigated.  

In Chapter 4, a solid solution material using the 4d transition metal Ru was 

synthesized. Subsequently, with respect to conventional solid solution materials 
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containing Mn, the rate performance and reversibility of anion redox when using a 4d 

transition metal will be compared. 

In Chapters 5 and 6, nitrogen substitution was performed in bulk cation 

disordered Ti-Mn lithium-rich cathode materials. By performing nitrogen substitution in 

a relatively stable system, high capacity, improved rate performance, and changing 

charge compensation mechanisms including anion redox were achieved and have been 

discussed in detail. 

In Chapter 7, the general conclusion summarizes the present studies and prospects 

of future cathode materials for use in next-generation batteries.  
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Chapter 2. Structural analysis of imperfect Li2TiO3 and 

Li2RuO3 crystals 

 

2-1. Introduction 

 In recent years, the so-called Li-rich layered compounds of the form Li2MO3 (M: 

pure transition metal or mixed transition metals) have been extensively investigated for 

use as superior cathode or anode materials for lithium-ion batteries because these 

materials theoretically have higher specific capacities than compounds of the form 

LiMO2, exceeding at least 250 - 300 mAh/g, as can be expected from their Li-rich 

compositions. Among the various Li2MO3 compounds being explored, Li2MnO3 has 

been examined intensively [1-3] (see Figure 2-1). This ternary material crystallizes into 

a monoclinic crystal with ABC stacking of atomic layers, in which Li/Mn mixing at the 

transition-metal (TM) layers topologically forms long Li+ percolation paths in the 

atomic configuration, which further contributes to the high capacity of this material [3].  
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Figure 2-1. Stereographic views of the structure models for ideally ordered a) Li2TiO3 

b) Li2MnO3 and c) Li2RuO3 (Li: green, O: red, Ti: blue, Mn: purple and Ru: orange). 

The crystal structure can be represented as a cubic close packing of oxygen atoms with 



40 

 

 

metal atoms placed in the octahedral voids. Li and Ti form two types of layers: one 

occupied only by Li atoms, and another occupied by 2/3 of Ti, Mn, Ru and 1/3 of Li. 

 

Li2TiO3 is another Li2MO3 Li-rich layered compound [4]. As for lithium titanate 

compounds, not only Li2TiO3 but also Li4Ti5O12 has been vigorously investigated for an 

anode material for lithium-ion batteries [5-9]. Li2RuO3 is also well known such Li2MO3 

Li-rich layered compound containing 4d transition metal. Li2RuO3 has been reported for 

use as a cathode material for lithium-ion batteries with 250 - 300 mAh/g capacity.  

The crystal structures of Li2TiO3, Li2RuO3 and Li2MnO3 are different from each other, 

as shown in Figure 2-1. Both structures consist of successive stacks of O, TM, and Li 

layers as ⋯/O/TM/O/Li/ ⋯  (TM: Li/transition metal mixing layer). If a set of 

/O/TM/O/Li/ layers is regarded as a unit, both structures can be considered as 

successive stacks of these units (also see Figure 2-3). These units pile up regularly along 

the c-axis direction in the Li2MnO3 crystal, while they are laminated in the Li2TiO3 

crystal and shifted by [
1

6
,

1

6
 ] in the a–b plane (see Figure 2-1 (b)). In the Li2RuO3 

crystal, these units pile up regularly along the a-axis direction. Because of these 

differences in layer stacking, these crystals belong to different space groups, C2/m, C2/c, 

and P21/m, respectively. Kataoka et al. [10] have been analyzed the structure of Li2TiO3 

in detail by the single-crystal method, and Tarakina et al. [11, 12] have been reported 

that this crystal has a serious number of stacking faults. However, we have found that 

Li2MnO3 comprises a great deal of structural defects, such as disordered atomic 

arrangements or stacking faults, depending on the synthesis conditions [3]. We then 

synthesized Li2TiO3 samples at 600–900 C and Li2RuO3 sample at 900 C and then 

performed powder diffraction measurements on them. In these diffraction patterns, we 

found not only weaker superstructure reflections than those expected from the ordered 

structure model but also diffused intensities attributed to stacking faults. To analyze 

such structural defects, the FAULTS program created by Cabanas et al. is very helpful 

[13], as it simultaneously allows for Rietveld refinement [14] and stacking fault analysis 

based on DIFFaX [15]. The kind of stacking fault observed in Li2MnO3 can occur in 

any other possible LilMmOn (l, m, and n: integer) layered material in which the layers 

have ordered atomic arrangements. We carried out detailed structural analysis of our 
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Li2TiO3 and Li2RuO3 crystals using this FAULTS program. By the analysis of the 

stacking faults and atomic arrangements, we can obtain basic knowledge about the 

lithium diffusion mechanism due to the difference in crystal structure, which will be a 

very useful research for the future development of cathode materials for lithium ion 

batteries. 

 

2-2. Experimental 

2-2-1. Material Synthesis 

Li2TiO3 powders were synthesized by a solid-state reaction using Li2CO3 and TiO2 as 

precursors. The starting materials were thoroughly mixed by milling in acetone for 2 h. 

The resulting precursors were pelletized and calcined for 24 h in 1 atm of Ar gas. The 

calcination temperatures were 600, 650, 700, 750, 800, 850, and 900 C, and the heating 

rate up to each resultant temperature and cooling rate down to 100 C were both 

300 °C/h. Li2RuO3 powders were also synthesized by a solid-state reaction using 

Li2CO3 and RuO2 as precursors. The starting materials were thoroughly mixed by 

milling in acetone for 2 h. The resulting precursors were pelletized and calcined at 900 

C for 24 h in 1 atm of Air atmosphere. The heating rate and cooling rate down to 600 

C were both 300 °C/h and then quenched into liquid nitrogen. The powder specimens 

were produced by crushing heat-treated ingots and then packing them into flat glass 

sample holders with a depth of 0.2 mm for X-ray measurements in the Bragg–Brentano 

geometry. 

 

2-2-2. X-ray Diffraction Measurements 

Powder X-ray diffraction (XRD) patterns of Li2TiO3 were collected between 15 and 

127 at a scan rate of 1/min (in 2θ) on a Rigaku SmartLab diffractometer (Cu Kα 

radiation) equipped with a high-speed one-dimensional X-ray detector, D/teX Ultra [16]. 

In addition, for the specimen that was synthesized at 750 °C, we performed diffraction 

measurements using an incident beam monochromatized by a Johansson-type curved 

crystal to examine the structure in detail. XRD pattern of Li2RuO3 was collected 

between 2.1 and 78.216 on a semiconductor detector multiple diffractometer (λ = 

0.61981 Å) equipped with a MYTHEN detector by synchrotron radiation XRD 

experiments at SPring-8 BL02B2. 
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Structure refinements were performed using the Rietveld method; the programs 

FAULTS and JANA2006 [17] were used for this purpose.  

 

2-3. Results and discussion 

 

The perfectly ordered structural model of Li2TiO3 has, as mentioned above, already 

been obtained. Based on this structural model, we carried out FAULTS structure 

refinement by taking the disordering of Li and Ti atoms at the TM layers and stacking 

faults into account. The analysis results are shown in Figure 2-2 and Table 2-1.  

 

Figure. 2-2. Observed (+) and calculated (red line) X-ray powder diffraction profiles 

acquired at room temperature for Li2TiO3 synthesized at 750℃. Under the profiles, the 

background intensities and the reflection markers are indicated by the green line and by 

spikes. The difference curve (observed minus calculated) appears at the top of the figure 

in blue. Mirror indices are appended to some peaks: the 002 and -131 peaks are the 

fundamental reflections and the others are the superstructure reflections. Except for 020, 

the Bragg peaks of the latter reflections become extinct due to the generation of stacking 
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faults, due to varying diffuse scattering intensities. The arrows indicate to the peaks 

from residual Li2CO3. 

 

Table 2-1: Refined structural parameters. The g parameters for Li/Ti (1) and Li/Ti (2) 

show the occupation rate of Li atoms relative to that of Ti atoms. The structural 

parameters and stacking probabilities, α11, α12, and α13, were determined by a Rietveld 

program, FAULTS, under the assumption that α11 + α12 + α13 = 1.  This Rietveld 

analysis concluded that Li/Ti(3) – 4e site should contain no Li atoms. 

 

C2/c: a = 5.0687(16) Å, b = 8.7765(14) Å, c = 9.7498(5) Å, β = 99.9793(31), Ball = 

0.74(7) Å2; R = 8.1%, χ2 = 9.3.  

atom Site G x y z 

Li (1) 8f 1 0.233(3) 0.905(3) 0.499(2) 

Li (2) 4d 1 1/4 1/4 1/2 

Li/Ti (1) 4e 0.234(1) / 0.766 0 0.085(1) 1/4 

Li/Ti (2) 4e 0.766 / 0.234 0 0.417(3) 1/4 

Li/Ti (3) 4e 1 0 0.747(1) 1/4 

O (1) 8f 1 0.156(2) 0.244(2) 0.131(1) 

O (2) 8f 1 0.120(2) 0.599(2) 0.136(1) 

O (3) 8f 1 0.106(2) 0.909(2) 0.137(1) 

 

α11 α12 α13 

0.747(1) 0.249(1) 0.004 

 

 

The Li2TiO3 crystal consists of periodic ABC stacking of three different atomic layers, 

namely, the TM, O, and Li layers, along the c-axis direction, as follows (see Figure 2-1 

and Figure 2-3):  
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Figure 2-3. Structure model for the ideally ordered Li2TiO3 represented in a trigonal 

lattice (Li: green, O: red, and Ti: blue), in which atoms are arranged in layer stacking 

structure; the Li2TiO3 monoclinic structure can be assumed to have a trigonal atomic 

arrangement. The monoclinic cell is depicted with thin solid lines. This structure can 

also be regarded as ABC stacking of structural units consisting of four atomic layers of 

O, TM, O, and Li. FAULTS analysis was performed with this trigonal structure model.  

 

 This structure can also be described as a pseudo-trigonal cell consisting of 24 

atomic layers, as shown in Figure 2-3. We carried out FAULTS analysis for Li2TiO3 

with this pseudo-trigonal cell in the P1 space group. It can be seen to consist of ABC 

stacking of the above-mentioned structural units formed by -O-TM-O-Li- atomic layers. 

In a perfect crystal (without stacking faults), every unit is obtained by a shift of 

[
1

3
, 0,

1

6
 ] in the trigonal axis from each unit directly below. When layers are laminated 
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in order, stacking faults are generated in such layered structures if the glide translation 

of the next unit is anything other than [
1

3
, 0,

1

6
 ] (Figure 2-4).  

 

 

Figure 2-4. One of the TM layers extracted from the C2/c monoclinic unit cell is shown 

in the panel (a) at the top of the figure. Two kinds of Li/Ti atomic configurations at the 

TM layers in the upper and lower consecutive structural units are shown in panels, (b), 

(c), and (d). The atomic arrangement in panel (a) corresponds to the lower TM layer of 

the two. When the lower structural unit is stacked onto the original unit and shifted by 

(1): [-1/3, 0, 1/6] (in the hexagonal axis notation, dotted line in the panel (a)), they form 

an identical topological pattern to that seen in panel (d). This is the case of regular 

stacking without stacking fault. Whereas, when the former unit is laminated on the latter 

and shifted by (2): [1/3, 1/3, 1/6], this makes a different topological pattern as shown in 

panel c.  This difference in atomic arrangement is caused due to the atomic ordering of 

the TM layer. When these atoms are in a completely disordered atomic arrangement, 

these two kinds of stackings make no difference in the geometric pattern. This applies to 

the cases of the Li and O layers in the lower and upper units. Namely, these Li-Li layers 

and O-O layers make no difference in topological pattern both in the [-1/3, 0, 1/6] and 

[1/3, 1/3, 1/6] shifts. 

 



46 

 

 

Here, it is assumed that stacking faults were never generated at interlayers within the 

units in Expression (1) (and in Figure 2-3). We can fully describe the regular stacking 

and other possible stacking faults using three different stacking vectors, [ 
1

3
, 0,

1

6
 ], 

[ 
1

3
,

1

3
,

1

6
 ] (both as cubic-type stacking), and  [ 0,

1

3
,

1

6
 ] (as a hexagonal-type stacking) 

in the pseudo-trigonal cell, and using linear combinations (multiplications) of these 

vectors. For instance, combination of the former two cubic-type stacking vectors can 

locally form the P3112 trigonal and C2/m monoclinic atomic configurations as shown in 

Tarakina et al.’s paper [11,12]. They have analyzed the stacking faults in the C2/c 

Li2TiO3 crystal assuming that its layer stacking contains the P3112 trigonal and C2/m 

monoclinic atomic configurations. The above these three stacking vectors correspond 

to[
1

6
,

1

6
,

1

2
 ] , [ 

1

3
, 0,

1

2
 ], and [ 

1

6
,

1

6
,

1

2
 ] in the monoclinic (C2/c) cell.  The translation 

probabilities for these stacking vectors are represented by the three α parameters, α11, 

α12, and α13, which are determined through FAULTS analysis. When α11 = 1, α12 = 0, 

and α13 = 0, the crystal contains no stacking faults; however, if the TM layer has a 

completely disordered (random) atomic arrangement, there is no difference between α11 

and α12 (see Figure 2-4). After analyses in FAULTS program, we converted the data 

from P1 trigonal structures back to C2/c monoclinic structures. As seen in Table 1 and 

Figure 2-5, our FAULTS analysis revealed that Li2TiO3 crystals contain about 25% 

stacking faults. Such large numbers of stacking faults have also been detected in 

Li2MnO3, which exhibits the same type of structure. However, both Li2TiO3 and 

Li2MnO3 have almost no hexagonal-type stacking faults. If hexagonal-type stacking 

faults were generated in these crystals, the distance between O2- ions of two consecutive 

top and bottom oxygen layers would be around 2.3 Å, which is considered too short for 

these large ions (r ≈ 1.4 Å) [18]. As seen in Figure 2-5, the three stacking fault 

probabilities are almost unchanged, irrespective of synthesis temperature. 
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Figure 2-5. Translation probabilities, α11, α12, and α13, determined by Rietveld analysis 

as a function of synthesis temperature. 

 

 Usually, we roughly understand crystal structures from analyses that are 

performed without taking stacking faults into account. We performed this type of simple 

analysis using the JANA2006 program to examine the powder diffraction pattern of 

Li2TiO3 synthesized at 750 °C. The results are shown in Table 2-2. As seen in Table 2-2, 

this analysis concluded that all three transition metal sites should be occupied in random 

configurations by both Li and Ti atoms. However, as shown in Table 2-1, the FAULTS 

analysis showed that one of the three sites of the TM layer is exclusively occupied by Ti 

atoms, and the others are also occupied by their respective favorite atoms. Both stacking 

faults and atomic disordering affect the diffraction intensities; therefore, when the 

crystals contain both structural defects, their structures should be analyzed while taking 

both structural imperfections into account. Figure 2-6 shows the Li/Ti atomic mixing for 

the compounds synthesized from 600 C to 900 C. As seen in Figure 2-6, the atomic 

disordering gradually became larger as the synthesis temperature was increased. It is 

well known that when the temperature is raised, the atomic arrangement generally 
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becomes more irregular to decrease the free energy of the system. This irregularity in 

atomic configuration with increasing temperature is considered to be a reasonable 

physical phenomenon for general materials [19-21].  

 

Table 2-2: Structural parameters for Li2TiO3 obtained by the Rietveld refinement 

performed under the assumption that this crystal contains no stacking faults. Standard 

deviations are shown in parentheses. 

 

C2/c: a = 5.0668(7) Å, b = 8.784(1) Å, c = 9.752(2) Å, β = 100.03(1), Ball = 0.89(18) 

Å2; Rwp = 6.59%, Rp = 4.54%, RFwobs = 6.81%, and RFobs = 5.69%. 

Atom Site G x y z 

Li (1) 8f 1 0.224(9) 0.085(9) -0.005(9) 

Li (2) 4d 1 1/4 1/4 1/2 

Li/Ti (1) 4e 0.477(32) / 0.523 0 0.092(4) 1/4 

Li/Ti (2) 4e 0.385(30) / 0.615 0 0.419(4) 1/4 

Li/Ti (2) 4e 0.138 / 0.862 0 0.746(3) 1/4 

O (1) 8f 1 0.138(5) 0.254(6) 0.138(2) 

O (2) 8f 1 0.145(6) 0.581(6) 0.134(3) 

O (3) 8f 1 0.111(6) 0.912(5) 0.134(3) 
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Figure 2-6. Occupancies of Li and Ti atoms at the Li/Ti(1) site (see Table 1 and 

Supporting Information), also showing the mixing rates of both atoms between the 

Li/Ti(1) and Li/Ti(2) sites.  

 

 The details of the ordered/disordered atomic arrangements for this Li2TiO3 

material are a future subject to be investigated. Figure 2-7 shows the mean crystallite 

size determined by Rietveld analysis as a function of the synthesis temperature. As seen 

in Figure 2-7, the crystallites of Li2TiO3 suddenly began to grow around above 700 °C, 

whereas the melting point of Li2TiO3 is 1325 °C [22]. This suggests that the 

recrystallization temperature of this material lies around 700 °C, corresponding to about 

60% of the melting point. This abrupt growth in crystallite size around at 700 °C also 

indicates possibility of the size-induced phase transition in the Li2TiO3 crystal [23]; 

however, detailed investigation on this interesting topic is left the future subject to be 

performed. 
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Figure 2-7. Dependence of the crystallite size on the synthesis temperature estimated by 

FAULTS analysis. 

 

 The perfectly ordered structural model of Li2RuO3 has already been obtained as 

mentioned in Figure 2-8. Based on this structural model, we carried out FAULTS 

structure refinement by taking the disordering of Li and Ru atoms at the TM layers and 

stacking faults into account as shown in this section. The analysis result of Li2RuO3 

crystal is shown in Figure 2-9. 
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Figure 2-8. Structure model for the ideally ordered Li2RuO3 (Li: green, O: red, and Ru: 

orange), in which atoms are arranged in layer stacking structure. The monoclinic cell is 

depicted with thin solid lines. This structure can also be regarded as ABC stacking of 

structural units consisting of four atomic layers of O, TM, O, and Li.  
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Figure. 2-9. Observed (+) and calculated (red line) X-ray powder diffraction profiles 

acquired at room temperature for Li2RuO3 synthesized at 900℃. Under the profiles, the 

background intensities are indicated by the green line. The difference curve (observed 

minus calculated) appears at the top of the figure in blue. 

 

The results of Li2RuO3 Rietveld analysis suggested the formation of staking faults and 

atomic arrangements between Li and Ru in TM layers. The stacking faults of Li2RuO3 

were described as three vectors to [1, 0, 0], [ 1, 0, −
1

3
 ] , and [ 1, −

1

2
, −

1

6
 ]  in the 

monoclinic (P21/m) cell as shown in Figure 2-10. Since Li2RuO3 has a different crystal 

structure from Li2TiO3, the arrangement of atoms is such that stacking faults in all 

directions satisfy cubic close packing. The translation probabilities for these stacking 

vectors are represented by the three α parameters, α11, α12, and α13, which are 

determined through FAULTS analysis. When α11 = 1, α12 = 0, and α13 = 0, the crystal 

contains no stacking faults. 
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Figure 2-10. One of the TM layers extracted from the P21/m monoclinic unit cell is 

shown in the panel (a) at the top of the figure. Three kinds of Li/Ru atomic 

configurations at the TM layers in the upper and lower consecutive structural units are 

shown in panels, (b), (c), and (d). The atomic arrangement in panel (a) corresponds to 

the lower TM layer of the two. When the lower structural unit is stacked onto the 

original unit and shifted as shown in panel (b): [1, 0, 0], this is the case of regular 

stacking without stacking fault. Whereas, when the former unit is laminated on the latter 

and shifted as shown in panel (c): [1, 0, -1/3] and panel (d) [1, -1/2, -1/6], these make 

different topological patterns.  These differences in atomic arrangement are caused due 

to the atomic ordering of the TM layer. When these atoms are in a completely 

disordered atomic arrangement, these two kinds of stackings make no difference in the 

geometric pattern. This applies to the cases of the Li and O layers in the lower and 

upper units. Namely, these Li-Li layers and O-O layers make no difference in 

topological pattern all shifts. 

 

 As seen in Table 2-3, our FAULTS analysis revealed that Li2RuO3 crystal contain 

about only 5% stacking faults. This result is a very small value compared to Li2TiO3 

calcined at 900 °C. In addition, Li2RuO3 crystal only about 12% of the atomic 
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disordering, which is also smaller ratio than Li2TiO3. Li/TM mixing at the TM layers 

caused by stacking faults and topologically forms long three-dimensional Li+ 

percolation paths in the atomic configuration, which further contributes to the high 

capacity of this material [3]. Therefore, it is considered that the Li+ diffusion mechanism 

of Li2RuO3 is hardly affected by three-dimensional diffusion, which is different from 

the results of Li2TiO3 and Li2MnO3 (especially synthesized at low temperature [3]). 

 

Table 2-3. The results were determined by a Rietveld program, FAULTS, under the 

assumption that α11 + α12 + α13 = 1. For comparison, the generation ratio of stacking 

faults and atomic disordering of Li2TiO3 and Li2MnO3 calcined at 900 °C is also 

described. The stacking faults formation ratio of Li2RuO3 is represented by α12 + α13 

(ratio of Li2TiO3 and Li2MnO3 is α12). 

 Li2RuO3 Li2TiO3 Li2MnO3 

Stacking faults 5 % 25 % 10 % 

Atomic disordering 12 % 25 % 9 % 

 

2-4. Conclusions 

Li2TiO3 and Li2RuO3 compounds were crystallized into single-phase monoclinic 

structures. It is known that these crystals belong to the monoclinic space group C2/c and 

P21/m, respectively, and that contain significant numbers of stacking faults. Our 

structural analysis results confirmed that Li2TiO3 crystal crystalizes in the C2/c structure, 

however, found that it contains not only a large number of stacking faults but partial 

Li/Ti atomic mixing is present at the TM layers. The number of stacking faults was 

almost unchanged irrespective of the synthesis temperature, whereas atomic disordering 

at the TM layer was found to grow considerably larger with increasing synthesis 

temperature. On the other hand, the analysis results show that Li2RuO3 is less likely to 

cause stacking faults and atomic disordering. These observations suggest that these 

crystal defects are inherent structural features of Li-rich Li2MO3 crystals, and their 

possibility of defects formation depends on the type of transition metal contained in the 

material. The results of this work clarify the difference of Li+ diffusion mechanism in 

Li-rich materials and provide useful guidelines for future cathode material design. 



55 

 

 

 

2-5. References 

[1] D. Y. W. Yu, K. Yanagida, Y. Kato and H. Nakamura, “Electrochemical Activities 

in Li2MnO3.” J. Electrochem. Soc. 156, A417-424, (2009). 

[2] A. Boulineau, L. Croguennec, C. Delmas and F. Weill, “Structure of Li2MnO3 with 

different degrees of defects.” Solid State Ionics. 180, 1652-1659, (2010). 

[3] T. Matsunaga, H. Komatsu, K. Shimoda, T. Minato, M. Yonemura, T. Kamiyama, S. 

Kobayashi, T. Kato, T. Hirayama, Y. Ikuhara, H. Arai, Y. Ukyo, Y. Uchimoto and Z. 

Ogumi, “Dependence of Structural Defects in Li2MnO3 on Synthesis Temperature.” 

Chem. Mater. 28, 4143-4150, (2016).  

[4] M. Vijayakumar, S. Kerisit, Z. Yang, G. L. Graff, J. Liu, J. A. Sears, S. D. Burton, 

K. M. Rosso and J. Hu, “Effect of Chemical Lithium Insertion into Rutile TiO2 

Nanorods.” J. Phys. Chem. C. 113, 14567-14574, (2009). 

[5] I. A. Leonidov, O. N. Leonidova, L. A. Perelyaeva, R. F. Samigullina, S. A. 

Kovyazina and M. V. Patrakeev, “Structure, ionic conduction, and phase 

transformations in lithium titanate Li4Ti5O12.” Physics of the Solid State. 45, 

2183-2188, (2003).  

[6] X. Sun, M. Hegde, Y. Zhang, M. He, L. Gu, Y. Wang, J. Shu, P. V. Radovanovic 

and B. Cui, “Structure and Electrochemical Properties of Spinel Li4Ti5O12 

Nanocomposites as Anode for Lithium-Ion Battery.” Int. J. Electrochem. Sci. 9, 

1583-1596, (2014). 

[7] S. Li, J. Guo, Y. Yang, X. Dong, M. Yang, W. Yu, J. Wang and G. Liu, “Electrospun 

Li4Ti5O12/Li2TiO3 composite nanofibers for enhanced high-rate lithium ion 

batteries.” J. Solid State Electrochem. 21, 2779-2790, (2017).  

[8] A. L-Narayana, M. Dhananjaya, N. G-Prakash, O M. Hussain, A. Mauger and C. 

M. Julien, “Li2TiO3 /Graphene and Li2TiO3 /CNT Composites as Anodes for High 

Power Li-Ion Batteries.” ChemistrySelect. 3, 9150-9158, (2018).  

[9] Y. Wang, A.Zhou, X. Dai. L. Feng, J. Li and J. Li, “Solid-state synthesis of 

submicron-sized Li4Ti5O12/Li2TiO3 composites with rich grain boundaries for 

lithium ion batteries.” J. Power Sources. 266, 114-120, (2014).  



56 

 

 

[10] K. Kataoka, Y. Takahashi, N Kijima, H. Nagai, J. Akimoto, Y. Idemoto and K. 

Ohshima, “Crystal growth and structure refinement of monoclinic Li2TiO3.” Mater. 

Res. Bull. 44, 168-172, (2009).  

[11] N. V. Tarakina, R. B. Neder, T. A. Denisova, L. G. Maksimova, Y.  V. Baklanova, 

A. P. Tyutyunnika and V. G. Zubkova, “Defect crystal structure of new TiO(OH)2 

hydroxide and related lithium salt Li2TiO3.” Dalton Trans. 39, 8168-8176, (2010). 

[12] N. V. Tarakina, T. A. Denisova, Y. V. Baklanova, L. G. Maksimova, V. G. Zubkov 

and R. B. Neder, “Defect Crystal Structure of Low Temperature Modifications of 

Li2MO3 (M=Ti, Sn) and Related Hydroxides.” Advances in Science and 

Technology. 63, 352-357, (2010).  

[13] M. Casas-Cabanas, J. Rodríguez-Carvajal and M. R. Palacín, “FAULTS, A New 

Program for Refinement of Powder Diffraction Patterns from Layered Structures.” 

Z. Kristallogr. Suppl. 144-145, (2006).  

[14] H. M. Rietveld, “A profile refinement method for nuclear and magnetic structures.” 

J. Appl. Cryst. 2, 65-71, (1969). 

[15] M. M. Treacy, J. M. Newsam and M. W. Deem, “A General Recursion Method for 

Calculating Diffracted Intensities from Crystals Containing Planar Faults.” Proc. R. 

Soc. Lond. A, 433, 499-520, (1991). 

[16] http://www.rigaku.com/products/xrd, http://www.rigaku.com/node/4442 

[17] V. Petříček M. Dušek, L. Palatinus, “Crystallographic Computing System 

JANA2006: General features.” Z. Kristallogr., 229, 345-352, (2014). 

[18] R. D. Shannon, “Revised effective ionic radii and systematic studies of interatomic 

distances in halides and chalcogenides.” Acta Crystallogr. A32, 751-767, (1976). 

[19] T. Matsunaga, Y. Umetani, N. Yamada, “Structural study of a Ag3.4In3.7Sb76.4Te16.5 

quadruple compound utilized for phase-change optical disks.” Phys. Rev. B. 64, 

184116, (2001).  

[20] B. E. Warren, “X-ray diffraction.” Addison-Wesley, Reading, Mass, (1969).  

[21] L. D. Landau, A. I. Akhizer, and E. M. Lifshitz, “GENERAL PHYSICS – 

Mechanics and Molecular Physics –” Pergamon Press. (1967). 

[22] Haynes, William M., ed. “CRC Handbook of Chemistry and Physics (92nd ed.)” 

CRC Press, (2011). 

http://www.rigaku.com/products/xrd
http://www.rigaku.com/node/4442


57 

 

 

[23] A. Laumann, H. Boysen, M. Bremholm, K. T. Fehr, M. Hoelzel and M.  

Holzapfel, “Lithium Migration at High Temperatures in Li4Ti5O12 Studied by 

Neutron Diffraction.” Chem. Mater., 23, 2753-2759, (2011).  

  



58 

 

 

Chapter 3. Reaction Mechanism of Electrochemical 

Insertion/Extraction of Magnesium Ions in Olivine-type 

FePO4 

 

3-1. Introduction 

 Magnesium rechargeable batteries are promising candidates for next-generation 

battery systems because the low-cost magnesium metal anode provides a high energy 

density and high stability [1] without any formation of dendritic structures such as those 

due to lithium deposition [2,3]. Although magnesium rechargeable batteries have a high 

potential, their performance reported so far [4] has not been comparable to that of 

lithium ion batteries. One serious problem is the limited number of alternative cathode 

materials. Compared to lithium ions, magnesium ions seem to have more difficult 

insertion/extraction reactions because of their stronger ionic interactions and because 

redistribution of the charge of the inserted multivalent cation in the cathode is more 

difficult [5]. Previously proposed cathode materials such as Chevrel phases [5-7], V2O5 

[8-9], TiS2 [10], MoS2 [11], and MnO2 [12] suffer from low redox potentials, low 

capacity, hydrous phases, or low stability. If the conventional intercalation hosts used in 

lithium ion batteries could be used, the performance of magnesium rechargeable battery 

would be drastically improved. Recently, several spinel type transition metal oxides, 

MgM2O4, (M = Co, Mn), show reversible intercalation/de-intercalation of Mg2+ 

into/from spinel host have reported experimentally [13-15]. Polyanion type cathode 

materials using phosphoric acid is an attractive material group as a battery material 

having stable structure and the high reaction potential due to the inductive effect [16].  

We have reported magnesium battery cathodes using polyanion compounds which are 

used in lithium ion battery [17,18]. However, there is a lack of information on the 

reaction mechanism for the insertion/extraction of lithium ions versus magnesium ions 

into the same host structure. 

 To investigate the magnesium/lithium ion insertion mechanism, olivine-type 

FePO4 is chosen here as a host structure. For the lithium ion insertion/extraction 



59 

 

 

reaction, a two-phase reaction between Li-rich Li1-αFePO4 and Li-poor LiβFePO4 has 

been reported [19]. In the regions outside both endpoints of the miscibility gap, a 

single-phase reaction occurs [16]. The single-phase regions decrease with decreasing 

particle size [20, 21] or with multiple transition metal substitution [22]. Recently, the 

insertion/extraction reaction of sodium ions in FePO4 has also been studied [23-26]. In 

the sodium system, FePO4 shows one plateau during the sodium ion insertion process 

but two potential plateaus during the extraction process, which indicates the formation 

of the intermediate Na0.7FePO4 phase [23-26]. The insertion/extraction reaction 

mechanism in the sodium system is different from that in the lithium system because of 

the difference in cation sizes. For the magnesium system, Several studies reported that 

electrochemical magnesium ion insertion/extraction in FePO4 [27,28] and that a redox 

potential for Mg0.5FePO4/FePO4 of approximately 2.4 V (vs. Mg2+/Mg) and that the 

volume expansion is similar to that of the LiFePO4/FePO4 system [29]. However, there 

are no experimental reports on the phase change behavior of FePO4 during magnesium 

ion insertion/extraction. 

 This study investigated the reaction mechanism of magnesium ion 

insertion/extraction in FePO4 prepared from carbon-coated LiFePO4 by chemical 

delithiation. The electrochemical magnesium ion insertion/extraction reaction is 

demonstrated, and the valance change and crystal structure change are analyzed by 

X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD). This is the first 

report of the completely different phase transition behaviours of FePO4 for magnesium 

ion insertion/extraction and for lithium ion insertion/extraction. 

 

3-2. Experimental 

 Carbon-coated LiFePO4 (C-LiFePO4) was prepared by solid-state reaction. 

Li2CO3, FeC2O4•2H2O, and (NH4)2HPO4 were mixed at stoichiometric ratios in ethanol 

using a planetary ball mill with a zirconia pot and balls for 12 h at 400 rpm. After 

milling and drying, the precursor was mixed with 10 wt% carbon black in the ball mill 

for 24 h at a rotation speed of 400 rpm. The mixture was pelletized and annealed at 

600°C under a 97% argon-3% hydrogen atmosphere for 6 h. C-FePO4 was prepared by 

chemical oxidation of the obtained C-LiFePO4 using nitronium tetrafluoroborate 
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(NO2BF4) as an oxidizing agent. NO2BF4 was dissolved in acetonitrile, and then the 

C-LiFePO4 powder was stirred in the solution for 48 h. The mixture was filtered and 

washed with acetonitrile. The particle size of the obtained C-FePO4 was examined by 

scanning electron microscopy (SEM) at 5.0 kV (Hitachi-SU6600). 

 Electrochemical measurements were carried out using a three-electrode cell 

with an Ag+/Ag double junction reference electrode. The working electrode was made 

by mixing 80 wt% the obtained C-FePO4, 15 wt% acetylene black, and 5 wt% 

polytetrafluoroethylene and the resulting mixture was pressed by platinum meshes. The 

counter electrode was a magnesium rod, and the electrolyte was 0.5 M magnesium 

bis(trifluoromethanesulfonyl)imide in acetonitrile. A platinum substrate was employed 

as a current collector because of its stability in the magnesium electrolyte [30]. 

Galvanostatic discharge and charge measurements were performed with a C/30 rate in 

the potential range of –0.80 V to 1.0 V vs. Ag+/Ag at 55°C. The equilibrium potential of 

the cells was obtained by performing a quasi–open-circuit-voltage (quasi-OCV) 

measurement, in which a series of current pulses is applied at C/30 for 3 h, followed a 

20 h relaxation process. The quasi- OCV curve in the charge process was measured for a 

sample in which 0.4 Mg2+ ions per formula unit were inserted in constant current mode. 

 The XRD patterns were measured at room temperature at beam line BL02B2, 

which is equipped with a Debye-Scherrer camera, at SPring-8 in Hyogo, Japan. To 

minimize the effect of X-ray absorption by the samples, the wavelength of the incident 

X-ray beam was set to ca. 0.500 Å using a silicon monochromator, which was calibrated 

with a CeO2 standard in the range 2θ = 0° - 75° with a 2θ step size of 0.01°. Rietveld 

and Le Bail profile fittings were carried out with the program JANA2006 (Windows 

version, copyright 2008) [31] using a pseudo-Voigt profile function. For synchrotron 

XRD measurements, the discharged/charged electrodes were rinsed several times with 

acetonitrile and dried. A glass capillary was filled with the dried sample and then sealed 

by a resin in an argon-filled glove box.  

 XAS measurements of the discharged/charged electrodes was conducted in the 

energy region of the Fe K-edge at room temperature in transmission mode at beam lines 

BL01B1 and BL14B2 of the SPring-8 synchrotron radiation facility in Hyogo, Japan. 

After the electrochemical measurements, the samples were rinsed several times with 
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acetonitrile and dried. The dried sample was mixed with boron nitride and pelletized, 

then sealed in laminated packets in an argon-filled glove box. 

 

3-3. Results and discussion 

3-3-1. Sample preparation and characterization 

 Figure 3-1 shows the powder XRD patterns of the obtained C-FePO4. The 

XRD pattern was indexed to the orthorhombic Pnma space group with lattice constants 

a = 9.8182(2) Å, b = 5.7931(1) Å, c = 4.7825(1) Å, and V = 272.02(1) Å3, which were 

coincident with the values in the literature [32]. There are no detectable peaks attributed 

to impurities in the sample. In order to investigate the particle size of the C-FePO4, a 

SEM image of the sample was captured (Figure 3-2). The average particle size of the 

as-prepared C-FePO4 was about 65 nm. 
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Figure 3-1. Synchrotron XRD patterns for the as-prepared C-FePO4 and Rietveld fitting 

results for synchrotron XRD data for the C-FePO4. The wavelength was set at 0.5002 Å. 

Goodness-of-fit: 1.74. Rwp: 3.83%. Rp: 3.00%. The circles and black line denote the 

observed and calculated intensities, respectively. Short vertical lines indicate the 

positions of possible Bragg reflections. The difference between the observed and 

calculated profiles is shown at the bottom.  
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Figure 3-2. SEM image of the as-prepared C-FePO4. 

 

3-3-2. Galvanostatic and quasi-OCV measurements. 

 Figure 3-3 shows discharge/charge curves for the C-FePO4 measured at C/30 

and 55 °C. In the discharge process, the electric potential slope becomes small at -0.55 

V (vs. Ag+/Ag), and the capacity obtained for magnesium ion insertion is 147 mAh/g, 

which corresponds to ca. 0.4 Mg2+ ions per formula unit. In the charge process, a charge 

capacity of ca. 0.3 Mg2+ ions per formula unit (107 mAh/g) was obtained. The charge 

capacity is 40 mAh/g lower than the discharge capacity, which shows that ca. 0.1 Mg2+ 

ions per formula unit are not extracted from MgxFePO4. This partial magnesium ion 

extraction from MgxFePO4 is coincident with a previous report that magnesium ion 

insertion/extraction in FePO4 is partly reversible [27]. The shape of the charge curve 

differs substantially from that of the discharge curve. In the initial range of charge 

process below 40 mAh/g, a few steps appear in the potential change. The potential slope 

becomes small in the range of 40 - 70 mAh/g, and finally the slope increases drastically 

above 70 mAh/g. The drastic increase in the potential means that some of the 

magnesium ions inserted in FePO4 are difficult to extract from the host material. In the 

2nd discharge process, the capacity is almost similar to the 1st charge capacity, 
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indicating that the magnesium ion extraction is more difficult than the magnesium ion 

insertion. 
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Figure 3-3. Discharge/charge curves of C-FePO4 at C/30 and 55°C. The cutoff voltage 

was set between -0.80 V and 1.0 V vs. Ag+/Ag.   

 

In order to investigate the potential profile as a function of the Mg content of the FePO4, 

we performed quasi-OCV measurements for the C-FePO4 (Figure 3-4). A plateau does 

seem to appear in the discharge curve in Figure 3-3, but the enlarged view of the 

discharge process obtained from the quasi-OCV measurements (inset in Figure 3-4) 

show that the equilibrium potential gradually changes with magnesium ion insertion. 

This means that magnesium ion insertion into FePO4 proceeds not by a two-phase 

reaction but by a single-phase reaction. During lithium ion insertion into FePO4, the 

reaction proceeds via a two-phase process between Li-rich Li1-αFePO4 and Li-poor 

LiβFePO4, and the equilibrium potential is very flat in the two-phase region [33,34]. 

In the magnesium ion extraction process, the equilibrium potential change is different 

from that in the insertion process. In particular, the equilibrium potentials of MgxFePO4 

(0.10 < x < 0.20) in the discharge process are 0.17-0.30 V different from those of 

MgxFePO4 (0.11 < x < 0.20) in the charge process, indicating that some kind of structure 
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change occurs when more than 0.2 Mg2+ ions per formula unit are extracted from the 

Mg0.4FePO4. Similarly, different potential profiles were observed for the discharge and 

charge reactions for the NaFePO4/FePO4 system. In this NaFePO4/FePO4 system, it was 

reported that NaFePO4 has to go through an intermediate Na0.7FePO4 state in the charge 

process, while in the discharge process FePO4 changes directly to NaFePO4 without 

going through an intermediate state because the activation energy for the transformation 

between FePO4 and Na0.7FePO4 may be significantly larger than that for the 

transformation between Na0.7FePO4 and NaFePO4 [26]. In the MgxFePO4 system, an 

intermediate state may also appear in the charge process. 

 

 

Figure 3-4. Quasi-OCV measurements of C-FePO4 obtained at C/30 and 55°C. The 

charge process was measured for a sample in which the 0.4 Mg2+ ions per formula unit 

were inserted in constant-current mode.  

 

3-3-3. X-ray absorption spectroscopy. 

 In order to confirm the contribution of Fe redox reaction of the C-FePO4 to the 

electrochemical magnesium ion insertion/extraction process, we conducted XAS 

measurements of C-FePO4 after both magnesium ion insertion and subsequent 
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extraction. The Fe K-edge X-ray absorption near edge structure (XANES) spectra of 

MgxFePO4 are shown in Figure 3-5. For FePO4, an edge attributed to transitions from 

Fe 1s to Fe 4p and to the continuum state was observed [35]. The obtained XANES 

spectra shifted toward the lower energy region with increasing amounts of inserted 

Mg2+. This shift to lower energy means that the Fe ions in FePO4 are reduced. 

Subsequently, the obtained XANES spectrum shifted to higher energy region with 

magnesium ion extraction, showing that the Fe ions were oxidized. Comparing the 

XANES spectra of MgxFePO4 with that of FeO and Fe2O3 (Figure 3-5 (c)) also confirms 

that the Fe redox reaction with magnesium ion insertion/extraction. These results prove 

the contribution of the Fe redox reaction of the C-FePO4 to the electrochemical 

magnesium ion insertion/extraction process. The During the lithium ion extraction from 

FePO4, a clear isosbestic point appears at about 7127 eV, indicating a two-phase 

reaction between Li1-αFePO4 and LiβFePO4 [36]. However, no clear isosbestic point 

appears during the magnesium ion insertion/extraction in FePO4. Hence, it is supposed 

that the magnesium ion insertion/extraction reaction does not proceed via a two-phase 

reaction. 
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Figure 3-5. XANES spectra of MgxFePO4 (x = 0 - 0.4) at the Fe K-edge after 

magnesium ion (a) insertion and (b) extraction. (c) XANES spectra of FePO4, 

Mg0.4FePO4, FeO and Fe2O3 at the Fe K-edge as the references. 
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3-3-4. Synchrotron X-ray diffraction 

 To investigate the crystal structure change of MgxFePO4 during magnesium ion 

insertion/extraction, we performed synchrotron XRD measurements of discharged and 

charged MgxFePO4 samples. Figure 3-6 shows the XRD patterns from 5° to 15°, and 

Figure 3-7 shows the unit cell parameters obtained from the fitting profiles of 

MgxFePO4 (x = 0, 0.1, 0.2, 0.4). A few extra peaks attributed to the platinum meshes 

appear in the profiles, but all other peaks are indexed to the orthorhombic Pnma space 

group. No peaks attributed to a second phase were observed for the magnesium ion 

insertion/extraction, unlike the case for lithium ion insertion into FePO4. The peaks of 

FePO4 shifted slightly toward lower angles as magnesium ions were inserted, indicating 

an expansion of the FePO4 lattice. Subsequently, the peaks of Mg0.4FePO4 shifted 

toward higher angles during magnesium ion extraction, indicating shrinkage of the 

Mg0.4FePO4 lattice. The lattice constants are almost proportional to the amount of 

inserted magnesium ions, following Vegard’s law (Figure 3-7). Thus, magnesium ion 

insertion/extraction in FePO4 proceeds via a solid-solution reaction, unlike the 

two-phase reaction observed for lithium ion insertion. In addition, half maximum of the 

several peaks of the MgxFePO4 were almost constant regardless of the composition of 

magnesium ions (Figure 3-8). This result also supports that the reaction of magnesium 

ion insertion/extraction in FePO4 proceeds via a single-phase. This conclusion is 

consistent with the results of the discharge/charge measurement and the changes in the 

XANES spectra. Figure 3-7 also shows that the lattice constants of Mg0.2FePO4 after 1st 

discharge is different that of Mg0.2FePO4 after 1st charge. This result means that the 

crystal structure of FePO4 changes during magnesium ion insertion/extraction process. 
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Figure 3-6. XRD patterns of MgxFePO4 (x = 0 - 0.4) during Mg ion insertion/extraction 

and of the prepared C-LiFePO4 as a reference in the range from 5° to 15°. The 

wavelength was set at ca. 0.500 Å. The stars mean extra peaks attributed to the platinum 

mesh. 
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Figure 3-7. Unit cell parameters (a, b and c) and volume as functions of x in MgxFePO4 

(x = 0 - 0.4). 
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Figure 3-8. The FWHM of the several peaks of the XRD patterns of the MgxFePO4 (x = 

0 - 0.4) during Mg ion insertion/extraction. 

 

 

The cell volumes of the FePO4, LiFePO4, and Mg0.5FePO4 extrapolated from the 

obtained experimental results are 272 Å3, 291 Å3, and 275 Å3 (Figure 3-9). The point 

for Mg0.5FePO4 is extrapolated from the obtained experimental results of MgxFePO4 

(x=0, 0.1, 0.2, 0.4) in Figure 3-7. The cell volume change from FePO4 to Mg0.5FePO4 is 

thus 1.1%, which is much smaller than that from FePO4 to LiFePO4 (6.9%). This is 

because the inserted magnesium ions attract the oxygen atoms in FePO4 more strongly 

than lithium ions because of their higher electron density as shown in Figure 3-10. Thus, 

the mismatch between the cell volumes of FePO4 and MgxFePO4 is so small that 

MgxFePO4 exists as a solid-solution phase without any phase separation like that seen 

during lithium ion insertion/extraction in FePO4. The difficulty of magnesium ion 

extraction might cause crystal structure change of the host structure, FePO4 during 

magnesium ion insertion/extraction. The XRD peaks obtained from the Mg0.4FePO4 

after the second discharge were weaker and broader than those of the Mg0.4FePO4 after 

the first discharge process (Figure 3-11). This means that the crystal structure of FePO4 
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was distorted due to magnesium ion insertion/extraction. The different quasi-OCV 

during the discharge and charge processes (shown in Figure 3-4) supports that some 

kind of structure change occurred during the charge process. Because the coulombic 

interactions between magnesium ions and oxygen anions in the host structure are very 

strong, magnesium ion extraction becomes difficult once the magnesium ions are 

inserted into the host structure. 

 

 

Figure 3-9. Unit cell volume of FePO4, LiFePO4 and Mg0.5FePO4. The point for 

Mg0.5FePO4 is extrapolated from the obtained experimental results of MgxFePO4 (x=0, 

0.1, 0.2, 0.4) in Figure 3-7. 
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Figure 3-10. Schematic illustration comparing the volume expansion of the FePO4 upon 

lithium ion and magnesium ion insertion. The bottom figures are drawn by using the 

VESTA package [37]. For lithium ion insertion, the reaction proceeds by the two-phase 

reaction because weaker Li-O interaction causes large lattice mismatch between FePO4 

and LiFePO4. For magnesium ion insertion, the reaction proceeds by the single-phase 

because stronger Mg-O interaction suppresses the lattice mismatch between FePO4 and 

Mg0.5FePO4.  
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Figure 3-11. XRD profiles of the Mg0.4FePO4 after the first discharge and after one 

cycle (second discharge). The wavelength was set at 0.5004 Å for the Mg0.4FePO4 after 

one cycle. 

 

 

3-4. Conclusions 

 In summary, we examined the electrochemical magnesium ion 

insertion/extraction of FePO4. Compared with magnesium ion insertion, it is more 

difficult to extract magnesium ion from MgxFePO4. The quasi-OCV measurements 

show that the equilibrium potential gradually changes with magnesium ion insertion. 

The synchrotron XRD shows only peak shift during magnesium ion insertion/extraction 

without the second phase formation. The magnesium ion insertion/extraction reaction in 

FePO4 proceeds not by a two-phase reaction but by a single-phase reaction. The lattice 

constant changes of FePO4 with inserted magnesium ions are smaller than those of 

lithium ions due to the strong interaction of magnesium ion, which is why the reaction 

proceeds in a single phase. 
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Chapter 4. Relationship between kinetics and 

electronic/structural changes during oxide ions redox of 

lithium-rich 4d/3d transition metal oxides 

 

4-1. Introduction 

Electronic devices and transportations are leading approach to suppress the 

greenhouse effect gas emission, and it is significant to achieve the development of 

larger energy storage system [1-3]. Lithium ion batteries (LIBs) have been 

commercialized for a quarter of century as a power source of portable electric devices 

such as mobile phones. LIBs are also attractive for high-energy storage system because 

of their highest gravimetric and volumetric and gravimetric energy density [1-3].  

However, the energy density is severely restricted by the capacity of cathode 

materials. The typical commercialized cathode materials such as LiCoO2 have already 

reached to the theoretical limit [4-6]. Lithium rich materials have the attention as the 

next generation cathodes because of their higher theoretical capacity by the presence of 

‘excess’ lithium ion in the transition metal layer. Thackeray et al. have reported Li-rich 

solid solution materials, Li1.2Ni0.13Co0.13Mn0.54O2 (0.5Li2MnO3-0.5LiNi1/3Co1/3Mn1/3O2) 

shows higher capacity than that of the conventional layered oxides [7,8]. During the 

charge reaction, 3d transition metal mainly contributes to the charge compensation of 

lithium ion extraction in the typical cathodes. On the other hand, in the Li-rich 

manganese layered oxide, Li1.2Ni0.13Co0.13Mn0.54O2, shows a large capacity [7-22], 

which cannot be explained by the oxidization of 3d transition metal Co and Ni and Mn 

[9,10]. At the high voltage in the 1st charge reaction process, an oxygen redox and/or an 

oxygen evolution (oxygen loss from the lattice) reaction occur, which contributes to the 

charge compensation [10, 11, 12]. However, these oxygen reactions trigger a crystal 

rearrangement or cation migration [13,14] or oxygen evolution reaction, which limits 

the practical use of this cathode [15]. The origin of the irreversible reaction may be 

caused by the formation of a ligand hole and/or an oxygen evolution [15,19,22]. One of 

the main problem of the materials for practical use is low rate capability. Li et al. have 



80 

 

 

reported that oxygen loss could be attributed to the high kinetic barriers because low Li+ 

diffusion coefficients in the plateau region [21]. So the rate performance of Mn-based 

solid solution cathode still needs to be improved. 

In order to stabilize the anionic redox and improve the rate performance, the 

use of Li-rich layered material with 4d transition metal is an attractive approach. By the 

strong overlap between Ru-4d and O-2p orbitals, containing 4d transition metal Li-rich 

cathode Li2RuO3 has illustrated good cycle stability [23-28]. Li2RuO3 and Ru-based 

Li-rich cathode materials show typical two plateau during the 1st charge-discharge 

reaction. The first plateau area is attributed to transition metals, which is mainly Ru 

redox reaction (Ru4+  Ru5+), and the other plateau area is oxygen redox [23-28]. The 

presence of Ru ions also could enhance the rate capability [23].  

Containing only 3d transition metals oxide, the hole formation reaction on O-2p orbitals 

and oxygen evolution reaction occurred simultaneously. However, in case of containing 

4d transition metals oxide, the hole formation reaction occurred on the electronic bands 

because of the wide band structure of 4d transition metals. In order to clarify the reason 

of polarization, relationship between the local distortions during charge-discharge must 

be clarified. 

In this work, we investigated what is the major factor to determine the rate 

capability in Li-rich cathode materials. We synthesized two types Li-rich layered 

cathode materials; Li1.2Ni0.13Co0.13Mn0.54O2 containing 3d transition metals, and 

Li1.2Ni0.13Co0.13Ru0.54O2 containing 3d and 4d transition metals. We measured the 

electrochemical properties of the Li1.2Ni0.13Co0.13Mn0.54O2 cathode and the 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode, discussed the relationship among electrochemical 

performance, charge compensation mechanism and local structure changes.  The 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode material indicates a higher rate performance and better 

reversibility compared to the Li1.2Ni0.13Co0.13Mn0.54O2 cathode due to the reversible 

charge compensation of Ru, Ni, and Co, and a strong overlap between the Ru-4d and 

O-2p orbitals. The result of Soft X-ray Absorption Spectroscopy (XAS) suggests that 

the formation of a localized hole on O-2p orbital is restrained, which contributes to 

improve the stability and rate performance during the 1st charge/discharge reaction. 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode also had less distorted local structure than that of 
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Li1.2Ni0.13Co0.13Mn0.54O2 cathode, which takes advantage for Li diffusion and it showed 

the high rate performance. 

 

4-2. Experimental 

4-2-1. Synthesis 

The powder of Li1.2Ni0.13Co0.13Mn0.54O2 was synthesized by the polymerized 

complex method as previously reported [29]. First, stoichiometric nickel acetate 

tetrahydrate, cobalt acetate tetrahydrate, lithium acetate and manganese acetate 

tetrahydrate were dissolved into nitric acid aqueous solution. Then excess citric acid and 

ethylene glycol were added into the solution and mixed at 200 rpm at 200 oC until 

finished polymerization well. After the polymerization, obtained black gel was calcined 

at 400 oC for 3 hours to make precursor powder. The precursor powder was pelletized 

and burnt at 850 oC for 12 hours, and then the Li1.2Ni0.13Co0.13Mn0.54O2 powder was 

finally prepared. 

Li1.2Ni0.13Co0.13Ru0.54O2 was synthesized by the same method, in which 

ruthenium trichloride hydrate was used as the starting material instead of manganese 

acetate tetrahydrate. The precursor powder was pelletized and burnt at 900 oC for 24 

hours, and then the Li1.2Ni0.13Co0.13Ru0.54O2 powder was finally prepared.  

 

4-2-2. Characterization 

Synchrotron radiation X-ray powder diffraction (XRD) experiments with the 

Imaging Plate were carried out using a large Debye-Scherrer camera at SPring-8 

BL19B2. The wavelength of the X-ray was 0.7 Å and the scannning range was between 

2θ = 2.1° and 2θ = 78.1°. The pristine powder samples were prepared by sealing in a 

glass capillary. Particle morphologies of the samples were observed using a scanning 

electron microscope (S-3400N, HITACHI). 

 

4-2-3. Electrochemical measurement 

Each compound electrode was fabricated from mixtures composed of 80 wt% 

active material, 10 wt% acetylene black as the conductive aid and 10 wt% 

polyvinilidene difluoride as the binder. The electrochemical cell consisted of a cathode, 
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a lithium metal anode, porous polypropylene film as a separator and 1 mol dm-3 LiPF6 

in ethylene carbonate (EC) /ethylmethyl carbonate (EMC) (3:7 by volume). The cut-off 

voltage was between 2.0-4.8 V vs Li/Li+ (Li1.2Ni0.13Co0.13Mn0.54O2 cathode) while 

2.0-4.6 V vs Li/Li+ (Li1.2Ni0.13Co0.13Ru0.54O2 cathode). Current densities are determined 

by the hypothesis that all Li ion can be removed in charge-discharge process (i.e. 

1C=377 mA g-1 in Li1.2Ni0.13Co0.13Mn0.54O2 cathode and 1C=292 mAh g-1 in 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode). In this work, the current rate was changed at 0.03C, 

0.1C, 0.5C, 1C and 3C. For galvanostatic intermittent titration technique (GITT) 

experiment, the cell was charged for 30 min at a rate of 0.1 C followed by residence 

time of 4 hours. All measurements were implemented at 25 oC. 

 

4-2-4. X-ray Absorption Spectroscopies 

The cell for the operando soft XAS measurement was set up to investigate 

oxygen redox reaction [29]. Composite electrodes were pasted on Pt-sputtered Si3N4 

window with thickness of 100 nm. For Li1.2Ni0.13Co0.13Ru0.54O2 composite electrodes, 

half charged-Li4Ti5O12 composite electrodes, which consist of 80 wt% Li4Ti5O12, 10 

wt% acetylene black and 10 wt% PVdF, were used as a counter electrode, and 1 M 

LiPF6 / acetonitrile was used as an electrolyte solution. Soft XAS measurements for O 

K-edge was performed at BL27SU in SPring-8, Japan. operando Hard XAS 

measurements for Ni K-edge, Co K-edge and Ru K-edge were performed at BL14B2 in 

SPring-8, Japan. The absorption spectra were collected with a transmission mode. 

Lithium foil was used as an anode, and 1 M LiPF6 / EC: EMC (3:7 by volume) was used 

as an electrolyte solution. Laminated-type cells were assembled in the Ar-filled grove 

box. The absorption spectra were collected during galvanostatic measurement at a rate 

of 1/20 C rate at 25 oC. 

 

4-3. Results and discussion 

4-3-1. Characterization  

The result of XRD pattern of Li1.2Ni0.13Co0.13Mn0.54O2 and Li1.2Ni0.13Co0.13 

Ru0.54O2 are shown in Figure 4-1(a) and (b). Both samples crystallize into a layered 

structure. The XRD pattern of Li1.2Ni0.13Co0.13Mn0.54O2 was indexed by the C2/m space 
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group [23] without impurities. The Li1.2Ni0.13Co0.13 Ru0.54O2 was indexed by the C2/c 

space group without impurities. The scanning electron microscope (SEM) image of the 

prepared sample is shown in the Figure 4-1(c) and (d). Both of the cathode material 

powders are controlled to have a particle size of less than 1 µm, and their morphological 

influence on the electrochemical performance is considered to be small. 
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Figure 4-1: Material characterization. Synchotron X-ray diffraction patterns of (a) 

Li1.2Ni0.13Co0.13 Mn0.54O2 and (b) Li1.2Ni0.13Co0.13 Ru0.54O2. The SEM images of (c) 

Li1.2Ni0.13Co0.13Mn0.54O2 and (d) Li1.2Ni0.13Co0.13Ru0.54O2. 

 

4-3-2. Charge and discharge measurement 

Charge and discharge curves during the 1st and 2nd cycle were shown in 

Figure 4-2; for the case of (a) Li1.2Ni0.13Co0.13Mn0.54O2 cathode and (b) 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode. The Li1.2Ni0.13Co0.13Mn0.54O2 cathode showed 330 

mAh g-1 capacity with a voltage slope by 4.5 V and a plateau at 4.5 V in the 1st charge 

1μm

(c)

1μm

(d)
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process. The discharge capacity rapidly decreased to 220 mAh g-1 in the 1st discharge 

process. In the second cycle, the Li1.2Ni0.13Co0.13Mn0.54O2 cathode showed different 

charge-discharge curve from 1st cycle. These results corresponds to the previous reports 

[7-14]. 

 On the other hand, in the Figure 4-2 (b), Li1.2Ni0.13Co0.13Ru0.54O2 cathode 

showed the gradual voltage change without plateau area during the 1st charge reaction. 

In the 1st cycle, the charge capacity is about 240 mAh g-1 and the discharge capacity is 

about 220 mAh g-1, and the reversibility is higher than Li1.2Ni0.13Co0.13Mn0.54O2 cathode 

at 0.1 C rates. Furthermore, in the 2nd discharge process, the capacity is almost similar 

to the 1st charge capacity. Figure 4-3 (a) shows the 1st discharge capacity dependence 

on the C rate. In case of the higher C rate, both cathodes showed the capacity fade, 

however, the capacity of Li1.2Ni0.13Co0.13Mn0.54O2 cathode faded more drastically than 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode. At the 0.1 C rate, the discharge capacity of 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode and Li1.2Ni0.13Co0.13Ru0.54O2 cathode were 218 mAh 

g-1 and 220 mAh g-1, respectively. And at the 3 C rate, the discharge capacity of 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode and Li1.2Ni0.13Co0.13Ru0.54O2 cathode were 94 mAh g-1 

and 140 mAh g-1, respectively. Figure 4-3(b) showed GITT experiments for 1st cycle of 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode and Li1.2Ni0.13Co0.13Ru0.54O2 cathode at 0.1 C current 

rate. Figure 4-3 (b) suggested that Li1.2Ni0.13Co0.13Ru0.54O2 cathode showed smaller 

polarization especially in the plateau area compared with the Li1.2Ni0.13Co0.13Mn0.54O2 

cathode [14,21]. These results suggests that Li1.2Ni0.13Co0.13Ru0.54O2 cathode has 

advantage of the charge-discharge process at larger current density, compared to 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode [21].  
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Figure 4-2. The charge-discharge curves for (a) Li1.2Ni0.13Co0.13Mn0.54O2 cathode and 

(b) Li1.2Ni0.13Co0.13 Ru0.54O2 cathode measured at 0.1C rate, 25 oC.  
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Figure 4-3. (a) Capacity dependence on C rate for Li1.2Ni0.13Co0.13Mn0.54O2 cathode and 

Li1.2Ni0.13Co0.13 Ru0.54O2 cathode. (b) The GITT measurement of 1st charge process for 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode and Li1.2Ni0.13Co0.13 Ru0.54O2 cathode. 
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4-3-3. X-ray absorption spectroscopy measurement 

In order to analyze the electronic structure of the cathode materials, XAFS 

measurements of the K-edge of the transition metals were performed. Figure 4-4 shows 

the changes of peak top energies of 1st charge-discharge Ni and Co K-edge XANES.  

In case of Li1.2-xNi0.13Co0.13Mn0.54O2 cathode, the peak energies of Ni K-edge XANES 

spectra were shifted higher side from x = 0 (before charge) to x = 0.4 and were invariant 

from x = 0.4 to x = 1.1. These results meant the Ni ions contributed to charge 

compensation from x = 0 to x = 0.4, then did not contributed from x = 0.4 to x = 1.1. 

During the 1st discharge reaction, the peak energy of Ni K-edge XANES spectra was 

shifted lower side from x = 1.1 (before discharge) to x = 0.5 and were invariant from x 

= 0.5 to x = 0.3. 

The peak energies of Co K-edge XANES spectra were shifted higher side from 

x = 0 (before charge) to x = 0.4 and were invariant from x = 0.4 to x = 1.1. These results 

meant the Co ions contributed to charge compensation from x = 0 to x = 0.4, then did 

not contributed from x = 0.4 to x = 1.1. During the discharge process, Co K-edge 

XANES spectra were invariant from x = 1.1 to x = 0.8 and were shifted lower side from 

x = 0.8 to x = 0.3. These results suggest that the mechanism of Ni and Co valence 

changes are different between 1st charge reaction and 1st discharge reaction, that is, 

there were large hysteresis during the 1st cycle. The tendency of valence changes of Ni 

and Co of Li1.2Ni0.13Co0.13Mn0.54O2 were coincided with the previous results [11,15]. 

On the other hand, the Li1.2Ni0.13Co0.13Ru0.54O2 cathode showed different 

tendency compared with Li1.2Ni0.13Co0.13Mn0.54O2. The peak energies of Ni K-edge 

XANES spectra were shifted higher side from x = 0 (before charge) to x = 0.6 and were 

invariant from x = 0.6 to x = 0.9. These results meant the Ni ions contributed to charge 

compensation from x = 0 to x = 0.6, then did not contributed from x = 0.6 to x = 0.9. 

During the 1st discharge reaction, the peak energy of Ni K-edge XANES spectra were 

shifted lower energy side from x = 0.9 (before discharge) to x = 0.2.  

Co K-edge XANES spectra were also shifted higher side from x = 0 (before 

charge) to x = 0.9. These results meant the Co ions contributed to charge compensation 

from x = 0 to x = 0.9. During the 1st discharge reaction, the peak energy of Co K-edge 

XANES spectra were shifted lower energy side from x = 0.9 (before discharge) to x = 
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0.2. It showed relatively reversible valence charge of Ni and Co compared with 

Li0.7Ni0.13Co0.13Mn0.54O2, in addition, Co could contributed to charge compensation in 

whole 1st charge reaction. The tendency of valence changes of Ni and Co of 

Li1.2Ni0.13Co0.13Ru0.54O2 were different, and smaller hysteresis compared with 

Li0.7Ni0.13Co0.13Mn0.54O2 cathode. 
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Figure 4-4. The Changes on peak top energies of XANES in 1st charge-discharge 

reaction for (a) Ni K-edge (b) Co K-edge in Li1.2Ni0.13Co0.13Mn0.54O2 cathode and 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode. 

 

The results of Mn K-edge XANES spectra of Li1.2Ni0.13Co0.13Mn0.54O2 were 

shown in Figure 4-5 (a) and (b). It has been reported that the peak top energies of Mn 

K-edge XANES changes during the charge-discharge process, but it is due to the strain 

of MnO6 [11]. Therefore, the valence of Mn was tetravalent at the pristine state 

[9,11,15] and during the 1st charge reaction, the valence was invariant, i.e., Mn did not 

contribute to the charge compensation [9,11,15]. During the discharge process, Mn 

valence did not change and not contribute to the charge compensation [9,15]. The Ru 

K-edge XANES spectra of Li1.2Ni0.13Co0.13Ru0.54O2 cathode are shown in Figure 4-5 (c) 

and (d). Compared with the RuO2 spectrum, the valence of Ru was tetravalent before 

charge reaction. During the charge process, the Ru K-edge XANES spectra gradually 

shifted to the higher energy, that is, oxidized to hexavalent after charge reaction [28]. In 

the discharge process, Ru was reduced to tetravalent, i.e., the reversible redox reaction 

occurs in the 1st charge/discharge reaction (Ru4+  Ru5+). The results suggests that 

during the 1st charge-discharge reaction, charge was compensated by the Ru redox 

reaction.  
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Figure 4-5: (a)-(b) X-ray absorption near edge structures for Mn K-edge of 

Li1.2-xNi0.13Co0.13Mn0.54O2 cathode, (a) 1st charge process (b) 1st discharge process. 

(c)-(d) X-ray absorption near edge structures for Ru K-edge of Li1.2-xNi0.13Co0.13Ru0.54O2 

cathode, (c) 1st charge process (d) 1st discharge process. 

 

Figure 4-6 (a) shows O K pre-edge XANES of the Li1.2Ni0.13Co0.13Mn0.54O2 

cathode during the 1st charge reaction. The O K pre-edge peak consists of two peaks at 

529 eV and 531 eV, which are attributed to the transitions from the O 1s level to the 

hybridized states of the Mn 3d and O 2p orbitals [30,31]. In the former state of charge 

process, the top energy of the peak at 529 eV was shifted to the lower side by the 

oxidization of Ni and Co ions [30]. In the latter state of charge process, an additional 

peak at 530 eV appeared. This peak is attributed to the formation of peroxide states in 

charged states [31]. In case of the Li1.2Ni0.13Co0.13Ru0.54O2 cathode, O K pre-edge 

XANES also consists of two peaks at 529 eV and 531 eV, which attributed to the 

transitions from the O 1s level to the hybridized states of the Ru 4d and O 2p orbitals 

[28,32,33]. The top energy of the peak at 529 eV was shifted to the lower side by the 

oxidization of Ru, Ni and Co ions [30]. However, an additional peak as seen in 

Li1.2Ni0.13Co0.13Mn0.54O2 near 530 eV was not observed during the 1st charge reaction, 
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indicating that the peroxide states were not formed (Figure. 4-6 (b)). The band structure 

model of both cathodes were shown in Figure 4-6 (c). In case of 

Li1.2Ni0.13Co0.13Mn0.54O2, 3d transition metals Ni2+ and Co3+ were near the Fermi level 

at pristine state because Ni2+ and Co3+ were oxidized to tetravalent at first, based on the 

Ni and Co K-edge XANES results and then, oxygen oxidization occurred ,which leaded 

to the formation of peroxide species. These results are consistent with the reported band 

model [12]. While in the case of Li1.2Ni0.13Co0.13 Ru0.54O2 cathode, Ru4+, Ni2+ and Co3+ 

were oxidized to Ru5+, Ni4+ and Co4+ during charge reaction based on Ru, Ni and Co 

K-edge XANES results. The peroxide species were not formed and oxygen contributed 

little to charge compensation during the 1st charge reaction because the energy level of 

O-2p orbital is lower than those of transition metals as shown in Figure 4-6 (c). The 

contribution of the oxygen to the redox band is lower than that of the 4d transition metal 

as reported [27]. The result indicates the charge compensation of 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode was introduced by the transition metal redox reaction, 

and the contribution of oxygen redox reaction was almost nonexistent.  
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Figure 4-6. O K pre-edge XANES spectra for (a) Li1.2-xNi0.13Co0.13 Mn0.54O2 cathode and 

(b) Li1.2-xNi0.13Co0.13 Ru0.54O2 cathode during the 1st charge process. (c) Charge 

compensation mechanism of Li1.2Ni0.13Co0.13Mn0.54O2 cathode and Li1.2Ni0.13Co0.13 

Ru0.54O2 cathode. 

 

Local structures of the Li1.2Ni0.13Co0.13Mn0.54O2 cathode and 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode were analyzed by the Fourier transformation of the Mn, 

Ru, Ni and Co K-edge extended X-ray absorption fine structure (EXAFS) spectra. 

Figure 4-7 (a) and (c) show the change of the atomic distance and Debye-Waller factor 
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(DW factor) of Me-O (Me = Mn, Ni and Co) in Li1.2Ni0.13Co0.13Mn0.54O2 cathode. The 

DW factor means a local distortion of Me-O.  

The Mn-O distances were almost constant during the 1st charge and discharge 

process as shown in Figure 4-7 (a), because the valence of Mn was not changed from 

tetravalent. In the charge process, the Ni-O distances were decreased in the region x = 0 

- 0.4 because of oxidation of Ni ions and almost constant in the region x = 0.4 - 1.1. In 

the discharge process, the Ni-O distances were increased in the region x = 1.1 - 0.5 

because of reduction of Ni ions and almost constant in the region x = 0.5 - 0.3. The 

Co-O distances were decreased from x = 0 - 0.4 in the charge process because of 

oxidation of Co ions and almost constant in the region x = 0.4 - 1.1. In the discharge 

process, Co-O distances were almost constant in the region x = 1.1 - 0.8 and increased 

from x = 0.8 - 0.3 with reduction of Co ions. These results followed the valence changes 

as shown in Figure 4-4 and Figure 4-5. 

Mn-O DW factors increased during the charge process (from x = 0 to x = 1.1) 

and decreased during the discharge process (from x = 1.1 to x = 0.3) even though the 

valence of Mn did not change during the charge and discharge process. The DW factor 

increasing is attributed to redox of oxygen, which increases the strain in the charged 

state. The oxygen hole formation occurred around the Mn atom because of Mn ionic 

character [11,28]. Ni-O DW factors increased during the charge process from x = 0.4 to 

x = 1.1 and decreased during the discharge process from x = 0.8 to x = 0.3. Co-O DW 

factors also increased during the charge process (from x = 0 to x = 1.1) and decreased 

during the charge process (from x = 0.8 to x = 0.3).  

Figure 4-7 (b) show the change of the atomic distance of Me-O (Me = Ru, Ni 

and Co) in Li1.2Ni0.13Co0.13Ru0.54O2 cathode. In the charge process, the Ru-O distances 

decreased in the region x = 0 - 0.9 because of oxidation of Ru ions. In the discharge 

process, the Ru-O distances increased in the region x = 0.9 - 0.2 because of reduction of 

Ru ions. The Ni-O distances decreased in the region x = 0 - 0.6 with oxidation of Ni 

ions in the charge process and almost constant in the region x = 0.6 - 0.9. In the 

discharge process, the Ni-O distances increased in the region x = 0.9 - 0.2 with 

reduction of Ni ions. The Co-O distances decreased from x = 0 - 0.9 in the charge 

process. In the charge process, the Co-O distances increased from x = 0.9 - 0.2 with 
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reduction of Co ions. The tendency of the distance changes of Ru-O, Ni-O and Co-O are 

coincided with the valence changes in charge and discharge process as shown in Figure 

4-4 and Figure 4-5. The changes of Ni-O and Co-O distance are more steep in 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode than those of Li1.2Ni0.13Co0.13Ru0.54O2 cathode because 

of the hysteresis of valence changes (see Figure 4-4).  

Figure 4-7 (d) shows the DW factor of Ru-O, Ni-O and Co-O in 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode. Ru-O DW factors increased during the charge process 

and decreased during the discharge process. Ni-O DW factors are increased during the 

charge process (from x = 0 to x = 0.9) and decreased during the discharge process (from 

x = 0.9 to x = 0.2). There was little change of Co-O DW factor in 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode with different x values during the 1st charge and 

discharge process. The main difference of the result is the Ru-O DW factor of 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode were smaller compared with the Mn-O DW factor of 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode. These results suggested that the 

Li1.2Ni0.13Co0.13Ru0.54O2 cathode had less distorted local structure than the 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode, which had more stable local structure. 
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Figure 4-7. The atomic distance of (a) Mn-O, Ni-O and Co-O of 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode, (b) Ru-O, Ni-O and Co-O of Li1.2Ni0.13Co0.13Mn0.54O2 

cathode, and the Debye-Waller factors of (c) Mn-O, Ni-O and Co-O of 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode, (d) Ru-O, Ni-O and Co-O of Li1.2Ni0.13Co0.13Mn0.54O2 

cathode. Fourier transformed Mn, Ru, Ni and Co K-edge EXAFS spectra of 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode and Li1.2Ni0.13Co0.13Ru0.54O2 cathode during the 1st 

charge-discharge reaction. These parameters were obtained by curve fitting with FEFF 

[34]. 

 

The charge compensation mechanism and local structure changes during the 1st 

charge-discharge process were different for Li1.2Ni0.13Co0.13Mn0.54O2 and 

Li1.2Ni0.13Co0.13Ru0.54O2. The choice of transition metals, which accept electrons from 

oxide ions on charge, is an essential key to determine whether to stabilize oxidation of 

oxide ions. In case of Li1.2Ni0.13Co0.13Mn0.54O2, 3d transition metals Ni2+ and Co3+ were 

near the Fermi level at pristine state because Ni2+ and Co3+ were oxidized to tetravalent 

at first, based on the Ni and Co K-edge XANES results. In the middle of charge reaction, 

oxygen oxidization occurred and it leaded to the formation of peroxide species (as 

shown in Figure 4-6). Localized electron holes are formed on the O ions coordinated by 

Mn4+ because the Mn-O interactions are more ionic (less covalent) than Ni-O and Co-O 
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interactions [11]. Finally, oxygen evolution that is equivalent to oxygen loss from lattice 

[10]. On the other hand, in the case of Li1.2Ni0.13Co0.13 Ru0.54O2 cathode, Ru4+, Ni2+ and 

Co3+, were near the Fermi level at the pristine state, because Ru4+, Ni2+ and Co3+ were 

oxidized to Ru5+, Ni4+ and Co4+ during charge reaction based on Ru, Ni and Co K-edge 

XANES results. The peroxide species were not formed and oxygen contributed little to 

charge compensation during the 1st charge reaction (Figure 4-6 (b)).This result suggests 

that the energy level of O-2p orbital is lower than those of transition metals as shown in 

Figure 4-6 (c). In the discharge process, Ru5+, Ni4+ and Co4+ were reduced to Ru4+, Ni2+ 

and Co3+, then the 1st discharged state was almost same state to pristine. 

While the charge compensation of Li1.2Ni0.13Co0.13Mn0.54O2 is explained by the redox 

reaction of transition metals (Ni, Co) and oxygen, the charge compensation mechanism 

of Li1.2Ni0.13Co0.13Ru0.54O2 cathode is explained by the transition metals redox reaction 

and there is no compensation of oxygen redox as mentioned above. Figure 4-8 shows 

the difference of local structures on Li1.2Ni0.13Co0.13Mn0.54O2 and 

Li1.2Ni0.13Co0.13Ru0.54O2. In case of Li1.2Ni0.13Co0.13Mn0.54O2, localized electron holes 

are formed on the O ions coordinated by Mn because of Mn high ionic character causing 

local distortion around Mn ions (Fig. 4-7 (c)). As a result, the strain around Ru is 

smaller than the strain around Mn. On the other hand, localized electron holes are not 

formed on the O ions coordinated by Ru in Li1.2Ni0.13Co0.13Ru0.54O2, because of Ru high 

covalent character. Transition metal redox reaction is more kinetic than the oxygen 

reaction (the hole formation on O-2p orbital and/or oxygen evolution) [35]. Without an 

anion redox reaction and smaller local strains are considered to have led to an 

improvement in Li1.2Ni0.13Co0.13Ru0.54O2 performance. 
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Figure 4-8. Difference of local structures on Li1.2Ni0.13Co0.13Mn0.54O2 and 

Li1.2Ni0.13Co0.13Ru0.54O2. 

 

4-4. Conclusion 

We synthesized two Li-rich solid solution cathodes Li1.2Ni0.13Co0.13Mn0.54O2 and 

Li1.2Ni0.13Co0.13Ru0.54O2, and then investigated their charge compensation mechanism 

by operando X-ray spectroscopy. The Li1.2Ni0.13Co0.13Ru0.54O2 cathode material 

indicated high rate performance and good reversibility compared to 

Li1.2Ni0.13Co0.13Mn0.54O2 cathode which was attributed to the reversible charge 

compensation of Ru, Ni, and Co with strong overlap feature between Ru-4d and O-2p 

orbitals and smaller hysteresis of valence changes. Li1.2Ni0.13Co0.13Ru0.54O2 cathode also 
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had the less distorted structure, which takes advantage for Li diffusion, then it showed 

the higher rate performance than Li1.2Ni0.13Co0.13Mn0.54O2 cathode. The result of O K 

pre-edge XANES suggested that the formation of localized hole on O-2p orbital was 

restrained which could offer the advantage of stability and rate performance during the 

1st charge-discharge reaction. To design the next generation solid solution cathode 

materials, the strong overlap with O-2p orbital could be the key to stabilize the structure 

and improve the rate performance. 
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Chapter 5. Capacity Improvement by Nitrogen-doping to 

Lithium Rich Cathode Materials with Stabilization Effect of 

Oxide Ions Redox 

 

5-1. Introduction 

Lithium-ion batteries (LIBs) are widely used for electronic devices and desired 

to expand in larger-scale applications such as vehicles, public transportations or energy 

storage systems [1]. Capacity improvement is thus required for the commercialized 

LIBs, however, further increase in their energy density is severely restricted by the 

theoretical limits for cathodes [2]. Conventional cathode materials such as LiCoO2, 

transition metals mainly contribute to the charge compensation during charge/discharge 

reactions, which restricts their theoretical capacity. On the other hand, lithium-rich 

materials such as Li2MnO3 based materials provide high theoretical capacity, compared 

to the conventional cathode materials, because the oxide ions as well as the transition 

metal contributes charge compensation during charge/discharge reactions [3-5]. 

However, oxidation of oxide ions often causes irreversible oxygen loss [6] accompanied 

by a phase transition [7] typically in Li2MnO3-systems. Stabilization of the oxide ions 

redox would be essential to design and develop new cathode materials with high energy 

density. 

To stabilize the oxygen redox, various types of lithium rich cathode materials 

formed by the substitution of transition metals have been extensively studied [8-29]. 

Among these materials, Yabuuchi et al. reported that Li1.2Ti0.4Mn0.4O2 shows high 

capacity over 300 mAh g-1 and low 1st irreversible capacity [17,29]. The charge 

compensation mechanism of Li1.2Ti0.4Mn0.4O2 cathode is Mn oxidization and oxygen 

hole formation [17]. Our group revealed that high ionic character of Ti4+ stabilizes the 

localization of electrons on the oxide ions [29]. In order to achieve a high capacity, it is 

important to enhance electron localization on anion in the structure. The substitution of 

transition metal and the change of the composition ratio, which have been performed so 

far, lack the decisive factor at present. 
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Considering nitrogen ions can exist at lower valence than oxide ions, nitrogen doping 

could be an effective method to improve the capacity of the oxide ions redox reaction. 

However, the oxide ions redox mechanism of nitrogen-doped lithium rich cathodes still 

remains to be clarified because the lithium-rich cathodes in which oxygen release 

reaction occurs were used for the host material [30-32]. In order to clarify the effect of 

nitrogen doping for the anion redox, nitrogen doping must be conducted into the bulk of 

the lithium-rich cathodes in which oxygen release reaction does not occur such as 

LiTi0.4Mn0.4O2
 [27]. In this work, we conducted nitrogen doping into the bulk of 

LiTi0.4Mn0.4O2 and examined the electrochemical property, electronic and local 

structures. Anionic substituted oxides, such as fluorine, nitrogen doping, have been 

reported [30-35]. Fluorine doping can decrease the valence of transition metals, 

improving the capacity of cationic redox. Nitrogen-doping into lithium rich cathode 

materials also have been reported30-32. The nitrogen-doping improves rate capabilities 

and suppresses the voltage fading of the lithium rich material electrodes because lithium 

diffusion is accelerated due to the existence of nitrogen in the surface layer [31]. The 

purpose of this research is to control the oxide ions redox in the Li1.2Ti0.4Mn0.4O2 by 

doping nitrogen into the bulk, which is different from previous nitrogen doping [30-32]. 

 

5-2. Experimental 

Nitrogen-doped cathode materials Li1.2Ti0.4Mn0.4O2-0.015xN0.01x (x = 5, 10 … 40) 

based on the cation-disordered rocksalt-type cathode material Li1.2Ti0.4Mn0.4O2 [17] 

were synthesized by mechanochemical ball-milling method from stoichiometric 

amounts of lithium oxide, titanium oxide (anatase), manganese oxide (trivalent: 3+) and 

lithium nitride [36]. The pellets of mixed powders were heated at 900 °C for 1 hour (for 

x = 5, 10 … 40) or 12 hours (for x = 0). The chemical composition of the prepared 

Li1.2Ti0.4Mn0.4O2-0.015xN0.01x in the x-range from 0 to 30 was determined by Inductivity 

Coupled Plasma Optical Emission Spectrometer (ICP-OES). All obtained powders were 

characterized by synchrotron radiation (SR) X-ray powder diffraction (XRD) 

experiments at SPring-8 BL02B2. 

Compound cathodes were prepared from the paste which was produced by 

mixing 70 wt% of as-prepared cathode materials (carbon-coated), 20 wt% of acetylene 
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black and 10 wt% of polyvinylidene difluoride binder in 1-methyl-2-pyrrolidone solvent, 

and then this paste was coated on the Al foil. We assembled the cell with cathodes, Li 

foil as the anode and 1 mol dm-3 LiPF6 in an acetonitrile solvent was used as an 

electrolyte. The galvanostatic charge and discharge measurements were performed at 

the current rate, C/20. The cut-off voltage was between 1.5 V and 4.8 V (vs. Li/Li+) and 

the constant-current charge and discharge measurements were operated at 50 °C. 

Soft X-ray absorption spectroscopy (XAS) measurements for Ti L-edge, Mn 

L-edge and O K-edge were performed in SPring-8 BL27SU. Three electrodes 

(Li1.2Ti0.4Mn0.4O2, Li1.2Ti0.4Mn0.4O1.93N0.05 and Li1.2Ti0.4Mn0.4O1.85N0.10) were prepared 

for the ex-situ XAS measurement in the same condition of the galvanostatic 

charge-discharge measurements. After having finished the charge discharge 

measurements, the cells were dissembled in an argon-filled glove box. Then electrodes 

were flushed the electrolyte with the dimethyl carbonate three times and dried in the Ar 

atmosphere with vacuum. To prevent the electrode samples from being exposed to the 

air, they were transferred to a high-vacuum sample chamber by using a transfer vessel 

filled with Ar gas. 

 

5-3. Results and discussion 

Crystal structures of the prepared Li1.2Ti0.4Mn0.4O2-0.015xN0.01x were 

characterized by X-ray diffraction (XRD) as shown in Figure 5-1. The 

Li1.2Ti0.4Mn0.4O2-0.015xN0.01x in the range from x = 0 to x = 30 had the cation-disordered 

rocksalt structure which was classified to a single phase of the Fm-3m space group [17]. 

The diffraction shifted to lower angle with the amount of nitrogen as shown in the inset 

of Figure 5-1(a). In the range over x = 30, some additional peaks were observed as 

impurity. The lattice constant calculated from the XRD patterns increased in the range 

from x = 0 to x = 30, and remained constant in the range from x = 30 to x = 40 (Figure 

5-1(b)). The lattice constant increase indicates that nitrogen doping into 

Li1.2Ti0.4Mn0.4O2 materials succeeded because the ionic radius of nitrogen ion (1.46 Å) 

is larger than oxide ion (1.40 Å) [37].   
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Figure 5-1. Synchrotron XRD spectra for Li1.2Ti0.4Mn0.4O2-0.015xN0.01x. (a) XRD spectra 

indicating a single phase of Fm-3m space group with x = 0, 5, 10, ･･･ 40 with some 

impurities peaks in x = 35 and x = 40 data designated by asterisks. Inset shows enlarged 

spectra in the dotted frame ranging from 2θ = 19.0° to 20.0°. (b) Dependence of lattice 

parameters on the amount of nitrogen doping x.  
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The results of X-ray photoelectron spectroscopies were shown in Figure 5-2. Although a 

nitrogen peak was observed in x = 30, the peak was not observed in x = 0 and x = 10. 

These results indicate that the nitrogen doping occurs in the bulk of Li1.2Ti0.4Mn0.4O2, 

not to the surface. The chemical composition of each cathode was summarized in Table 

5-1, characterized by inductivity coupled plasma optical emission spectrometer. The 

ratio of metals was constant from the molar ratio of starting materials regardless of the 

amount of the nitrogen doping (Li: Ti: Mn =1.2: 0.4: 0.4 with x = 0, 10, 20 and 30).  
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Figure 5-2. The results of XPS measurement of N 1s peak, (a) Li1.2Ti0.4Mn0.4O2 (b) 

Li1.2Ti0.4Mn0.4O1.85N0.10 and (c) Li1.2Ti0.4Mn0.4O1.55N0.30. 

 

Table 5-1. The chemical composition of Li1.2Ti0.4Mn0.4O2-0.015xN0.01x cathode by 

ICP-OES. 

Material The molar ratio of Li : Ti : Mn 

x = 0 1.2 : 0.398 : 0.400 

x = 10 1.2 : 0.399 : 0.400 

x = 20 1.2 : 0.401 : 0.401 

x = 30 1.2 : 0.399 : 0.401 

 

The electrochemical performance of the prepared Li1.2Ti0.4Mn0.4O2-0.015xN0.01x was 

measured by galvanostatic charge and discharge measurements at the C/20 rate (1C rate 

= 395 mA g-1) at 50 °C as shown in Figure 5-3. The Li1.2Ti0.4Mn0.4O2 cathode showed 

similar charge/discharge curves as observed in previous report [17], which shows a long 

plateau attributed to oxygen redox at approximately 4.5 V (Figure 5-3 (a)). The 1st 

charge capacities in the low voltage region (3.0 – 4.2 V) and high voltage region (4.2 – 

4.8 V) were 132 mAh g-1 and 166 mAh g-1, respectively (Figure 5-3 (a) and (c)). 

Nitrogen doping in the range from x = 0 to x=10 improved the electrochemical 
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performance. The nitrogen-doped cathode with x = 10, Li1.2Ti0.4Mn0.4O1.85N0.10, showed 

smaller polarization than Li1.2Ti0.4Mn0.4O2, and larger charge capacities in the 3.0-4.2 V 

region (153 mAh g-1) as well as 4.2-4.8 V region (196 mAh g-1) in the 1st charge 

process (Figure 5-3 (b) and (c)).  The Li1.2Ti0.4Mn0.4O1.85N0.10 also showed larger 

charge capacity (349 mAh g-1) than the Li1.2Ti0.4Mn0.4O2 (299 mAh g-1). 

The 1st charge capacity of the Li1.2Ti0.4Mn0.4O2-0.015xN0.01x increased in the x range from 

x = 0 to x = 10.  However, more amount of nitrogen doping (x  15) decreased 1st 

charge capacity as shown in Figure 5-3 (c). Although it is worth clarifying the reason 

the capacity decreasing by large amount of nitrogen doping, we focus on the reason the 

capacity increasing by small amount of nitrogen doping in this study. Therefore, the 

Li1.2Ti0.4Mn0.4O2 and Li1.2Ti0.4Mn0.4O1.85N0.10 cathodes were chosen for detailed 

investigation.  
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Figure 5-3. C/20 rate galvanostatic charge-discharge curves measured at 50°C for (a) 

Li1.2Ti0.4Mn0.4O2 cathode, (b) Li1.2Ti0.4Mn0.4O1.85N0.10 cathode. (c) Dependence of the 

1st charge capacity of each cathode on the amount of nitrogen-doping. 
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To clarify the electronic structure change of Li1.2-yTi0.4Mn0.4O1.85N0.10 during 

1st charge process, soft X-ray absorption spectroscopies (XAS) was performed. Soft 

XAS for Mn L-edge and Ti L-edge for Li1.2Ti0.4Mn0.4O1.85N0.10 during 1st charge process 

was performed at different charge states to examine a contribution of transition metal 

ion (Figure 5-4 and Figure 5-5). Figure 3 shows the Mn L-edge XANES spectra of the 

Li1.2Ti0.4Mn0.4O2 cathode and the Li1.2Ti0.4Mn0.4O1.85N0.10 cathode during the 1st charge 

reaction. In an XAS spectrum of Mn LIII-edge for the Li1.2Ti0.4Mn0.4O2 at initial state, a 

board peak was observed at around 642 eV (Figure 5-4 (a)). The valence of the Mn in 

the Li1.2Ti0.4Mn0.4O2 was characterized trivalent because the peak shape and energy 

position was similar to Mn2O3 spectra. The peak was separated to two peaks and shifted 

to a higher energy region after 160 mAh g-1 charging (y = 0.49), and the shape and 

energy position were similar to MnO2 spectra. This result indicates that Mn ions were 

oxidized into a tetravalent state. The two peaks were unchanged on a subsequent charge 

process, proving that Mn ions are not responsible for charge compensation. Similar 

changes in Mn LIII-edge XAS spectra have been also reported in the literature [17]. The 

Ti L-edge XAS spectra did not change during charging process (Figure 5-5), indicating 

that the Ti ions did not contribute to charge compensation. Nitrogen doping reduced the 

Mn valence in the Li1.2Ti0.4Mn0.4O2. In an XAS spectrum of Mn LIII-edge for the 

Li1.2Ti0.4Mn0.4O1.85N0.10 at initial state, a small peak at 640 eV as well as the broad peak 

around 640 eV. The small peak position was similar to MnCO3 spectra, indicating that 

Mn was partly reduced from trivalent to divalent by nitrogen-doping. In the charge 

process, although the peak was separated to two peaks and shifted to a higher energy 

region in the charge process, the spectrum changed to 240 mAh g-1 (y = 0.73). This 

result indicates that more electron from Mn ions in the Li1.2Ti0.4Mn0.4O1.85N0.10 

contributed to the charge compensation during 1st charge process, compared to 

Li1.2Ti0.4Mn0.4O2. These results correspond to the galvanostatic measurements. The 

contribution of Ti ions for charge compensation was not confirmed from Ti L-edge XAS 

spectra (Figure 5-5). 
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Figure 5-4. Mn L-edge XANES spectra during the 1st charge reaction for (a) 

Li1.2-yTi0.4Mn0.4O2 cathode and (b) Li1.2-yTi0.4Mn0.4O1.85N0.10 cathode. 
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Figure 5-5. Changes in Ti L-edge XANES spectra during the 1st cycle for (a) 

Li1.2-yTi0.4Mn0.4O2 cathode and (b) Li1.2-yTi0.4Mn0.4O1.85N0.10 cathode.  

 

Contribution of anion for the charge compensation was examined by O K-edge XAS 

measurements. We could not collect N K-edge XANES spectra because all the 
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compound cathode materials contained much more amount of carbon than that of 

nitrogen. In an XAS spectrum of O K-edge for the Li1.2Ti0.4Mn0.4O2, two peaks were 

observed at 531 eV and 534 eV in the pre-edge region at initial state (Figure 5-6 (a)). 

The pre-edge peak is attributed to the transitions from the O 1s level to the hybridized 

states of the Mn 3d and O 2p orbitals [38]. The intensity at 530 eV increased after 160 

mAh g-1 (y = 0.49), and this change originates from spin multiplicity and crystal field 

effect with oxidation of Mn ions (Mn3+ to Mn4+) as observed in the Mn-LIII XANES 

spectra [17,29,39]. On subsequent charge, the peak intensity at 531 eV increased in the 

charge capacity from 160 mAh g-1 (y = 0.49) to 300 mAh g-1 (y = 0.91). This change is 

attributed to oxidation of oxygen in the Li1.2Ti0.4Mn0.4O2 because oxidation of Mn ions 

was not observed in the Mn-LIII XANES spectra [17,29,39]. In case of the 

Li1.2Ti0.4Mn0.4O1.85N0.10, two peaks were also observed at 531 eV and 534 eV in the 

pre-edge region at initial state (Figure 5-6 (b)). The intensity at 530 eV increased after 

240 mAh g-1 (y = 0.73) because of oxidation of Mn ions as observed in the Mn-LIII 

XANES spectra. On subsequent charge, the peak intensity at 531 eV increased in the 

charge capacity from 240 mAh g-1 (y = 0.73) to 300 mAh g-1 (y = 0.91), indicating 

oxidation of oxygen. To evaluate quantitatively hole formation in oxygen for both 

samples, the peak area charge in the pre-edge region (from 527 eV to 536 eV) on the 

charge process was estimated by peak integration. The tendency of area changes a 

difference appeared between Li1.2Ti0.4Mn0.4O2 and Li1.2Ti0.4Mn0.4O1.85N0.10 during 

charge reaction. Compared with the former, the latter has a smaller peak area because 

Mn is reduced in the initial state, and the increase of the peak area accompanying the 

oxidation of Mn progresses later. In the range of y> 0.49, the reaction in which oxygen 

hole formation mainly progresses, and a new peak appears around 531 eV. Therefore, 

the change in the peak area reflects the reaction of hole formation.The increase of peak 

area is suppressed in the Li1.2Ti0.4Mn0.4O1.85N0.10 by 300 mAh g-1 (y = 0.91) charge 

capacity, compared to the Li1.2Ti0.4Mn0.4O2 (Figure 5-6 (c)). These results indicate that 

hole formation in oxide ions is relatively suppressed in Li1.2Ti0.4Mn0.4O1.85N0.10. 

Nitrogen doping slowed down the reaction of generating holes in the O-2p orbital at the 

end of the charging process, and made it possible to increase the charge capacity at the 

same cutoff voltage. 
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Figure 5-6. Changes in O K pre-edge XANES spectra during the 1st charge reaction for 

(a) Li1.2-yTi0.4Mn0.4O2 cathode and (b) Li1.2-yTi0.4Mn0.4O1.85N0.10 cathode. (c) Comparison 

of peak area of O K pre-edge XANES (from 527 eV to 536 eV). 

 

5-4. Conclusion 

In this study, we proposed nitrogen-doping to the lithium rich cathode materials 

to charge the state of p-orbitals electron. In the nitrogen cathode, the charge 

compensation of cathode materials was performed by the Mn oxidization and hole 

formation on O-2p orbital. The obtained nitrogen-doped lithium rich cation-disordered 

cathodes with optimized composition, Li1.2Ti0.4Mn0.4O1.85N0.10, demonstrated the higher 

capacity of 350 mAh g-1 because of the effective reduction of Mn compared with the 

non-doped cathode and the promotion of oxygen hole formation during the charge 

reaction. The nitrogen-doping cathodes have potential to create new lithium rich 

cathode materials which achieves greater electrochemical performance without using 

the high-cost transition metals. 
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Chapter 6. Improvement of Rate Performance by 

Nitrogen-doping to Lithium Rich Cathode Materials 

 

6-1. Introduction 

Conventional cathode materials such as layered oxide LiCoO2, spinel LiMn2O4 and 

olivine LiFePO4 have been successfully applied in lithium ion batteries as mentioned in 

Chapter 1. These cathode materials typically deliver capacities about 150 mAh g-1. To 

satisfy the requirements for electric vehicles, it is desired to develop new cathode 

materials with superior performance such as higher capacities, lower cost, and better 

rate performances.  

Lithium-rich materials are representatives for the next generation cathode 

because of their high theoretial capacity over 300 mAh g-1 [1-3]. The charge 

compensation mechanism of lithium rich cathodes are cationic redox reaction and/or 

anionic redox reaction [1-3]. However, anionic redox reaction leads to phase transition 

[4] and irreversible oxygen loss [5]. The Li2MnO3-systems shows typical plateau at the 

4.5 V, which is compensated by oxygen oxidization [1-3]. However, the Li+ diffusion 

coefficients in the plateau region of the first charge were very small, which could be 

attributed to the high kinetic barriers associated with the concurrent Li+ extraction, 

oxygen loss, and structural rearrangement [6]. Then, to stabilize the anionic redox 

reaction would be essential to design and develop new cathode materials with high rate 

performance. 

For the improvement of rate performance, supressing the oxygen loss from 

lattice is the common approach. Then, various types of lithium rich cathode materials 

formed by the substitution of transition metals have been extensively studied [7-23]. 

The 4d and 5d metal oxides such as Li2RuO3-systems and Li2IrO3 ,which have strong 

covalent bonding between transition metals 4d/5d and O 2p orbitals, enables charge 

compensation by the oxidation of oxide ions to peroxide species [4,5,16-18]. Sathiya et 

al. has suggested The electronic state of each atoms during the charge-discharge process 

has been identified as a charge compensation by the oxidation of O2−to an (O2)
n− species 

(peroxide species: O-O distance 2.42 Å) [15,16]. Luo et al., has suggested that 
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solid-solution oxide exhibited formation of isolated holes on oxide ions [19] where 

non-bonding oxygen orbital in the Li-O-Li configuration for the lithium excess system 

could energetically stabilize holes.  

Another concept to improve the rate performance is to increase the rate of 

charge compensation of the transition metal, which is kinetically faster than anionic 

redox reaction. R. A. House et al., synthesized fluorine-doped Li2MnO2F cathode, 

which is the valence of Mn is 3+ at the pristine state [24]. By the flourine doping, the 

charge compensation mechanism has changed to the combination of Mn oxidization and 

oxygen oxidization, not like the Li2MnO3, showed the better rate performance. The 

similar type fluorine-doped cathode materials have been reported by J. Lee et al. [25], F. 

Kong et al. [26], and Yabuuchi et al.[27,28], however, these cathodes also showed the 

capacity fading with electrochemical cycles. This is a problem that needs to be solved in 

the future. 

In this work, we focus on the oxynitride material Li1.2Ti0.4Mn0.4O2-0.015xN0.01x 

reported in Chapter 5. These nitrogen-doped cathodes show higher capacity compared 

to the non-doped cathode. Furthermore, it is considered that an appropriate amount of 

nitrogen doping has an effect of stabilizing the anion redox reaction of the lithium-rich 

cathode material. If the anion redox reaction is stabilized, there is a possibility that the 

material system exhibits rate performance. Then, we will investigate the rate 

performance of Li1.2Ti0.4Mn0.4O2-0.015xN0.01x materials and performed the local structure 

analysis by Hard-XAS measurements. 

 

6-2. Experimental 

6-2-1. Sample preparation 

Powder of cathode materials Li1.2Ti0.4Mn0.4O2-0.015xN0.01x (x = 0, 5, 10, 15, 20, 

25, 30) were synthesized by the mechanochemical ball milling [29]. Stoichiometric 

amounts of Li2O, TiO2 (anatase), Mn2O3 (trivalent: 3+) and Li3N were scaled and put 

into the ball-milling pot with 10mmφ zirconia balls in Ar-filled glovebox. These starting 

materials were thoroughly mixed by dry mechanical ball milling at 370 rpm for 48 

hours and then the mixtures were pressed into pellets. The pellets were heated at 900 °C 

for 1 hour (for x = 5, 10, 15, 20, 25, 30) or 12 hours (for x = 0). Each obtained pellet 
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was ground into fine powders and mixed with 10 wt% acetylene black by dry 

ball-milling at 300 rpm. Particle morphologies of the samples were observed using a 

scanning electron microscope (S-3400N, HITACHI). All obtained powders were 

characterized by synchrotron radiation (SR) X-ray powder diffraction (XRD) 

experiments at SPring-8 BL02B2. 

 

6-2-2. Eletrochemical measurements 

Compound cathodes (already mixed with carbon) were prepared from the paste 

which was produced by mixing 70 wt% of as-prepared active materials (carbon-coated), 

20 wt% of acetylene black and 10 wt% of polyvinylidene difluoride binder in 

1-methyl-2-pyrrolidone solvent, and then this paste was coated on the Al foil. Li foil 

was used as the counter electrode material and 1 mol dm-3 LiPF6 in an acetonitrile 

solvent was used as an electrolyte. The 2032-type coin cells were assembled in the 

Ar-filled glove box.  

The charge discharge performance of these cathode materials were tested by 

galvanostatic charge-discharge measurements. The current densities were determined by 

the hypothesis as all Li ion could be removed in the charge-discharge process where 1C 

rate was designated as 395 mA g-1 in all cathodes. In this work, the current rate was 

changed at C/50, C/20, C/10, C/2, 1C, 2C and 5C. The cut-off voltage was between 1.5 

V and 4.8 V (vs. Li/Li+) and the constant-current charge discharge measurements were 

operated at 50 °C. 

 

6-2-3. X-ray absorption spectroscopies 

Hard X-ray absorption spectroscopy (XAS) measurements for Ti K-edge and 

Mn K-edge were performed in SPring-8 BL14B2. Three electrodes (Li1.2Ti0.4Mn0.4O2, 

Li1.2Ti0.4Mn0.4O1.93N0.05 and Li1.2Ti0.4Mn0.4O1.85N0.10) were prepared for the ex-situ XAS 

measurement in the same condition of the galvanostatic charge-discharge measurements 

(Current rate: C/20). After having finished the charge discharge measurements, the cells 

were dissembled in an argon-filled glove box. Then electrodes were flushed the 

electrolyte with the dimethyl carbonate three times and dried in the Ar atmosphere with 



128 

 

 

vacuum. To prevent the electrode samples from being exposed to the air, they were 

packed by laminated sheets filled with Ar gas. 

 

6-3. Results and discussion 

Obtained materials were shown in Figure 6-1 (a). The 

Li1.2Ti0.4Mn0.4O2-0.015xN0.01x in the range from x = 0 to x = 30 had the cation-disordered 

rocksalt structure classified to a single phase of the Fm-3m space group. The particle 

size of Li1.2Ti0.4Mn0.4O2 mixed with carbon was less than about 1 μm, and the other 

obtained nitrogen-doped materials had almost the same size as shown in Figure 6-1 (b) - 

(d). Since the electrochemical performances are greatly affected by the morphology, the 

particle size needed to be controlled so that there was no difference in particle size 

between samples. 
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Figure 6-1. (a) Synchrotron XRD spectra for Li1.2Ti0.4Mn0.4O2-0.015xN0.01x. (b) - (d) SEM 

images of carbon coated Li1.2Ti0.4Mn0.4O2-0.015xN0.01x samples. 

 

The results of 1st cycle charge-discharge performance of 

Li1.2Ti0.4Mn0.4O2-0.015xN0.01x cathodes (x = 0, 5, 10, 20 and 30) are shown in Figure 6-2. 

The current rate of each measurements were performed at C/20. The obtained 1st charge 

capacities of x = 0, x = 5, x = 10, x = 20 and x =30 are 299 mAh g-1, 329 mAh g-1, 349 

mAh g-1, 321 mAh g-1 and 307 mAh g-1, respectively (For the reference, Figure 5-3 (c)). 

The Li1.2Ti0.4Mn0.4O1.85N0.10 showed largest charge capacity among these five 

compounds (349 mAh g-1). Nitrogen doping in the range from x = 0 to x=10 improved 

the electrochemical performance, however, more amount of nitrogen doping (x = 20 and 

30) decreased 1st charge capacity. 

 

1μm 

(d) x = 10 
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Figure 6-2. The C/20 rate galvanostatic 1st cycle charge-discharge curves measured at 

50°C for Li1.2Ti0.4Mn0.4O2-0.015xN0.01x cathodes (x = 0, 5, 10, 20 and 30). 

 

Figure 6-3 shows the dependence of the 1st discharge capacity on the current 

rate which shows the rate performance of each cathode material. The 

Li1.2Ti0.4Mn0.4O1.85N0.10 cathode showed the largest capacity and the 

Li1.2Ti0.4Mn0.4O1.93N0.05 cathode showed the second-largest capacity for all the current 

rate. This tendency was noticeable at the higher current rate, especially at 1C and 2C 

rate. The 1st discharge capacity of the non-doped cathode was not much more than 50 

mAh g-1, while that of the nitrogen-doped Li1.2Ti0.4Mn0.4O1.85N0.10 cathode was about 

150 mAh g-1. The improved high-rate capability of the nitrogen-doped sample is 

probably due to fast charge-transfer kinetics arising from the nitrogen-doping effect. 
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Figure 6-3.  (a) Dependence of the 1st discharge capacity of 

Li1.2Ti0.4Mn0.4O2-0.015xN0.01x cathode on current rate. (b) Dependence of the 1st charge 

capacity of each cathode at 1C rate on the amount of nitrogen-doping. 
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Local structures of the Li1.2Ti0.4Mn0.4O2-0.015xN0.01x (x = 0 and 10) cathodes 

were obtained by the Fourier transformation of the Mn and Ti K-edge extended X-ray 

absorption fine structure (EXAFS) spectra. Figure 6-4 (a) and (b) show the change of 

the atomic distance of Mn-O and Ti-O in each cathode. Before the charge reaction, 

Mn-O distance increased by the nitrogen-doping because of the reduction of Mn. After 

the middle of charge process, variations of Mn-O distance were almost same but Ti-O 

distance increased associated with the oxidation of oxide ions. These results indicate 

that the hole formation reaction occurred around the Ti atom. Moreover, in the charge 

process, the variations of Mn-O distance were longer and Ti-O distance of 

nitrogen-doped cathodes were shorter than that of the non-doped cathode. Figure 6-4 (c) 

and (d) show the Debye-Waller factor (DW factor) of Mn-O and Ti-O. Since the DW 

factor suggests a local distortion, there was little change of Mn-O DW factor among 

cathodes with different y values, however the Ti-O DW factor of the nitrogen-doped 

cathodes were decreased compared with the non-doped cathode. The result indicates 

that the nitrogen-doped cathodes had less distorted structure than the non-doped 

cathodes which had more stable structure. 
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Figure 6-4. Fourier transformed Mn and Ti K-edge EXAFS spectra of 

Li1.2Ti0.4Mn0.4O2-0.015xN0.01x cathode during the 1st charge-discharge reaction. The 

atomic distance of (a) Mn-O and (b) Ti-O, and the Debye-Waller factors of (c) Mn-O 

and (d) Ti-O. 

 

6-4. Conclusion 

We proposed nitrogen-doping to the lithium rich cathode materials to stabilize the 

oxygen redox reaction and improve the rate performance. The obtained nitrogen-doped 

lithium rich cation-disordered cathodes especially with optimized composition 

Li1.2Ti0.4Mn0.4O1.85N0.10 demonstrated the 1st charge capacity about 350 mAh g-1. In 

addition, nitrogen-doped Li1.2Ti0.4Mn0.4O1.85N0.10 cathode materials showed higher rate 

performance than any other cathode synthesized in this work. The Hard-XAS 

measurement revealed that the rate performances were improved because local 

distortion was reduced. The nitrogen-doping cathodes have potential to create new 

lithium rich cathode materials which achieves greater electrochemical performance 

without using the high-costed transition metals. 
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Chapter 7. General Conclusion 

In chapter 1, the overview of cathode materials mainly focusing on lithium-ion 

batteries were described. In this study, we conducted detailed analysis focusing on 

changes in crystal structure and electronic structure for the development of 

next-generation cathode materials. 

In Chapter 2, Li2TiO3 and Li2RuO3 were taken up as model materials in order to 

conduct detailed crystal structure analysis in a material system that has been attracting 

attention in recent years. We clarified the existence of large amount stacking faults and 

cation mixing in Li2TiO3 while small amount in Li2RuO3. It is clarified that the 

difference of crystal structure affects the mechanism of three-dimensional Li diffusion 

path. 

In Chapter 3, structural analysis of magnesium ion battery’s cathode material was 

conducted as research on next-generation cathode material. It was clarified that 

magnesium ion intercalation reaction can be realized by using cathode material of 

magnesium ion batteries with olivine-type FePO4 as host structure. 

In Chapter 4, the lithium-rich solid solution cathode material using 4d transition 

metal Ru with a wide band structure was synthesized. Compared to the conventional 

lithium-rich solid solution material using Mn which has a problem of low rate 

performance due to the large contribution of oxygen charge compensation. Ru can 

expand the contribution of transition metal redox and suppress oxygen generation. 

Moreover, the local distortion are relaxed around Ru, then the rate performance was 

improved. 

In Chapters 5 and 6, we attempted to control the electronic state by a new method 

by nitrogen doping, an anion substitution, for lithium-rich rock salt type cathode 

materials. Nitrogen substitution has the effect to stabilize the oxygen redox reaction 

during the charge / discharge reaction, and increased the charge / discharge capacity. It 

was also clarified that nitrogen substitution reduces local strain, which improves rate 

performances. 

In Chapter 7, the results of the thesis were summarized. The crystal structure 

analysis and electronic structure analysis of the cathode materials performed in this 

study will give great knowledge to the future research on electricity storage systems. 
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