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Chapter 1 

Introduction 

1.1 Research Background 

Nowadays, energy and sustainability issues are at the forefront of public 

attention in advanced and developing countries. At the governmental and international 

level, an important driver for this change was the announcement by the United Nations 

(UN) in 2015 of the urgent need for countries to achieve 17 Sustainable Development 

Goals (SDGs). Energy issues and how we deal with them have now become hot topics 

that embrace many areas such as “affordable and clean energy (No.7)”, “industry, 

innovation and infrastructure (No.9)”, “responsible consumption and production 

(No.12)”. Renewable energy resources, in particular, are attractive given that they can 

contribute to a decrease in the emissions of greenhouse gases such as CO2 and NOx, and 

this is critical if we are to achieve the goals [1]. Renewable energy resources, however, 

are less stable in terms of energy output compared to conventional fossil fuel sources such 

as coal, oil and natural gas because the former depend on the weather and local conditions 

at the installation site. To stabilize the supply of renewable energy sources, energy storage 

devices can provide a solution [2,3]. Among the most promising energy storage devices 
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are rechargeable secondary batteries, which convert electrical energy into chemical 

energy.  

Rechargeable batteries can be used not only to store energy that is intermittent 

in output, but can also replace fossil fuels as a source of energy for vehicles; alternatively, 

they can be incorporated into electric vehicles (EVs) and used as a medium for 

transporting energy in a section of a smart grid system [4]. The acceptance of such 

technology in EVs has increased rapidly in recent years [5], and has led to a sharp rise in 

the price of Li since the beginning of 2021. Expectations regarding the widespread uptake 

of EVs have also led to a spike in the stock prices of companies involved in the 

development and manufacture of battery materials. 

Rechargeable batteries are not only expected to play an important role in 

addressing the afore-mentioned energy issues but will play an ever-increasing role in 

portable and advanced electronic devices such as mobile phones, wireless earphones, 

laptops and drones. 

The multiple perspectives that we can identify highlight the strong public interest 

in battery technology and the paradigm shift that is about to take place in the energy 

transformation which we have yet to experience. 
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1.2. Li-ion Batteries (LIBs) 

1.2.1. Basics of Li-ion Batteries 

 

A secondary battery is a device that is able to convert chemical energy into 

electrical energy, and vice versa. The oldest primary batteries are thought to have existed 

over 2000 years ago and are known collectively as the “Baghdad battery”. In the modern 

era, secondary batteries were first conceived as lead-acid batteries by Gaston Planté in 

France in 1859 [6]. The battery was assembled with a positive electrode made from lead 

dioxide and a negative electrode made from lead serving as the active materials. The 

electrodes were made by repeatedly charging and discharging the battery in dilute sulfuric 

acid, using two pieces of tape rolled into a cylindrical shape sandwiched between two 

lead plates. Since the late nineteenth century, many types of rechargeable batteries (lead-

acid, nickel-cadmium (Ni-Cd), nickel-metal-hydride (Ni-MH), zinc-air, and LIBs) have 

been developed, and the trends are changing rapidly [7]. 

Recently, LIBs have become the preferred choice for rechargeable batteries for 

applications in consumer electronics because they are lightweight, and exhibit a large 

capacity and a high voltage due to Li being the most electropositive element and having 

the lowest standard electrode potential, properties which confer a high energy density to 

LIBs. The use of Li ions as charge carriers in batteries started with Li metal serving as 

the anode for the above reasons, and the element has now become the primary battery 

material used for power sources for diverse devices and equipment. Furthermore, it was 

found by Whittingham et al. that Li ions could be inserted into TiS2, an inorganic 

compound, and the Li ions could be reversibly extracted [8,9]. The crystal structures of 

TiS2 and LiTiS2 are illustrated in Fig. 1-1, and it is clear that the structure does not change 



 

 

4 

before and after Li-ion insertion and extraction. Insertion and extraction reactions for ions 

in a two-dimensional layered structure are called intercalation reactions, because there 

are no changes in the crystal structure; the materials undergoing such reactions are called 

intercalation compounds. 

To increase battery voltage and improve performance, Mizushima and 

Goodenough et al. developed the LiCoO2 electrode in 1980 [10]. The use of a high-

potential LiCoO2 electrode has been the driver for the development of LIBs because 

materials that exhibit slightly higher potential than Li metal can be used as anode 

materials. In 1983, Yazami and Touzain reported the reversible electrochemical insertion 

and extraction (intercalation) of Li ions into graphite at a low potential [11]. This 

discovery led to the ability to avoid the hazard of short circuits due to dendrite growth on 

the Li metal anode [12], which previously had been a major problem. To apply LiCoO2 

as the cathode and carbonaceous materials as the anode, Yoshino carefully examined the 

type of nonaqueous electrolyte and its compatibility with the cathode and anode, and then 

submitted a patent [13]. This battery system is called a rocking chair battery because Li 

ions move repeatedly between the cathode and anode. In 1991, SONY made further 

improvements and succeeded in commercializing the first LIB in the world. In 2019, the 

Nobel Prize in Chemistry was awarded to M. S. Whittingham, J. B. Goodenough and A. 

Yoshino for their work in the development of LIBs [14]. 

 

+ Li+

- Li+

TiS6 octahedron

Li ion

TiS2 LiTiS2
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Figure 1-1 Crystal structure of TiS2 and LiTiS2. Li ions are inserted and extracted 

between the 2D layers of TiS2, which functions as an intercalation material (or an 

insertion material). The crystal structures were downloaded from a materials project [15] 

and visualized using VESTA [16]. 

 

As described above, a LIB consists of three components: a cathode, an anode, 

and an electrolyte, as shown in Fig. 1-2. In commercially produced LIBs, the cathode and 

anode are divided by a separator, and the positive and negative electrodes are in contact 

with the current collector. The cathode is at a higher potential than the anode. The 

electrolyte does not contribute to the electrode reaction, but only serves to transport the 

Li ions from one electrode to the other. For a typical LIB based on LiCoO2, the reactions 

at the cathode and the anode, and the overall reaction are given below. 

 

Cathode: LiCo3+O2 ⇄ Li1-xCo(3+x)+O2 + xLi+ + xe-   (1-1) 

Anode: 6C + xLi + xe- ⇄ LixC6   (1-2) 

Overall reaction: LiCo3+O2 + 6C ⇄ Li1-xCo(3+x)+O2 + LixC6   (1-3) 
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Figure 1-2 Schematic model of typical LIB. 

 

The reaction mechanisms for the electrode materials consist of three main 

reaction types: an intercalation reaction, a conversion reaction, and an alloying reaction. 

Among them, the intercalation reaction is superior in terms of cyclability because it 

inserts and extracts Li ions without major changes in the crystal structure occurring. The 

conversion reaction suffers problems such as large irreversible capacity and low 

cyclability because the crystal structure changes significantly during charging and 

discharging. However, the conversion reaction can be expected to result in an increase in 

capacity because it can cause a multi-electron reaction. The alloying reaction occurs 

mainly on the anode side due to the low redox potential, and is caused by alloying of Li 
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with certain metallic elements. Due to the cyclability and reversibility issues, intercalation 

materials (or insertion materials) are now the predominant cathode materials. 

The theoretical capacity Q and voltage V of the electrode material can be 

determined by the following formula: 

Q = 
n × F

3600 × M
 (1-4), V = −

μc-μa

nF
 (1-5) 

where n is the number of electrons in the reaction, F is the Faraday constant, M is the 

molecular weight of the active material, and μc and μa represent the chemical potentials 

of Li+ in the cathode and anode, respectively. 

 There are many types of components used in LIBs, and they are listed in Table 

1-1. As can be seen, these range from inorganic materials used for electrodes and current 

collection to organic compounds which serve as solvents in electrolytes and binders. In 

addition, it is necessary to consider the underlying electrochemistry when electricity is 

applied, and the electrode reactions that actually occur. It is no exaggeration to say that 

LIBs involve a “collection of chemistries”. Next, aspects of relevant inorganic materials 

such as the cathode, anode and electrolyte salts are considered. 

 

Table 1-1 List of components in LIBs 

Components Typical materials 

Cathode active material LiMO2 (M: transition metal), LiMnO4, LiFePO4 

Anode active material Graphite, Hard carbon, Li4Ti5O12 (LTO) 

Binder 
PVDF (polyvinylidene difluoride),  

PTFE (polytetrafluoroethylene) 

Electrolyte solvent 

EC (ethylene carbonate), PC (propylene carbonate), DMC 

(dimethyl carbonate), DEC (dimethyl carbonate), or mixtures of 

the aforementioned solvents 

Electrolyte solute LiPF6, LiBF4, LiClO4 

Separator 
Microporous polyolefin membrane, PE (polyethylene), PP 

(polypropylene) 
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Cathode current collector Al foil 

Anode current collector Cu foil 

 

1.2.2. Anode Active Materials 

 

 Before the LIB was developed, Li metal was used as the anode and there was a 

risk of short circuiting due to growth of Li dendrites; however, the application of 

carbonous materials as the anode has dramatically reduced this risk. Currently, graphite 

is most widely used as an anode, and it has a high capacity and a low potential (~0.1 V 

vs. Li/Li+). However, there is still a risk of Li deposition if the graphite is over-lithiated. 

because the potential is quite close to that for Li metal. 

 Lithium titanate (Li2TiO3; LTO) is also a widely used anode material, but its 

potential is not as low as that for Li metal or graphite. However, there is no concern 

regarding the deposition of Li metal because of its relatively high redox potential as an 

anode active material, and it also has an excellent cycle performance [17]. 

 

1.2.3. Cathode Active Materials 

 

 The cathode is the electrode with the higher potential of the two electrodes. 

Therefore, an active material with a high potential and a small electrochemical equivalent 

is desirable for the cathode. In addition, when the initial chemical composition of the 

cathode includes carrier ions, an oxidation reaction occurs at the cathode, so it is 

imperative that gases are not generated by oxidation and gases do not dissolve in the 

electrolyte after the electrode reaction. 

In general, the cathode active material has a layered structure consisting of LiMO2 (M = 

Co, Mn, Ni, Al, etc.), spinel-type LiMnO4, or LiFePO4, as shown in Table 1-1. LiMO2 is 
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typically used today, but due to the increasing demand for cathode materials and the rising 

price of Co, reducing the Co content as much as possible and the use of inexpensive 

LiFePO4 has become common [18–20]. The working potentials and capacities for LiMO2, 

LiMnO4, and LiFePO4 are 3.7–4.1 V (vs. Li/Li+), 3.7–4.0 V, 3.7–3.4 V, and ~150 mAh 

g-1, ~120 mAh g-1, ~160 mAh g-1, respectively. 

 

1.2.4. Electrolytes 

 

 The electrolyte plays an equally important role to that of the cathode and anode 

because it determines not only the performance of the battery but also its safety. 

Commercialized LIBs are made by dissolving Li salts in organic solvents (not aqueous 

solutions) so the electrolytes are called “nonaqueous electrolytes”. Carbonate-based 

organic solvents such as EC, PC, DMC, and DEC are typically used. These solvents are 

usually mixed with other solvents to ensure oxidation stability, reduction stability, or to 

reduce the viscosity of the electrolyte and adequately increase the ionic conductivity. To 

improve the oxidation or reduction stability, ether-based solvents are used, and attempts 

are made to change the electrolyte to an ionic liquid in which Li+ can migrate, even though 

the ionic conduction is less than that for a commercial electrolyte. The Li salts are mainly 

LiPF6, LiClO4 and LiBF4. These electrolyte solutes are used mainly in electrode 

evaluations at a concentration of 1 M which has the highest ionic conductivity; the 

concentrations of Li salts in commercially available batteries are similar. 
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1.3. Polyanionic Oxide Materials 

1.3.1. Overview of Polyanionic Oxide Materials 

  

 Polyanionic compounds have been widely used in cathodes, anodes, and solid 

electrolytes, and have been studied from various perspectives [21–25]. These compounds 

can be divided broadly into olivine-type, NASICON-type, tavorite-type, and phosphate 

fluoride. Alluaudite- and eldfellite-type materials are also being actively researched, 

although they are used mainly in iron-based materials. The features of polyanionic 

materials are that they have a large framework of vertex and ridge sharing, which is 

advantageous for the diffusion of large ions such as Na ions; also, the oxygen-mediated 

inductive effect of polyanions can tune the redox potential of transition metals [26,27]. 

However, polyanions have a problem of low volume energy density due to their large 

volume. Among polyanionic compounds, there are crystal structures in which both Li and 

Na systems exist, while there are crystal structures in which only one of them exists; this 

is perhaps due to the existence of an optimal ratio between the size of the crystal 

framework and the size of the carrier cations. Given that polyanionic materials contain 

not only MO6 octahedra consisting of a transition metal as the central element but also 

XO4 (X is a hetero-element) tetrahedra consisting of a hetero-element as the central 

element that does not possess electronic conductivity, the electronic conductivity of the 

material itself is lower than that of pure oxide-based materials such as layered- and spinel-

type materials. Therefore, when incorporating polyanion materials into an electrode, it is 

common to “add” electronic conductivity by the addition of a carbon-based material. For 

these reasons, for the development of cathode materials other than the layered oxide 

materials used in conventional LIBs, focus should be given to polyanionic compounds. 
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Another advantage of polyanionic compounds is that when applied to all-solid-state 

batteries (ASSBs), compounds with the same configuration can be used to eliminate the 

mismatch between the solid electrolyte and the electrode. 

 

1.3.2. Olivine-type Materials 

 An olivine-based materials can be represented by AMPO4 (A is an alkali metal) 

and the crystal structure is shown in Fig. 1-4, where carrier ions diffuse one-

dimensionally in a tunnel [28]. An olivine-iron compound is a cathode material in actual 

use and is expected to become more popular in the future due to its low cost. It is a 

promising material with a redox potential of 3.4 V and a theoretical capacity of ~170 

mAh g-1 [20,29]. The transition metal part of the structure can be substituted with Co due 

to its high redox potential (4.8 V), but this leads to degradation of the electrolyte [30]. 

Many examples of partial substitution with other transition metal elements such as Mn 

and Ti have been reported [31–33]. 

 

Figure 1-4 Crystal structure of olivine-type material, LiFePO4. 
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1.3.3. NASICON-type Materials 

 

 NASICON (Na Super Ionic CONductor)-type materials are the most studied 

among the polyanionic materials because of their relative simplicity for synthesis and the 

possibility of using them not only as cathode materials but also as anode materials and 

solid electrolytes [34–37]. The crystal structure of NASICON compounds is composed 

of a MO6 octahedron and an XO4 tetrahedron, which are continuously connected by a 

shared vertex; the structure has a three-dimensional ion carrier path [38]. As a result, the 

diffusion barrier for carrier ions is small, and large ions such as Na ions can readily diffuse 

into the structure. 

 As solid electrolytes, Na3Zr2Si2PO12 for Na-based electrolytes [36,39] 

and Li1+xAlxTi2-x(PO4)3 based on LiTi(PO4)3 for Li-based electrolytes [37,40,41] have 

been reported as fast ion conductors. High ionic conductivity can be achieved by partial 

substitution of the transition metal sites in these compounds and the hetero-element sites 

in the polyanions [42–44]. 

 As an electrode, the redox center can be changed by selecting Ti, V, Cr, Mn, or 

Fe as the transition metal site [45–52], and the redox potential can be tuned by adjusting 

the induction effect by changing the hetero element in the polyanion [26,53,54]. 
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Figure 1-5 Crystal structure of NASICON-type material, Na4Zr2(SiO4)3. 

 

1.3.4. Eldfellite-type Materials 

 

 The eldfellite-type material, NaFe(SO4)2, was discovered relatively recently as a 

mineral [55]. Its crystal structure is layered with alternating layers of polyanions and 

layers of Na+ as shown in Fig. 1-6. Singh et al. reported that the charge/discharge 

properties of NaFe(SO4)2 are reversible with insertion and extraction of Na+ [56]. There 

are some examples of partial substitution of transition metal elements at the Fe sites, but 

this has not led to improved properties [57,58]. 

 

MO6 octahedron
Na+

XO4 tetrahedron
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Figure 1-6 Crystal structure of eldfellite-type material, NaFe(SO4)2. 

  

MO6 octahedron

Na+
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1.4. All-solid-state Batteries 

1.4.1. Overview of all-solid-state Batteries 

  

 ASSBs are now one of the hottest topics in energy-related research around the 

world, and the number of papers and studies on ASSBs and solid electrolytes (SEs) is 

rapidly increasing [59 – 61]. Much of the research on ASSBs has focused on the 

development of SEs [62–66]. The main components of an ASSB are essentially similar 

to those of a liquid battery, i.e., a cathode, an anode, and a SE. In an ASSB, the SE plays 

the role of electrolyte and separator, so it is possible to realize a configuration that does 

not contain any organic compounds. The reason ASSBs are attracting attention as post-

LIBs is that they are predicted to surpass conventional batteries in terms of safety, energy 

density, and power output characteristics. Unless a polymer-type electrolyte is used for 

the electrolyte in the ASSBs, an inorganic SE is used, so even if a short circuit were to 

occur, the risk of ignition is low, and the safety of the electrolyte is higher than that of a 

nonaqueous electrolyte using an organic solvent. 

 ASSBs can result in a reduction in cell volume by stacking the cathode, anode, 

SE, and current collector to form a bipolar structure. In the case of liquid batteries, one 

electrode pair and the electrolyte are sealed in a single cell, and a current collector is 

attached to both the cathode and anode. If multiple electrodes are placed in one cell, an 

electromotive force can only be obtained for one pair of electrodes because of the liquid 

junction. However, in the case of ASSB, there is no carrier ion wrapping around the cell, 

so even with a bipolar structure in a single cell, the electromotive force for multiple 

electrodes can be extracted. In addition, the bipolar structure can effectively halve the 

area of the current collector, which clearly reduces the volume requirements of the cell. 
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 Not only do cations move in a typical liquid electrolyte, but anions also move. 

Therefore, in the case of non-aqueous electrolytes, the transport number of carrier ions is 

tLi+ < 0.4. However, in the case of SEs, species other than carrier ions do not move because 

they are part of the crystal structure, and only the carrier ions move, so the transport 

number is considered to be tLi+ = 1. This is a great advantage in terms of ionic transfer and 

causes the ionic conductivity to be the same for solid and liquid electrolytes. A SE can 

move practically twice as many carrier ions as a liquid electrolyte because of the 

difference in transfer number. The ionic conductivity of sulfide SEs has been reported to 

be superior to that of liquid electrolytes, and there are great expectations in terms of the 

electrical output characteristics, including a large current flow. 

 However, ASSBs do suffer from various problems. Sulfide SEs, which exhibit 

high ionic conductivity as described above, may react with oxygen and moisture in the 

atmosphere and produce harmful substances such as hydrogen sulfide. Oxide SEs have 

been widely studied as candidates for SEs, but their ionic conductivity is much lower than 

that of sulfide SEs, and considerably less than that of current liquid electrolytes. Therefore, 

exploration of electrolyte materials to improve ionic conductivity is an urgent issue. The 

junction between the electrode active material and the electrolyte is very important for 

smooth ion transport. In the case of a liquid electrolyte, the liquid stains the electrode 

layer so that a smooth contact between the electrode and electrolyte can be obtained, but 

in the case of a SE, the solid-solid interface makes intimate contact more challenging, and 

the interfacial resistance between electrodes and electrolytes for ASSBs is higher than 

those for conventional liquid-type batteries. 

 In an ASSB, the amount of SE in the electrode phase must also be carefully 

considered. In the case of liquid batteries, only a small amount of electrolyte is needed 

because the electrolyte seeps into the electrode phase, but in the case of an ASSB, a 
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certain amount of SE is needed to ensure the conduction path for carrier ions. Therefore, 

the amount of electrode active material in the electrode phase is lower, and this may 

reduce the energy density compared to liquid-type batteries. 

 In addition to the chemical factors associated with the compound itself, there are 

also engineering factors that affect the properties of SEs. When the same material is 

prepared as SE pellets in different laboratories under the same conditions and then 

subjected to electrical measurements, the results show that the ionic conductivity and 

activation energy are different for each laboratory [67]. Therefore, various factors that 

influence the production process need to be studied and controlled for development of 

high ionic conductivity ASSBs in order to realize a reliable method for production of 

identical samples. 

 

1.4.2. Solid Electrolytes 

 

A list of Li-ion conducting SE materials is presented in Table 1-2. The 

mainstream SEs materials, which are sulfide and oxide SEs, are described in detail below.  
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Table 1-2 Li-ion conducting SE materials 

Type Material Conductivity / S cm-1 Classification Reference 

(Liquid-type) (1 M LiPF6 in EC-PC) ~10-2 - - 

Sulfide Li6PS5X (X = Cl, Br) ~10-3 Argyrodite [68,69] 

 Li9.54Si1.74P1.44S11.7Cl0.3 2.5 × 10-2 
Thio-LISICON 

(LIthium Super Ionic CONductor) 
[70] 

 Li7P3S11 1.7 × 10-2 - [71,72] 

 Li10GeP2S12 1.2 × 10-2 Thio-LISICON [73,74] 

 Li3PS4 1.3 × 10-3 Thio-LISICON [75,76] 

 Li2S-P2S5 1.6 × 10-4 Glass [76,77] 

 Li4SnS4 7.1 × 10-5 Thio-LISICON [78] 

Oxide Li0.34La0.56TiO3 1.4 × 10-3 Perovskite [79] 

 Li1+xAlxTi2-x(PO4)3 7 × 10-4 
NASICON 

(NAtrium Super Ionic CONductor) 
[37,80] 

 Li7La3Zr2O12 3 × 10-4 Garnet [81] 

 Li2.9PO3.3N0.46 (LIPON) 3.3 × 10-6 Amorphous (film) [82] 

Nitride Li3N 4 × 10-4 - [83,84] 

Halide Li3ScCl6 3.02 × 10-3 - [85] 

 Li2.5Y0.5Zr0.5Cl6 1.4 × 10-3 - [86] 

 Li3YCl6 5.1 × 10-4 - [87] 

Hydride LiBH4 ~10-3 (at 120°C) - [88] 

 Li2(BH4)(NH2) 2 × 10-4 - [89] 

 0.7(LiCB9H10)−0.3(LiCB11H12) 6.7 × 10-3 - [90] 

Hydroxy halide Li2OHBr 1.6 × 10-6 Anti-perovskite [91] 

 Li2OHCl ~10-8 Anti-perovskite [92] 
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1.4.2.1. Sulfide Solid Electrolyte 

  

 The SE materials showing the highest Li- and Na-ion conductivity reported to 

date are sulfide SEs [59]. Given that sulfide SEs contain sulfur, an element which has a 

high polarization, they release Li and Na ions more readily than other anion frameworks, 

and their ionic conductivity is also higher. This large polarizability also confers additional 

advantages in terms of a high formability. Given that the Young's modulus for sulfide 

SEs is very low, and they are soft materials, they can be formed only by cold pressing at 

room temperature; also, sintered products show quite high ionic conductivity. There are 

two types of sulfide SEs: amorphous glass types (such as Li2S-P2S5 [76,77] and Li2S-SiS2 

[93]) and glass-ceramics types (such as Li3PS4 [75,76] and Li7P3S11 [71,77,94]), which 

are obtained by heating glass SEs. However, the instability of sulfide SE materials causes 

a difficulty for commercialization due to the generation of H2S as a result of contact with 

air. The development of materials to suppress the generation of H2S has been actively 

pursued, and it is expected that materials based on Li4SnS4 or Li3SbS4, in which P is 

substituted for Sn or Sb, i.e., Li3PS4, will be developed [78,95 –102]. For Na-ion 

conductors, a larger framework is needed because the Na-ion radius and volume are larger 

than those of Li ions. A widely used SE material for Na-ion conduction is the composite 

material, Na3PS4, which is the Na counterpart of Li3PS4 in the Li system; this material 

yields a lower conductivity of 4.6 × 10-4 S cm-1 as a result of cold pressing at room 

temperature [103,104] compared to that for Li3PS4. In contrast, the highest ionic 

conductivity is realized for the Na-ion conductive type material, Na2.88Sb0.88W0.12S4, 

where the room temperature conductivity for a sintered pellet is 3.2 × 10-2 S cm-1 [105]. 

Of course, the advantage of this material is the enhanced safety due to less H2S being 

generated compared to Na3PS4 because of the base composition of Na3SbS4 [105]. The 
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highest conductivity is realized by partially substituting Sb with W, leading to the 

generation of Na-ion vacancies and stabilization of the cubic phase. 

 

1.4.2.2. Oxide Solid Electrolyte 

  

 Oxide SEs have the advantage of being stable in air at room temperature, but 

compared to sulfide SEs, they use O, which has a lower polarization ratio than S. Thus, 

alkali-ionic diffusion is more difficult than in the case of sulfide SEs. Related to this, the 

moldability is also lower, and a high relative density and high ionic conductivity cannot 

be achieved by cold pressing alone [106,107]. Therefore, oxide SEs are typically sintered 

at high temperature after pelletization. This is not a problem when sintering is performed 

for a single material, but when it is performed for composite electrode materials or 

carbonous materials (to provide electronic conductivity), the presence of impurities can 

be problematic or the samples are reduced to the unwanted [108]. 

 

1.4.2.3. Other Solid Electrolytes 

  

 Hydride Li-ion conductors have recently become the focus of attention due to 

their unique properties [109]. LiBH4 undergoes a phase transition at 115°C and shows 

very high ionic conductivity in the high-temperature phase [88]. Furthermore, by adding 

25% LiI, LiBH4 can retain its high-temperature phase even at room temperature, and the 

material exhibits an impressive ionic conductivity [110]. Combining (BH4)- and (NH2)- 

anions, the ionic conductivity is increased to 2 × 10-4 S cm-1 for Li2(BH4)(NH2) [89]. The 

extremely high ionic conductivity (6.7 × 10-3 S cm-1) of the closo-type complex hydride 
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materials, 0.7Li(CB9H10)–0.3Li(CB11H12), raises high expectations for further 

development of hydride materials for alkali-ionic conductors [90]. 

 Halide materials are also attracting attention as next-generation SEs due to their 

high ionic conductivity and oxidation stability. In the 1990s–2000s, halide Li-ion 

conductors were thought to have been unstable and not highly ion-conductive, but the 

possibility of ionic mobility has been reevaluated by a research group at Panasonic [87]. 

The group studied Li3YCl6 and Li3YBr6 and demonstrated ionic conductivities of 5.1 × 

10-4 and 7.2 × 10-4 S cm-1 at room temperature. Surprisingly, those SEs showed good 

coulombic efficiency in charging and discharging with LiCoO2 without any carbonous 

electronic conductive additive or protective layer coating. The substitution of Y by Zr as 

in Li2.5Y0.5Zr0.5Cl6 was found to enhance the ionic conductivity up to 1.4 × 10-3 S cm-1 at 

room temperature [86]. In other transition metal systems involving Li3MCl6, a higher 

conductivity has been reported (2.04 × 10-3 S cm-1 for M = In [111], 3.02 × 10-3 S cm-1 

for M = Sc [85]), and Zr substitution by M has been shown to be effective at increasing 

the ionic conductivity [112,113]. The study of halide alkali ion conductors has only 

recently been revisited, and the results of theoretical calculations suggest that a variety of 

candidates can be expected [114–116]; hence, this topic should receive much attention in 

the near future. 

 Hydroxy halide systems have been investigated for Li-ion conduction despite 

the relatively low oxidation or reduction stability. Li2OHBr has a conductivity of 1.6 × 

10-6 S cm-1, and charge and discharge characteristics that are compatible with Fe2(MoO4)3 

at room temperature [91]. 
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1.4.3. “in-situ formed” Electrodes or Electrolytes, and Single-phase All-solid-state 

Batteries 

  

 The resistance at the interface between the SE and the electrode is one of the 

major problems for practical application of ASSBs. The reason for this is that there is a 

large difference in the chemical potentials of the SE and electrode materials at the 

interface, resulting in a space charge layer at the point of contact, and an impedance 

mismatch. A novel concept to ultimately reduce the interfacial resistance between the 

electrode and the SE is an “in-situ formed” electrode (or electrolyte) that can facilitate 

the construction of a dense interface. A model scheme for this is depicted in Fig. 1-3. in-

situ formation relates to forming an electrode (or SE) in the vicinity of the current 

collector by applying a current through what is originally a SE (or electrode).  

 

 

Figure 1-3 Schematic models of single-phase ASSBs. 

 

The original application of the in-situ formation concept was its use in a primary 

Li battery for a pacemaker in 1971, where a composite of iodine and poly-2-

vinylpyralidide served as the cathode and Li metal was the anode [117]. When iodine and 

Li metal contact each other, LiI is formed as an in-situ formed SE, and each electrode 

part can generate power until it is completely consumed. For the first in-situ formed 
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electrode, the Li metal and Li-based compounds are deposited on a Ni substrate using a 

nonaqueous electrolyte with a three-pole cell [118–120]. In 2000, an in-situ formed Li 

metal anode on a Cu current collector was used as a film-type battery with a LiCoO2 or 

LixV2O5 cathode (Li source during charging/discharging), Li2.9PO3.3N0.46 (LIPON) 

electrolyte, and an anode current collector attached to the LIPON, so that a reversible 

capacity was successfully acquired. SEM images indicated the formation of Li metal after 

100 cycles. However, the repeated dissolution and plating of Li metal is not safe and 

many SEs are unstable and are reduced by Li metal, making them unsuitable for SEs other 

than LIPON; therefore, materials that can be inserted and can extract Li ions are of great 

interest. 

It has been reported that the Li+ insertion/desorption reaction for the perovskite-

type SE Li0.29La0.57TiO3 occurs reversibly in a nonaqueous electrolyte system, but the 

capacity is very small. Li+ insertion/desorption into amorphous Li-V-Si-O thin film 

electrodes has been reported to increase the reversible capacity with each cycle, although 

the overvoltage is large [121]. Moreover, the depth profile obtained X-ray photoelectron 

spectroscopy (XPS) after charging shows that the valence of V changes to a higher 

oxidation number as the distance from the surface increases, suggesting that the electrode 

reaction occurs near the current collector. A thin-film electrode of Li2O-Al2O3-TiO2-P2O5 

(LATP) glass-ceramic functioning as an oxide SE charges and discharges at about 2.2 V 

vs. Li/Li+ in a non-aqueous system, and even in a thin-film ASSB with an amorphous Li-

Mn-O cathode, the SE acts as an in-situ formed negative electrode [122]. A transmission 

electron microscopy - electron energy loss spectroscopy analysis of an in-situ formed 

electrode from a LATP film indicated that the Li intensity was stronger near the collector, 

and a Ti chemical shift to a higher oxidation state occurred [123]. in-situ formed 
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electrodes have been examined by optical microscopy, and it was found that Li ions 

migrated from the vicinity of the current collector and Ti4+ was reduced [124]. 

 The principle of the in-situ formed electrode is based on the cathode and anode 

in a single-phase ASSB. In a single-phase ASSB, the electrodes are originally formed 

from a material with a single composition, so the electrode is called the “positive 

electrode” for the higher-potential side and the “negative electrode” for the lower-

potential side. A battery made from a single material was first reported by Han et al. using 

the sulfide SE, Li10GeP2S12 (LGPS) [125]. This first single-phase ASSB exhibited a large 

reversible capacity in the first cycle; however, the study involved the use of 25% carbon 

black to supplement the electronic conductivity (so that the cathode phase, anode phase, 

and SE phase were actually separated) and used the conversion reaction of LGPS which 

have a quite low cyclability due to the significant structural changes. The reaction 

mechanisms determined using density functional theory (DFT) calculations [126] are 

outlined below. 

 

Cathode: Li10GeP2S12 ⇄ GeS2 + S + P2S5 +10Li+ + 10e-     (1-6) 

Anode: Li10GeP2S12 +10Li+ + 10e- ⇄ Li2S + Li15Ge4 + Li3P     (1-7) 

  

 To avoid the above problems in a conversion system using a sulfide SE, the 

current research focus is on insertion materials. Three factors are necessary for insertion 

materials to be useful in single-phase ASSBs: they should have sufficient ionic 

conductivity (≧ 10-6 S cm-1; as an electrolyte), the elements can participate in redox 

reactions in two steps to ensure a potential gap (as positive or negative electrodes), and 

the elements have the ability to insert and extract carrier ions without major crystal 

structure changes (for the insertion reaction). Materials that can satisfy these requirements 
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include NASICON-type materials, AxM2(PO4)3 (A = Li+, Na+, K+, Ag+), which allow 3D 

diffusion of Li+ or Na+. The NASICON-type structure is excellent for both SEs and 

electrode materials because it has a wide bottleneck with a vertex-sharing framework and 

there is a large number of choices regarding selection of transition metal elements (the 

details of NASICON-type materials will be discussed later in the section on “polyanionic 

oxide materials”). In addition, NASICON-type materials are oxide-based materials with 

a very high atmospheric stability and are relatively easy to synthesize by a solid-state 

method. As for the problem of high-temperature sintering with oxide-based materials, the 

single-phase ASSB consists of a uniform material with a single composition, and there is 

no concern about side reactions even under high-temperature heat treatment. On this basis, 

Inoishi et al. designed NASICON-type materials to create oxide single-phase ASSBs. 

They found that Li3V2(PO4)3 and Na3V2(PO4)3 can operate as single-phase ASSBs 

[127,128]. The electrode reactions for the positive and negative electrodes are as follows 

(1-8, 1-9): 

 

 Positive electrode: A3V3+
2(PO4)3 ⇄ A(3-x)V(3+x/2)+

2(PO4)3 + xA+ + xe-     (1-8) 

 Negative electrode: A3V3+
2(PO4)3 + xA+ + xe- ⇄ A(3+x)V(3-x/2)+

2(PO4)3     (1-9) 

 

where A is Li or Na. The potential gap between the positive and negative electrodes gives 

the cell voltage. For the above electrode reactions, a cell voltage of 1.7 V is estimated for 

the potential gap between the V2+/V3+ and V3+/V4+ redox reactions for Li3V2(PO4)3 and 

Na3V2(PO4)3 [52,129,130]. Other materials suitable for functioning as single-phase 

ASSBs include Li1.5Cr0.5Ti1.5(PO4)3 and Ag1.5Cr0.5Ti1.5(PO4)3 as described in Chapter 2 

[131,132]. Thus, it is important to select transition metal elements for single-phase ASSB 

materials that can undergo a redox reaction in two steps, or alternatively that there are 
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two elements with different redox potentials that can complete the desired reaction. In 

this thesis, it is reported that the addition of alkali salts is effective for improving the 

properties of single-phase ASSBs, as detailed in Chapters 3 and 4 [133,134]. 
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1.5. Na-ion Batteries (NIBs) 

1.5.1. Challenges and Motivations 

 

There is increasing demand for large-scale batteries for renewable energy 

storage, and consequently for battery materials and components that are cheap and exhibit 

excellent performance. In this context, the price of Li for LIBs has risen sharply in 2021 

due in particular to the rise in electric vehicle usage. Moreover, in the future, there is 

likely to be a shortage of materials used in the manufacture of LIBs, and this coupled with 

an uneven distribution of raw materials among countries, will mean that the commodity 

prices in mineral producing countries, particularly with regard to Li but also other key 

components, will be subject to fluctuations in line with global supply and demand. 

Given the above situation, NIBs are attractive as rechargeable batteries with 

excellent cost-benefit performance because they can be prepared from abundant and 

inexpensive materials [135–139]. However, because the standard electrode potential for 

Na (-2.71 V vs. standard hydrogen electrode (SHE)) is ~0.3 V higher than that of Li (-

3.04 V vs. SHE), the working voltage for a Na-ion battery is lower than that for a Li-ion 

battery by this amount. In addition, the ionic volume of a Na ion is twice as large as that 

of a Li ion; hence, a Na-ion battery cathode material would have a relatively wide Na-ion 

bottleneck and a broad Na-ion diffusion framework structure. 

Despite these deficiencies, efforts geared to developing higher performance 

NIBs have been ongoing for some time. In fact, in recent years, given the increase in 

practical applications, manufacturers of secondary batteries have expressed their 

commitment to ongoing development of NIBs. Furthermore, various studies have been 
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carried out on specific properties of NIBs, which are different from those of LIBs 

[137,139–143]. 

 

1.5.2. Anode Active Materials 

 

 Graphite is widely used as an anode material for LIBs, but it is not suitable for 

NIBs [144]. Hard carbon is a promising candidate as an anode material for NIBs, and its 

actual capacity is increasing year by year due to active development [145,146]. 

Polyanion-based materials with low potential are also being developed. Alloy-based 

anodes that do not depend on the crystal structure are also being actively researched [147], 

and organic materials that can be adjusted in terms of the width of the framework are also 

receiving attention [148]. 

 

1.5.3. Cathode Active Materials 

 

 Given that the standard electrode potential for Na is about 0.3 V higher than that 

for Li, cathode materials for NIBs are required to have an even higher potential. also, 

since the ionic volume of Na ions is more than twice as large as that of Li ions, a large 

framework is appropriate for the crystal structure of cathode materials for NIBs. The most 

widely studied cathode materials for Na ions are oxide-based materials and polyanionic 

materials. 

 Many oxide-based materials that have previously been studied as Li-based 

cathode materials have been modified for use as Na-based cathode materials. The 

charge/discharge properties of Li-based and Na-based materials are quite different, 

reflecting the large differences in ion volume and diffusion barrier [149–151].  
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 To overcome the natural difficulties related to the development of NIBs, 

polyanionic materials have been intensively investigated as materials that fulfil the two 

basic requirements, i.e., a high potential and a large framework [22–24,152]. Polyanions, 

which are strongly electronegative, tend to increase the electrode potential because anions 

with such high electronegativity can pull electrons from cations, rendering the cations 

electron-deficient, thereby lowering the Fermi surface and increasing the electrode 

potential [27,153]. Moreover, the structure around MO6 octahedra and XO4 (where X is a 

hetero-element such as B, C, Si, P, S, As, Mo, or W) tetrahedra forms a suitable 

framework for Na-ion diffusion. Notably, the electronegativity of hetero-elements also 

affects polyanions and these hetero-elements can tune the redox potential of 3d transition 

metals. For instance, LixFe2(XO4)3 (X = P, S, As, Mo, W), which is a Li-based polyanionic 

NASICON-type material, exhibited a proportional relationship between the 

electronegativity of X and the redox potential of Fe2+/Fe3+ in the materials vs. Li metal 

[53,154–156]. Among those hetero-elements, S has the highest electronegativity, and thus 

focus has been given to exploring high-potential cathode materials that contain the 

sulphate anion (SO4
2−) for use in NIBs as documented in Chapter 5. 
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1.6. Research Objectives 

 Given that polyanionic insertion compounds offer a considerable number of 

options for element selection and material design, there is considerable scope for 

discovery of innovative materials for next-generation batteries. At the same time, ASSBs 

have attracted much attention in recent years, but the interfacial resistance between the 

electrodes and the solid electrolyte, which is much larger than the ionic conductivity of 

the solid electrolyte, has hindered the commercialization of ASSBs. In this study, 

polyanionic (especially NASICON-type) materials have been designed to reduce the 

interfacial resistance on account of the small structural change occurring during charging 

and discharging, the excellent ionic conductivity, and the wide choice of suitable 

transition metals. Particular focus has been given to single-phase ASSBs using in-situ 

formed electrodes. To improve the performance of single-phase ASSBs, the effect of 

addition of an alkali salt, which has only ionic conductivity, was verified. 

 A key aim of this research on ASSBs is to construct a battery with higher 

performance than conventional LIBs. Initial work commenced with the development of 

high-potential cathode materials, the objective being to improve the energy density in 

NIBs, which are a potential replacement for LIBs. Polyanionic materials can achieve high 

potentials due to the inductive effect of the polyanions, and hence sulphate materials with 

the highest induced effect on polyanionic materials were investigated. 

 

 Chapter 1 outlines the research background and the introduction of LIBs, NIBs, 

ASSBs, and polyanion compounds as insertion materials. 

 The challenges of operating single-phase ASSBs using Li1.5Cr0.5Ti1.5(PO4)3 are 

discussed in Chapter 2. Li1.5Cr0.5Ti1.5(PO4)3 acts as a positive and negative electrode, and 
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as an electrolyte with the in-situ electrode formed from a single compound. It was 

confirmed that the system functions not only at room temperature but also at sub-zero 

temperatures. The redox centers of the positive and negative electrodes were identified. 

 Chapter 3 describes the effect of the addition of Li3BO3 into Li1.5Cr0.5Ti1.5(PO4)3 

single-phase ASSBs. Li3BO3, which has a low melting point, was added as a flux to fill 

the grain boundaries to increase the pellet densification and improve the electrochemical 

and battery performance. 

 Chapter 4 discusses how the addition of Na3BO3 to Na3V2(PO4)3 affects the in-

situ formed electrodes. The relative densities and electrochemical properties for 

electrodes prepared with and without addition of Na3BO3 are compared and the state of 

electrode formation near the current collector is examined based on observations by 

optical microscopy. 

 The cathode properties of an eldfellite-type insertion material, NaV(SO4)2, in 

terms of the electrochemical properties and redox mechanisms during 

charging/discharging are explored in Chapter 5. NaV(SO4)2 exhibited a two-step redox 

reaction and generated a reversible capacity of 102 mAh g-1, which is as large as the 

theoretical capacity for a one-electron reaction. With respect to charge compensation, it 

was revealed that there are regions with only a contribution from V and regions with 

contributions from both V and O based on measurements using synchrotron radiation and 

on DFT calculations. 

 The main conclusions of the research are given in Chapter 6. 
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Chapter 2 

A single-phase all-solid-state lithium battery 

based on Li1.5Cr0.5Ti1.5(PO4)3 for high-rate 

capability and low temperature operation 

2.1. Introduction 

 All-solid-state LIBs provide a solution to challenges associated with traditional 

LIBs, such as safety concerns and low energy densities. Many solid electrolytes have 

been investigated for this purpose, including LISICON [1], thio-LISICON [2], 

NASICON [3,4], perovskites [5], garnets [6], lithium borohydride [7] and sulfide-based 

materials [8]. Sulfide-based electrolytes offer the advantages of high ionic conductivity 

and good contact between the electrolyte and electrode following cold pressing at room 

temperature [8]. Cold pressing also avoids side reactions between the electrolyte and 

electrode because it does not require high-temperature calcination to connect the two 

materials. This reduces the interfacial resistance between the electrolyte and electrode 

and improves the performance of the battery [8–11]. Because sulfide-based electrolytes 

tend to generate gaseous H2S, oxide-based lithium-ion conducting solid electrolytes are 

considered to be safer. However, oxide-based ASSBs tend to exhibit a high interfacial 
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resistance between the electrolyte and electrode as a result of side reactions during the 

high-temperature sintering required for good contact between the electrolyte and 

electrode. This resistance in turn limits the rate capability of the battery, even if the 

conductivity of the oxide-based solid electrolyte is high. A battery made from a single 

material would therefore be ideal, because there would be no chance of side reactions 

during fabrication. Han et al. demonstrated the concept of a single-material battery using 

Li10GeP2S12 as the electrolyte, anode and cathode to eliminate interfacial resistance 

between the electrode and electrolyte [12]. Recently, Inoishi et al. reported all-solid-state 

cells composed of a single material, using either Na3-xV2-xZrx(PO4)3 [13] or Li3V2-

xAlx(PO4)3 [14], which they term ‘‘single-phase ASSBs.’’ In these new batteries, a single 

material functions as the anode, cathode and electrolyte. These NASICON (Na Super 

Ionic CONductor)- type materials have demonstrated high (lithium or sodium) ionic 

conductivity and undergo redox reactions based on the V3+/V2+ (negative electrode) and 

V3+/V4+ (positive electrode) pairs [15–18]. One of the most important advantages of a so-

called single-phase battery is low inter- facial resistance stemming from an ideal interface 

between the electrolyte and electrode. Therefore, a single-phase battery is a promising 

new concept that could allow high-rate, all-solid-state oxide-based batteries. However, 

the electrical conductivities of Na2.6V1.6Zr0.4(PO4)3 and Li3V1.6Al0.4(PO4)3 at room 

temperature are 5 x 10-6 S cm-1 and 6 x 10-6 S cm-1, respectively [13,14]. These values are 

much lower than those for typical lithium-ionic conductors such as a NASICON-type 

ionic conductor [4] or a garnet-type ionic conductor [7]. Therefore, to decrease the large 

IR drop, superior lithium ionic-conducting materials must be applied to the fabrication of 

single-phase ASSBs. It is well known that LiTi2(PO4)3-based NASICON-type com- 

pounds exhibit significant lithium-ionic conductivity at room temperature, and so they 

may be the best choice for a single- phase battery. Iriyama et al. reported that a 



 

 

46 

LiTi2(PO4)3 solid electrolyte can be used as both the electrolyte and anode, based on the 

Ti4+/Ti3+ redox pair [19]. Therefore, if this material can also function as the cathode, 

single-phase LiTi2(PO4)3-based cells could be possible. It has also been reported that Cr-

doped LiTi2(PO4)3 (Li1.5Cr0.5Ti1.5(PO4)3) shows an elevated ionic conductivity of more 

than 10 x 4 S cm-1 [4,20]. In addition, Li3Cr2(PO4)3 acting as a cathode material has 

produced a high voltage plateau based on the Cr3+/Cr4+ redox pair [21]. Therefore, Cr-

doped LiTi2(PO4)3 is one of the best candidates for use in single-phase batteries with high 

ionic conductivity, simultaneously functioning as the anode and cathode. Herein, I report 

a single- phase all-solid-state lithium-ion battery using the NASICON-type compound 

Li1.5Cr0.5Ti1.5(PO4)3 as the cathode, anode and electrolyte. A diagram showing the 

experimental single-phase lithium-ion battery based on Li1.5Cr0.5Ti1.5(PO4)3 is presented 

in Fig. 2-1. During charging, the following reactions are assumed to have occurred (2-1, 

2-2):  

 

(Cathode, Cr3+/Cr4+) Li1.5Cr0.5Ti1.5(PO4)3 → LiCr0.5Ti1.5(PO4)3 + 0.5Li+ +0.5e- (2-1) 

(Anode, Ti4+/Ti3+) Li1.5Cr0.5Ti1.5(PO4)3 + 1.5Li+ + 1.5e- → Li3Cr0.5Ti1.5(PO4)3 (2-2) 

 

From the values reported previously, the cathode and anode potentials are assumed to be 

4.8 V[21] and 2.5 V [22,23], respectively. 
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Figure 2-1 Schematic of a Pt/Li1.5Cr0.5Ti1.5(PO4)3/Pt cell studied in this work as a single-

phase, all-solid-state lithium-ion battery (shown during charging).  

Pt current collector 

Cathode
Li1.5Cr0.5Ti1.5(PO4)3 → LiCr0.5Ti1.5(PO4)3 + 0.5Li+ + 0.5e-

Anode
Li1.5Cr0.5Ti1.5(PO4)3 + 1.5Li+ + 1.5e- → Li3Cr0.5Ti1.5(PO4)3

Li1.5Cr0.5Ti1.5(PO4)3Li+ Li+

Pt current collector 

Electrolyte
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2.2. Experimental 

2.2.1. Materials Synthesis and Pelletization 

  Li1.5Cr0.5Ti1.5(PO4)3 was prepared by the conventional solid- state reaction 

method. Li2CO3, Cr2O3, TiO2 and NH4H2PO4 were mixed in stoichiometric amounts and 

calcined at 573 K for 2 h in air. The product was subsequently ground and calcined at 

1273 K for 5 h in air. The resulting powder was again ground and then ball-milled at 200 

rpm for 2 h, followed by pelletization and annealing at 1373 K in air for 5 h.  

 

2.2.2. Electrochemical Characterization 

 A thin platinum layer was applied to both sides of the resulting pellet (B9mm in 

diameter, 0.6 mm in thickness) via sputtering. This single- phase all-solid-state cell was 

subsequently sealed into an HS cell (Hohsen Corp.), working in an Ar-filled glove box. 

Charge–discharge tests were terminated based on a charging capacity of 10 mA h while 

the discharge termination voltage was set at 10 mV. Electrochemical half-cell tests were 

performed using a typical electrochemical cell in conjunction with an organic electrolyte 

(1 M LiPF6/EC-DMC), a Li metal anode and mixtures composed of 75% by mass of the 

active material and 25% by mass of acetylene black. PTFE was added at an additional 

5% by mass (based on the total active material/acetylene black mass) as a binder to assist 

in fabricating electrode pellets. Pressed pellets (approximately 10 mm in diameter, 20 mg 

in mass) were produced from these mixtures. The test cell was fabricated using a 2032 

coin-type cell in conjunction with the organic electrolyte and a polypropylene separator 

(Celgard 3501, Celgard) with lithium metal. 
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2.3. Results and Discussion 

2.3.1. Materials Observation 

 Figure 2-2 shows X-ray diffraction (XRD) patterns for Li1.5Cr0.5Ti1.5(PO4)3 

sintered at 1373 K. These data confirm that the samples show a NASICON-type phase 

without any impurities, in agreement with prior research [4]. Fig. 2-3 shows a scanning 

electron microscopy (SEM) image of the Li1.5Cr0.5Ti1.5(PO4)3 pellet in which pores can 

be seen. The result of the Energy Dispersive X-ray Spectrometry (EDS) showed that the 

ratio of Cr to Ti in the Li1.5Cr0.5Ti1.5(PO4)3 was 1.0:3.0. It was in good agreement with the 

target composition. The porosity of this specimen, as determined using Archimedes’ 

principle, was 83%, which is not overly high compared to values for typical NASICON-

type lithium-ionic conductors [4]. 

 

 

Figure 2-2 XRD pattern for as-prepared Li1.5Cr0.5Ti1.5(PO4)3. 
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Figure 2-3 SEM image of surface of Li1.5Cr0.5Ti1.5(PO4)3 pellet. 

 

 

2.3.2. Electrochemical Properties 

 Figure 2-4 presents an impedance plot for the Pt/ Li1.5Cr0.5Ti1.5(PO4)3/Pt cell at 

298 K. The inset to this figure provides the entire plot between 1 MHz and 0.1 Hz. These 

data conform to the typical impedance spectrum of a solid electrolyte attached to a 

blocking electrode. A semicircle associated with grain boundaries is evident between 1 

MHz and 10 kHz, while below 10 kHz capacitance resulting from ion-blocking electrodes 

is observed. These results indicate that the interface between the Pt and the test material 

represents a blocking electrode under open-circuit conditions without any applied 

potential. Fig. 2-4b plots the electrical conductivity of the Li1.5Cr0.5Ti1.5(PO4)3 sintered at 

1373 K in air. The conductivity at 298 K of 2 x 10-4 S cm-1 is in good agreement with a 

previously reported value [4]. At a relatively low temperature of 233 K, it still exhibited 

a conductivity of 1 x 10-5 S cm-1. The activation energy below 273 K was 0.29 eV, which 

is comparable with that reported previously for a typical high-performance lithium-ionic 

5 µm
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conductor [7,10]. Fig. 2-5a presents the charge–discharge profile acquired from a half cell 

using the Li1.5Cr0.5Ti1.5(PO4)3 electrode in conjunction with a Li metal anode in an organic 

liquid electrolyte. As a result of lithium extraction, a high-voltage plateau appears at 

approximately 4.8 V based on the Cr3+/Cr4+ redox couple, in good agreement with the 

redox potential of the Cr3+/Cr4+ couple in Li3Cr2(PO4)3 [21]. The initial Cr3+/Cr4+ charge 

capacity is close to that expected for a 0.5 electron reaction, and thus in concordance with 

the theoretical capacity of the Li1.5Cr0.5Ti1.5(PO4)3 cathode. In contrast, lithium insertion 

into the Li1.5Cr0.5Ti1.5(PO4)3 produces a plateau at approximately 2.5 V based on the 

Ti4+/Ti3+ redox couple. This is also in agreement with the redox potential of the Ti4+/Ti3+ 

couple in LiTi2(PO4)3 [22,23]. The initial Ti4+/Ti3+ charge capacity is almost equivalent 

to that for a 1.5 electron reaction, as expected based on the theoretical capacity of the 

Li1.5Cr0.5Ti1.5(PO4)3 anode. From these results, I can assume that the ‘‘full-cell’’ voltage 

is 2.2 V when Li1.5Cr0.5Ti1.5(PO4)3 is used as both cathode and anode. Fig. 2-5b and 2-5c 

show the room temperature charge–discharge profiles for a full cell composed of a single-

phase all-solid-state type cell and a liquid electrolyte-type cell, respectively. Both the 

single-phase and liquid-type cells generated an operational voltage of 2.2 V, 

demonstrating reasonable performance from the single-phase battery using 

Li1.5Cr0.5Ti1.5(PO4)3. Surprisingly, the current density obtained from the single-phase cell 

was 0.1 mA cm-2 even though a very thick electrolyte (B600 mm) was used. This high-

rate capability is attributed to the increased ionic conductivity and low interfacial 

resistance of the single-phase cell design. However, the coulombic efficiency of the 

battery is about 40%. One of the reasons of the low coulombic efficiency might be caused 

by the electron leakage in the Li1.5Cr0.5Ti1.5(PO4)3. The rough estimation of the thickness 

of the ‘‘in-situ formed cathode/anode’’ from the capacity was B600 nm. The estimated 

thickness is almost the same as the reported value of the ‘‘in-situ formed anode’’ in the 



 

 

52 

LiTi2(PO4)3-based NASICON-type solid electrolyte. Therefore, the capacity of the full-

cell might be limited by the anode. Figures 2-6a, 2-6b, and 2-6c show the first charge–

discharge curves of the Pt/ Li1.5Cr0.5Ti1.5(PO4)3/Pt cell with different current densities at 

298 K. The highest capacity was obtained with a current density of 0.1 mA cm-2 (Fig. 2-

5b). Cycling properties with different current densities are shown in Fig. 2-6d. The most 

stable cycling was performed when the current density was 0.1 mA cm-2. Figure 2-5d 

shows the charge–discharge profile for the single-phase all-solid-state cell using 

Li1.5Cr0.5Ti1.5(PO4)3 at 233 K. Although the current density was decreased to 1.5 μA cm-2 

because of the decreased electrical conductivity, a reasonable charge–discharge profile 

was obtained. The inset provides the charge–discharge profile for the full cell using the 

liquid electrolyte at 233 K. This cell was evidently not operational, although the 

conductivity of the liquid electrolyte was much higher than that of the Li1.5Cr0.5Ti1.5(PO4)3 

at 233 K [24]. This result can possibly be attributed to the significant resistance of the 

highly viscous liquid electrolyte.  
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Figure 2-4 (a) Impedance plot for a Pt/ Li1.5Cr0.5Ti1.5(PO4)3/Pt device at 298 K (inset: 

entire frequency ranges from 1 MHz to 0.1 Hz) and (b) electrical conductivity of 

Li1.5Cr0.5Ti1.5(PO4)3 sintered at 1373 K in air. 
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Figure 2-5 (a) Charge–discharge profiles for a half cell using a Li1.5Cr0.5Ti1.5(PO4)3 

electrode and a Li metal anode in an organic liquid electrolyte, (b) charge– discharge 

profiles for a single-phase all-solid-state cell with a Pt/ Li1.5Cr0.5Ti1.5(PO4)3/Pt structure 

at 298 K and (c) charge–discharge profiles for a liquid-type ‘‘full cell’’ using a 

Li1.5Cr0.5Ti1.5(PO4)3 electrode at 298 K. (d) Charge–discharge profile of a single-phase 

all-solid-state cell with a Pt/ Li1.5Cr0.5Ti1.5(PO4)3/Pt structure at 233 K (inset: charge–

discharge profile for a liquid-type ‘‘full cell’’ using a Li1.5Cr0.5Ti1.5(PO4)3 electrode at 233 

K) 
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Figure 2-6 First charge-discharge curve of the Pt/ Li1.5Cr0.5Ti1.5(PO4)3/Pt cell with 

different current density at 298 K, (a) 1.5 µA cm-2, (b) 10 µA cm-2 and (c) 0.5 mA cm-2. 

(d) Cycle property of the Pt/ Li1.5Cr0.5Ti1.5(PO4)3/Pt cell with different current density at 

298 K. The first charge-discharge curve at 0.1 mA cm-2 is shown in Fig. 2-5b.  

 

 

2.3.3. Reaction Mechanism 

 In order to compare the morphology before and after the cycling test, 

transmission electron microscopy (TEM) is utilized. Figs. 2-7a, 2-7b, and 2-7c show the 

TEM images of the Li1.5Cr0.5Ti1.5(PO4)3 before and after the cycling test. In the initial 

state, a brock-like particle has a smooth surface, and its particle size is in the 2–5 μm 

range. The smoothness of the surface was decreased after the cycling test. Therefore, 

connections in grain boundaries might be destroyed with charge– discharge cycling. 

Mapping results of EDS are shown in Fig. 2-8. In all cases, consistent elements are 
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uniformly dispersed. XPS was carried out to examine the oxidation states of chromium 

and titanium during charging, and Fig. 2-9 shows the Cr 2p3/2 XPS spectra of the cathode 

side of the Pt/ Li1.5Cr0.5Ti1.5(PO4)3/Pt cell before and after charging. After charging, the 

XPS peak shifted to higher energy, indicating that the oxidation state of the chromium 

was increased. These spectra are consistent with reported values for the binding energies 

(Cr 2p3/2 binding energies for Cr3+ and Cr4+ of 577.6 and 579.2 eV, respectively) [21]. 

These results suggest that the charging plateau at 4.8 V is related to the oxidation of Cr3+ 

to Cr4+. The anode side was also examined by XPS (Fig. 2-9b). After charging, the Ti 

2p3/2 peak was shifted to a lower energy, indicating that the oxidation state of the titanium 

was decreased. Again, the binding energy values are consistent with the reported values 

(Ti 2p3/2 binding energies of 460 and 459 eV for Ti4+ and Ti3+, respectively) [22,23]. One 

potential disadvantage of a single-phase all-solid-state battery is the electron leakage of 

the electrolyte. Because a single-phase cell includes an electrolyte and electrode, it 

conducts not only lithium ions but also electrons. Electron conduction in the 

Li1.5Cr0.5Ti1.5(PO4)3 was assessed by investigating the self-discharge of the single-phase 

battery using this material, and Fig. 2-10 shows the time course of the open-circuit voltage 

for a Pt/Li1.5Cr0.5Ti1.5(PO4)3/Pt cell after an initial charge. The cell voltage was maintained 

at over 2 V for approximately 20 h and the total time required for the voltage to decrease 

to 0 V was approximately 18 days. Therefore, the self-discharge rate for this cell was 

reasonably slow. 
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Figure 2-7 TEM images of Li1.5Cr0.5Ti1.5(PO4)3 before and after the cycling test: (a) the 

initial state after sintering, (b) the anode surface after the 5th discharge, and (c) the 

cathode surface after the 5th discharge. All of the tests were carried out at 0.1 mA cm-2 

and 298 K. 

 

 

Figure 2-8 (a) Mapping results (TEM-EDS) of the Li1.5Cr0.5Ti1.5(PO4)3 before cycling 

test. 
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Figure 2-8 (b) Mapping results (TEM-EDS) of the anode side of Li1.5Cr0.5Ti1.5(PO4)3 after 

cycling test. 

 

 

Figure 2-8 (c) Mapping results (TEM-EDS) of the cathode side of Li1.5Cr0.5Ti1.5(PO4)3 

after cycling test. 

 



 

 

59 

 

Figure 2-9 XPS spectra of Li1.5Cr0.5Ti1.5(PO4)3 before and after charging: (a) Cr 2p 

spectra of cathode side and (b) Ti 2p spectra of anode side. 

 

 

Figure 2-10 Time course of open-circuit voltage after initial charge. 
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2.4. Conclusions 

 In summary, the NASICON-type material Li1.5Cr0.5Ti1.5(PO4)3 exhibited high 

ionic conductivity and was able to function as both a cathode and an anode based on the 

redox activity of the Cr3+/Cr4+ and Ti4+/Ti3+ couples, respectively. A high-rate capability 

(0.1 mA cm-2 at room temperature) and very low-temperature operation (233 K) were 

possible as a result of the superior ionic conductivity and low interfacial resistance 

obtained from the single-phase cell design. This concept of a single-phase battery with 

high ionic conductivity is expected to allow the development of new oxide-based ASSBs 

with high-rate capabilities. 
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Chapter 3 

Effect of Li3BO3 addition to NASICON-type 

Single-Phase All-Solid-State Lithium Battery 

Based on Li1.5Cr0.5Ti1.5(PO4)3 

3.1. Introduction 

Rechargeable all-solid-state lithium-ion batteries with inorganic solid 

electrolytes have been attracting special attention recently as next-generation secondary 

batteries due to their non-flammability and high volumetric energy density [1–4]. 

Remarkably large ionic conductivity has been reported in sulfide-based solid electrolytes, 

which have lower Young’s moduli than oxide-based solid electrolytes [5–8]. Dense 

sulfide-based electrolytes can thus be produced by cold pressing without a heating process 

to ensure sufficient contact between electrode and electrolyte materials. However, 

sulfide-based electrolytes potentially generate toxic H2S due to reaction with water. In 

contrast, oxide-based solid electrolytes are rather stable in the atmosphere, although they 

have lower ionic conductivity and must be sintered at high temperature to achieve good 

contact between the electrode and electrolyte materials. Nevertheless, the reason why 

oxide-based ASSBs have not been put to practical use is that their interfacial resistance is 
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much larger than their electrolyte resistance [9]. One effective method to solve this 

problem is to construct a battery from a single material because we are released from the 

side reaction during preparation of the cell [10]. In that case, a single material must play 

three roles as the cathode, anode and electrolyte. The advantage of such a battery is a 

dense interface between the electrode and electrolyte by high-temperature sintering 

without interdiffusion. Inoishi et al. have recently reported some NASICON (Na Super 

Ionic CONductor)-type “single-phase” ASSBs that were fabricated from a single material 

[11–13]. A single-phase all-solid-state battery using NASICON-type Li1.5Cr0.5Ti1.5(PO4)3 

exhibited higher lithium-ionic conductivity and operating voltage than the Li3V2-

xAlx(PO4)3-based single-phase all-solid-state battery reported by Inoishi et al. previously  

[13]. As shown in Fig. 3-1, the Li1.5Cr0.5Ti1.5(PO4)3 single-phase all- solid-state battery 

exhibits charge-discharge reactions based on the redox reactions of the Cr3+/Cr4+ 

(cathode) and Ti4+/Ti3+ (anode), which results in an operating voltage of 2.2 V. However, 

Li1.5Cr0.5Ti1.5(PO4)3 has a low relative density, which results in low ionic conductivity 

[14]. According to Aono et al., the addition of Li3BO3 to LiTi2(PO4)3 improves its density 

and ionic conductivity because Li3BO3 fills the voids in LiTi2(PO4)3 [15,16]. On the other 

hand, Li1.5Cr0.5Ti1.5(PO4)3 does exhibit slight electron leakage, which causes a low 

reversible capacity [13]. It is expected that mixing of the Li3BO3 “pure ionic conductor” 

with Li1.5Cr0.5Ti1.5(PO4)3 would be effective to suppress this electron leakage, which 

would lead to a higher operating voltage and reversible capacity. In this paper, I report 

the effect of Li3BO3 addition to Li1.5Cr0.5Ti1.5(PO4)3 on the porosity, ionic conductivity 

and charge-discharge performance of the battery. 
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Figure 3-1 Schematic illustration of a single-phase all-solid-state battery cell. 
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3.2. Experimental 

3.2.1. Materials Synthesis and Pelletization 

 

 Li1.5Cr0.5Ti1.5(PO4)3 powder was stoichiometrically prepared using Li2CO3 

(Wako Pure Chemical Industries, Ltd.), Cr2O3 (Wako Pure Chemical Industries, Ltd.), 

TiO2 (Sigma Aldrich) and NH4H2PO4 (Nacalai Tesque, Inc.) by the conventional solid-

state reaction method. The mixture was sintered at 1273 K for 5 h in air. The product was 

then pelletized and annealed at 1373 K for 5 h in air. To prepare a Li1.5Cr0.5Ti1.5(PO4)3-

Li3BO3 composite pellet, Li1.5Cr0.5Ti1.5(PO4)3 powder and Li3BO3 powder (Toshima 

Manufacturing Co., Ltd.) were mixed in a molar ratio of 10:1, and annealed at 1273 K for 

5 h in air.  

 

3.2.2. Materials Characterization 

 

 The XRD measurements (Cu Kα) were conducted using a Rigaku MiniFlex600 

diffractometer. The scanning electron microscopy (SEM) analysis was performed using a 

JEOL JSM-6340F microscope. 

 

3.2.3. Electrochemical Characterization 

 

 A thin platinum layer was sputtered on both sides of a sample pellet as a current 

collector. The cell was finally sealed into an HS cell (Hohsen Corp.) in an Ar-filled glove 

box. The electrochemical charge-discharge measurements were performed using the 

galvanostatic method with a charge-discharge cycle instrument (BTS2400W, Nagano 
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Electric Co.). The AC impedance measurements were executed under open-circuit 

conditions using an impedance analyzer (VersaSTAT3-400, AMETEC. Inc.) over the 

frequency range from 10 MHz to 0.1 Hz. 
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3.3. Results and Discussion 

3.3.1. Materials Characterization 

 

 Figure 3-2 shows XRD pattern of the formed pellets, which confirm the 

NASICON-type structure. The SEM images in Fig. 3-3 show that the 

Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3 pellet has higher density than the Li1.5Cr0.5Ti1.5(PO4)3 pellet. 

The relative densities of the Li1.5Cr0.5Ti1.5(PO4)3 and Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3 pellets 

were calculated based on the Archimedes’ method to be 80.1% and 91.9%, respectively. 

The relative density was increased due to Li3BO3 acting as binder and filling the pores. 

 

 

Figure 3-2 XRD patterns of the (a) Li1.5Cr0.5Ti1.5(PO4)3 pellet, (b) Li1.5Cr0.5Ti1.5(PO4)3-

Li3BO3 pellet, and ICSD of (c) Li3BO3 and (d) LiTi2(PO4)3. 

 

(a) 

(c) 

(b) 

(d) 
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Figure 3-3 SEM images of (a) Li1.5Cr0.5Ti1.5(PO4)3 and (b) Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3 

pellets. 

 

 

3.3.2. Electrochemical Properties 

 

For electrochemical measurements, the pellets were sputtered on both faces with 

Pt to function as a current collector. Figures 3-4a and 3-4b show impedance plots for 

Li1.5Cr0.5Ti1.5(PO4)3 and Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3, respectively. The impedance 

spectra for both pellets had a semicircle and a spike in the low-frequency region. It should 

be noted that the measured conductivity includes not only ionic conductivity but also 

electronic conductivity because Li1.5Cr0.5Ti1.5(PO4)3 contains transition metals. Therefore, 

the measured conductivity is mixed conductivity. Figure 3-5 shows the temperature 

dependence of the electrical conductivity, from which Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3 pellet 

exhibited the highest electrical conductivity of 2.6×10-4
 S cm-1 at 298 K, even though the 

electrical conductivity of Li1.5Cr0.5Ti1.5(PO4)3 was only 1.4×10-4 Scm-1. The observed 

electrical conductivity of Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3 pellet is still lower than the ionic 

conductivity of Lil.3Al0.3Til.7(PO4)3. (7×10-4 Scm-1) 14). One of the important factors to 

increase conductivity is to increase the relative density. The relative density of the 

Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3 pellet was larger than that of Li1.5Cr0.5Ti1.5(PO4)3 pellet, 

(a) 2 μm 2 μm (b) 
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which may indicate that the higher electrical conductivity of the Li1.5Cr0.5Ti1.5(PO4)3-

Li3BO3 pellet was due to its larger relative density. Figure 3-6 shows the first charge-

discharge curves of the Pt/Li1.5Cr0.5Ti1.5(PO4)3/Pt and Pt/Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3/Pt 

cells at room temperature. The Pt/Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3/Pt cell showed a larger 

overpotential than the Pt/Li1.5Cr0.5Ti1.5(PO4)3/Pt cell. Some possible reasons for this are, 

first, increased electrode resistance due to the reaction of Li1.5Cr0.5Ti1.5(PO4)3 and Li3BO3. 

Second, the charge-transfer resistance is increased by the decrease in electronic 

conductivity by the addition of the pure lithium-ionic conductor, Li3BO3. On the other 

hand, the operating voltage of the Pt/Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3/Pt cell was higher than 

that of the Pt/ Li1.5Cr0.5Ti1.5(PO4)3/Pt cell. In addition, a larger reversible capacity was 

observed for the Pt/ Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3/Pt cell. The cycling properties were also 

improved by the addition of Li3BO3 (Fig. 3-7). These results indicate that internal short 

circuiting is suppressed by the addition of Li3BO3. Generally, the lithium-ion transference 

number of the solid electrolyte is expressed according to the following equation: 

𝐸𝑅 = 𝑡𝑖 × 𝐸𝑡     (1) 

where ER is the observed cell voltage, ti is the ionic transference number of the electrolyte, 

and Et is the theoretical cell voltage, respectively. Therefore, it is expected that ionic 

transport number of Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3 is larger than that of Li1.5Cr0.5Ti1.5(PO4)3 

if the theoretical EMF is same. To compare the electronic conduction, the time-

dependence of the open-circuit voltage (OCV) was measured after initial charging of 10 

μAh at 0.1 mAcm-2 (Fig. 3-8). The decrease of the OCV is caused by self-discharge of 

the cell. Figure 3-8 shows that the Pt/Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3/Pt cell took a longer 

time to completely short-circuit and decrease until 0 V than the Pt/Li1.5Cr0.5Ti1.5(PO4)3/Pt 

cell. In other words, Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3 has less electronic conductivity than 

Li1.5Cr0.5Ti1.5(PO4)3. Considering both the results of the electrical conductivity 
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measurements and the self-discharge profiles, it is obvious that the lithium-ionic 

conductivity was increased and the electronic conductivity decreased by the addition of 

Li3BO3 to Li1.5Cr0.5Ti1.5(PO4)3. I consider that Li3BO3 suppressed the electronic 

conducting paths and increased the ionic conducting paths because Li3BO3 has a low 

melting point and does not exhibit electron conductivity. 

 

 

Figure 3-4 Impedance plots for (a) Li1.5Cr0.5Ti1.5(PO4)3 and (b) Li1.5Cr0.5Ti1.5(PO4)3- 

Li3BO3 at various temperature 

 

(a) 

(b) 
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Figure 3-5 Arrhenius plots of the temperature-dependence conductivities for 

Li1.5Cr0.5Ti1.5(PO4)3 and Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3. 

 

 

 

Figure 3-6 Charge-discharge profiles of the Pt/Li1.5Cr0.5Ti1.5(PO4)3 /Pt (red line) and 

Pt/Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3/Pt (blue line) cells at a rate of 0.1 mA cm-2 at 298 K. 
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Figure 3-7 Cyclabilities of Pt/Li1.5Cr0.5Ti1.5(PO4)3/Pt (◇) and Pt/Li1.5Cr0.5Ti1.5(PO4)3- 

Li3BO3/Pt (□) cells at a rate of 0.1 mA cm-2 at 298 K. 

 

 

Figure 3-8 Self-discharge curves of the Pt/Li1.5Cr0.5Ti1.5(PO4)3/Pt (red line) and Pt/ 

Li1.5Cr0.5Ti1.5(PO4)3-Li3BO3/Pt (blue line) cells at 298 K. 
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3.4. Conclusions 

 Single-phase all-solid-state lithium-ion batteries were prepared using 

Li1.5Cr0.5Ti1.5(PO4)3, and the effect of Li3BO3 addition to Li1.5Cr0.5Ti1.5(PO4)3 was 

investigated. The density and the lithium-ion transference number of Li1.5Cr0.5Ti1.5(PO4)3 

was successfully improved by Li3BO3, although the overpotential of the battery cells 

increased. It was also confirmed that the operation voltage and the reversible capacity 

increased due to the increase of the lithium-ion transference number. Suppression of the 

electron leakage was observed by the addition of Li3BO3 to Li1.5Cr0.5Ti1.5(PO4)3. 

Therefore, it is expected that Li3BO3 addition will be an effective approach to improve 

the properties of single-phase all-solid-state lithium-ion batteries with mixed conducting 

materials. In future research, I will elucidate the mechanism for the increased lithium-

ionic conductivity by Li3BO3 addition and the effect of compositing lithium salt into 

battery materials. 
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Chapter 4 

Effect of Na3BO3 Addition into Na3V2(PO4)3 

Single-Phase All-Solid-State Batteries 

4.1. Introduction 

The demand for safe batteries has also increased and ASSBs have been 

considered as one of the safest battery types due to the use of inorganic solid electrolytes, 

which are nonflammable materials, in contrast to conventional batteries that employ 

flammable organic electrolytes [1–3]. Furthermore, sulfide materials in sulfide-based 

batteries can react with oxygen and moisture in the air and emit harmful SOx and H2S. 

Therefore, oxide-based ASSBs promise to be the safest batteries due to their 

nonflammability and atmospheric stability. Many types of oxide-based solid electrolytes 

have been studied for application to LIBs. On the other hand, there have been few studies 

on novel oxide-based Na-ion conductors, such as Na3Zr2Si2PO12 (NZSP), which is a Na-

ion Super Ionic CONductor (NASICON)-type compound, and β-Al2O3 [4–6]. The main 

problem with the oxide-based ASSBs is the interfacial resistance between the solid 

electrodes and solid electrolyte. The interfacial resistance is caused by the impedance 

mismatch, space charge layer and impurity formation due to side reactions between the 
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electrodes and solid electrolyte materials during high-temperature firing [2,7]. To 

overcome such difficulties, I have focused on a new battery system termed a single-phase 

all-solid-state battery, which is constructed from a single material that has all the functions 

of the positive electrode, negative electrode and electrolyte [8–12]. For single-phase 

ASSBs, the electrodes must be formed in-situ from the solid electrolyte by current flow. 

Some in-situ formed electrodes have been investigated, and the Li2O-Al2O3-TiO2-P2O5 

glass ceramics sheet, which has a similar composition to the Li1.5Al0.5Ti1.5(PO4)3 

NASICON-type Li-ion conductor, has been investigated the most [13–15]. NASICON-

type materials have an ideal crystal structure for single-phase ASSBs due to their wide 

bottle neck and facile substitution by elements such as alkali metals and transition metals 

[5]. One of the NASICON-type materials, Na3−xV2−xZrx(PO4)3, has been reported to 

possess the properties of Na-ion migration for single-phase ASSBs, and has exhibited 

reasonable characteristics for solid electrolyte and electrodes [9]. To further improve the 

properties, I have also reported the addition of a lithium salt, Li3BO3, which has a low 

melting point, to a single-phase all-solid-state Li-ion battery that uses Li1.5Cr0.5Ti1.5(PO4)3. 

The ionic conductivity and the charge/discharge properties were successfully increased 

by filling the voids of the high porosity Li1.5Cr0.5Ti1.5(PO4)3 sintered body with Li3BO3 

which is a Li-ionic conductor [16]. 

 In this chapter, I investigated the effect of Na3BO3 (NBO) addition into 

Na3V2(PO4)3 (NVP) to improve the properties of NVP for application as a single-phase 

all-solid-state battery. NVP has previously been reported to exhibit battery properties with 

the mechanism shown in Fig. 4-1 [9]. NVP and NBO were synthesized and characterized 

as the precursor for a sintered body. The precursors were mixed in certain ratios, and the 

addition of NBO was evaluated with respect to the resultant electrochemical properties 

of NVP. Optical observation was employed at the end of this research to confirm if the 



 

 

79 

NBO additive and the porosity of the pellets had an effect on the in-situ formation of the 

electrodes. 

 

Figure 4-1 Schematic model of an NVP-based single-phase all-solid-state battery cell. 
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4.2. Experimental 

4.2.1. Materials Synthesis 

 

 NVP powder and NBO powder were synthesized by the conventional solid-state 

reaction method. NaH2PO4 (Fujifilm Wako; min 99.0 %) and V2O5 (Fujifilm Wako; min 

99.0 %) were mixed in a stoichiometric ratio by hand milling in an agate mortar as the 

raw materials for NVP. The mixture was then sintered at 900 °C for 20 h under Ar+5 %H2 

gas flow for reduction of the valence of vanadium from pentavalent to trivalent. The fired 

mixture was crushed and sintered again under the same conditions to obtain single-phase 

NVP. NBO was synthesized in an Ar-filled glove box using NaOH (Fujifilm Wako; 

97.0 %) and H3BO3 (Fujifilm Wako, min; 99.5 %) which were dried under vacuum at 

350 °C before being placed in the glove box. The primary materials were mixed and 

calcined at 400 °C for 4 h. The precursor was then crushed and sintered at 450 °C for 2 

h. 

 

4.2.2. Pelletization 

 

 NVP powder and NBO powder were mixed in molar ratios of 95:5, 90:10 and 

85:15 by hand-milling with an agate mortar in an Ar-filled glove box. The precursor 

powder was uniaxially pressed at 255 MPa and then isostatically pressed at 300 MPa after 

packing the pellets in a plastic cover under vacuum. The pellets were annealed at 900 °C 

or 800 °C for 5 h in an Ar+5 %H2 atmosphere on a precursor powder bed on an alumina 

plate. The pellets obtained were polished with sandpaper to adjust the thickness to 

between 0.7 and 0.8 mm. The ball-milled precursor powder was also supplementary 
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employed to improve the electrical conductivity of the pellets. The precursor was ball-

milled at 150 rpm for 3 h using a planetary mill (Pulverisette 7, Fritsch). 

 

4.2.3. Materials Characterization 

 

 XRD data for NVP, NBO and the pellets were collected to identify the crystal 

structure at room temperature using an X-ray diffractometer (Miniflex 600, Rigaku) with 

Cu Kα radiation. The samples were measured in steps of 0.01° in the 2θ angular range of 

10–80° at a scan rate of 10° min-1. The morphology and composition of the NVP, NBO 

and pellet samples were obtained using scanning electron microscopy-energy dispersive 

X-ray spectroscopy (SEM-EDS; NeoScope JCM-7000, JEOL) analysis. 

 

4.2.4. Electrochemical Characterization 

 

 Thin platinum layers were sputtered on both sides of a sample pellet as current 

collectors. The pellets were then evacuated at 150 °C to remove any moisture and oxygen. 

An HS cell (Hohsen Corp.) was employed for all electrochemical measurements. All the 

cells were assembled in an Ar-filled glove box (dew point < -80 °C). Impedance 

measurements were performed using an impedance analyzer (SP-300; Biologic) in the 

frequency range of 0.1 Hz to 7 MHz at temperatures from 25 °C to 120 °C. Impedance 

fitting was conducted using equivalent circuit modeling software (ZView, Scribner 

Associates, Inc.). Charge and discharge measurements were performed using a 

galvanostatic instrument (HJ1020mSD8, Hokuto Denko) at 100 °C. The current density 

was 15 μA cm-2 and the capacity was regulated to 30 μAh to maintain a constant state of 

charge each time because the single-phase all-solid-state battery did not have a clear 
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electrode area. 

 

4.2.5. Investigation of in-situ Formed Electrode 

 

 The in-situ formed electrode was investigated by observation of the surface on 

the negative electrode side of a charged pellet because compared to the initial color of the 

pellet, the color of the negative electrode side changed much more than that of the positive 

electrode side. The NVP and NVP+NBO pellets were charged to 3.0 V at 0.015 mA cm-2 

and then removed from the HS cell in air. The pellets were immediately observed and 

optical micrographs were obtained, and SEM and an EDS mapping system were 

employed. The surface of the pellets was observed at an arbitrary thickness using 

sandpaper to slightly polish the surface of the pellets until there were no color-changed 

areas which was the maximum area that the in-situ electrode formed. 
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4.3. Results & Discussion 

4.3.1. Materials Characterization 

 

 NVP and NBO powders were synthesized by the conventional solid-state 

reaction method following the procedures given in the experimental section. The XRD 

profiles for NVP and NBO powder are presented with the ICSD for Na3V2(PO4)3 (No. 

248140; R3̅  ) and Na3BO3 (No. 1351; P121/ 1) in Fig. 4-2. The XRD pattern for as-

synthesized NVP was consistent with the ICSD for Na3V2(PO4)3 with a secondary phase 

of V2O3. The as-synthesized NBO was confirmed to be single phase. The 

NVP+NBO(85:15) pellet was annealed at 800 °C because the pellet sintered at 900 °C 

adhered to the alumina plate and was difficult to remove. Figure 4-3 shows XRD patterns 

for the NVP and the NVP+NBO pellets with NVP:NBO mixing ratios of 95:5, 90:10 and 

85:15. The NVP phase was observed in the XRD profiles for all of the NVP+NBO pellets, 

and trace amounts of an unknown impurity were confirmed, the peak intensity of which 

increased with the amount of added NBO. In addition, it is assumed that no NBO phase 

was observed due to its amorphization by high-temperature annealing. 

 The relative densities of the NVP and NVP+NBO pellets were calculated based 

on the Archimedes method and the results are shown in Fig. 4-4a. The addition of NBO 

to NVP increased the relative density of the sintered pellets; however, excess addition 

such as >15 % NBO was not as effective as the addition of 5 % and 10 % NBO. The 

relative densities of the NVP and NVP+NBO (95:5, 90:10 and 85:15) pellets were 77.3, 

81.7, 86.7 and 81.1 %, respectively. Figs. 4-4b and 4-4c show SEM images of the NVP 

and NVP+NBO (95:5) pellets. The voids in the NVP+NBO pellet were more filled than 

those in the NVP pellet. The reduction of voids by the addition of NBO to NVP as shown 
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in the SEM images is consistent with the increase in the relative densities of the 

NVP+NBO pellets.  

 

 

Figure 4-2 XRD profiles for the as-synthesized NVP powder, NBO powder, and ICSD 

of Na3V2(PO4)3 (No. 248140) and Na3BO3 (No. 1351). 
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Figure 4-3 XRD profiles for the as-synthesized NVP powder and NVP+NBO pellets for 

each mixing ratio (NVP:NBO = 100:0, 95:5, 90:10, 85:15). 
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Figure 4-4 (a) Relative densities of the NVP and the NVP+NBO pellets (95:5, 90:10 and 

85:15). Cross-sectional SEM micrographs of the (b) NVP and (c) NVP+NBO pellets. 

 

 

4.3.2. Impedance Analysis 

 

 Figs. 4-5a and 4-5b show Nyquist plots and Arrhenius plots of the total electrical 

conductivity (σtotal) for the Pt/NVP/Pt and Pt/NVP+NBO(95:5)/Pt cells. The mixing ratio 

of NVP:NBO = 95:5 was the optimum ratio and this pellet showed the highest 

conductivity among the NVP+NBO pellets, as shown in Table 1. Note that the 
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conductivity of the NVP pellet is not indicated as ionic conductivity but as electrical 

conductivity, which is the sum of the ionic conductivity and electronic conductivity, 

because NVP is not only an ionic conductor but also an electrical conductor because the 

3d transition metal vanadium is included. From this point on, all measurements were 

performed using NVP+NBO pellets with a mixing ratio of 95:5. In Fig. 4-5a, the total 

resistance was calculated as the value of the sum for the bulk resistance and the grain 

boundary resistance. Two capacitive semicircles were apparent for the Pt/NVP/Pt and the 

Pt/NVP+NBO/Pt cells, while three capacitive semicircles were most suitable for fitting 

the impedance as a result of the bulk resistance, the grain boundary resistance and the 

contact resistance between the pellet and Pt film current collectors, as shown in Fig. 4-6. 

Figure 4-5b compares Arrhenius plots of the total electrical conductivity (σtotal) for the 

NVP and NVP+NBO pellets; the slope for the NVP+NBO pellet was steeper than that for 

the NVP pellet, suggesting that the activation energy was increased by the addition of 

NBO to NVP. For more detailed analysis, impedance fitting was conducted for each 

temperature, and the electrical conductivities and activation energies were calculated 

based on the bulk resistance and grain boundary resistance. The bulk, grain boundary and 

total electrical conductivities (σbulk, σgb, σtotal, respectively) and the activation energy (Ea) 

for the NVP and NVP+NBO pellets are given in Table 1. The Arrhenius plots of σbulk and 

σgb for the NVP and NVP+NBO pellets are shown in Fig. 4-5c. σtotal was improved from 

4.9×10-6 S cm-1 to 8.5×10-5 S cm-1 at 100 °C, and σbulk and σgb were also increased at each 

temperature by the addition of NBO to NVP. On the other hand, Ea total for the NVP+NBO 

pellet was larger than that for the NVP pellet, although Ea bulk was the same for both the 

NVP and NVP+NBO pellets. The increase in Ea total was most likely due to the doubling 

of Ea gb. These results could be due to the addition of NBO with a lower melting point, 

which filled the voids between NVP particles, but also increased the transfer barrier for 
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Na ions as the ions pass through the NVP particles to the NBO particles with lower ionic 

conductivity. In addition, as shown in Table 1, the electrical conductivity was successfully 

improved by the ball-milling process before pelletization due to the decrease in the grain 

size of the precursor powder.  

 

 

 

Figure 4-5 (a) Nyquist plots measured at 25 °C, (b) Arrhenius plots of the total electrical 

conductivity (σtotal), and (c) Arrhenius plots of the bulk (σbulk) and grain boundary (σgb) 

electrical conductivity for the Pt/NVP/Pt and Pt/NVP+NBO/Pt cells. 

(a) (b) 
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Figure 4-6 Nyquist plots (circle marker) and fitting results (solid line) at (a) 25 °C and 

(b) 100 °C for the Pt/NVP/Pt and Pt/NVP+NBO/Pt cells. Rext, Rbulk, Rgb, Rcnt and CPE 

represent the external resistance, bulk resistance, grain boundary resistance, contact 

resistance and constant-phase element, respectively. 
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Table 4-1 Bulk, grain boundary and total electrical conductivity of the NVP and 

NVP+NBO (95:5) pellets (σ = electrical conductivity, gb = grain boundary). 

 
NVP@25 °C 

(S cm-1) 

NVP+NBO@25 °C 

(S cm-1) 

NVP@100 °C 

(S cm-1) 

NVP+NBO@100 °C 

(S cm-1) 

Ea (NVP) 

(eV) 

Ea (NVP+NBO) 

(eV) 

σbulk 5.6×10-7 6.0×10-6 7.9×10-6 9.4×10-5 0.37 0.37 

σgb 9.6×10-7 2.3×10-6 1.6×10-5 2.0×10-4 0.34 0.60 

σtotal 3.5×10-7 1.7×10-6 5.3×10-6 6.5×10-5 0.35 0.49 

 

 

4.3.3. Charge and Discharge Properties 

 

 Figs. 4-7a and 4-7b shows charge/discharge curves and the cycling properties for 

the Pt/NVP/Pt and Pt/NVP+NBO/Pt cells as single-phase ASSBs. The charge capacity 

was regulated to 30 μAh to maintain a constant state of charge each time because the 

single-phase all-solid-state battery did not have a clear electrode area, and the progressing 

area of the in-situ formed electrode was varied in each experiment in the measurement by 

potential regulation. The average charge/discharge voltage at ca. 1.7 V was almost 

comparable to the NVP half-cell data, where the V3+/V4+ and V2+/V3+ redox reactions had 

plateaus at 3.4 and 1.7 V vs. Na/Na+, respectively [17]. In addition, the overpotential was 

suppressed by the addition of NBO, which corresponds to the results of the impedance 

measurements, where the total resistance decreased and the potential loss due to the IR 

drop was reduced by the addition of NBO. The effect of NBO addition was also evident 

in the improvement of the charge-discharge cycle properties. The discharge capacity of 

the Pt/NVP/Pt cell rapidly decreased after the third cycle, while that of the 

Pt/NVP+NBO/Pt cell increased after each cycle. The increase in the discharge capacity 

of the Pt/NVP+NBO/Pt cell peaked around 23 μAh during charge/discharge cycling, 
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which could be due to hysteresis of the charge/discharge process in the NVP material. 

The cause of the increase in the reversible capacity of the Pt/NVP+NBO/Pt cell by cycling 

should be clarified in future research. 

 

 

Figure 4-7 (a) Charge-discharge profiles and (b) cycling properties measured at 100 °C 

for the Pt/NVP/Pt and Pt/NVP+NBO/Pt cells as single-phase ASSBs. 

 

 

4.3.4. Investigation of in-situ Formed Electrode 

 

 Figure 4-8a shows charge profiles of the Pt/NVP/Pt and Pt/NVP+NBO/Pt cells 

under a terminal charge voltage of 3 V. The Pt/NVP+NBO/Pt cell showed a larger charge 

capacity of 168 μAh than the Pt/NVP/Pt cell at 144 μAh. SEM images and EDS mapping 

images for the negative electrode side of a charged Pt/NVP/Pt pellet are shown in Figs. 

4-8(b)–(d), and those for the surface of the initial pellet and the positive electrode side 

after charging are shown in Figs. 4-9a–f. Compared with the EDS maps, the dark areas in 

the SEM image of the negative electrode side indicate the presence of excess Na and little 

V, which suggests that Na+ ions had migrated to a specific place on the negative electrode 
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side. On the other hand, no color change was observed on the positive electrode side, 

although a decrease in the amount of Na was observed in the central part of the positive 

electrode side. Therefore, I focused on the color change of the negative electrode side to 

compare the in-situ formed electrode between NVP and NVP+NBO. 

 Figs. 4-8e and 4-8f show optical micrographs of the surface of the negative 

electrode side of the Pt/NVP/Pt and Pt/NVP+NBO/Pt pellets after charging under a 

terminal charge voltage of 3 V. For the initial Pt/NVP/Pt pellet, the surface was a bright 

green color, as shown in Fig. 4-10, while the area appeared black after the charging 

process. Moreover, the Pt/NVP+NBO/Pt pellet showed larger and more dense black areas. 

The black areas in the optical microscopy images corresponded with the dark areas in the 

SEM image, which indicated that these were regions with large distributions of Na. The 

results were different after polishing away the surface of the negative electrode side for 

the Pt/NVP/Pt and Pt/NVP+NBO/Pt cells. For the Pt/NVP/Pt cell, a 112 μm thick layer 

was removed until the dark color area disappeared. On the other hand, for the 

Pt/NVP+NBO/Pt cell, only a 20 μm thick layer was removed until the dark colored area 

disappeared. Therefore, the Pt/NVP/Pt cell formed a deep in-situ electrode over a small 

area, while the Pt/NVP+NBO/Pt cell formed a shallow depth in-situ electrode over a wide 

area which led to larger charging capacity. This phenomenon may be due to the many 

voids in the NVP pellet, so that the current passes through only a limited area, which 

results in the formation of a narrow and deep area electrode, and a low charge capacity, 

whereas the NVP+NBO pellet has a high degree of densification and the current is applied 

evenly over a wider area. This resulted in the higher charge capacity of the 

Pt/NVP+NBO/Pt cell than that of the Pt/NVP/Pt cell due to the densification even though 

the NBO addition might slightly reduce the electronic conductivity which decided how 

the maximum capacity was. 
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Figure 4-8 (a) Charge profiles for the Pt/NVP/Pt and Pt/NVP+NBO/Pt cells under a 

terminal charge voltage of 3 V at 100 °C. (b) SEM micrograph and EDS maps for (c) Na 

and (d) V on the Pt/NVP/Pt pellet. Optical micrographs of the surface on the negative 

electrode side of the (e) Pt/NVP/Pt and (f) Pt/NVP+NBO/Pt pellets after the charge 

process at a terminal voltage of 3 V at arbitrary thicknesses by polishing with sandpaper 

until the surface of the pellets showed no color-change areas. 
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Figure 4-9 SEM micrographs and EDS maps for the surface of (a)-(c) the NVP pellet 

before charging and (d)-(f) the positive electrode side of the Pt/NVP/Pt cell after charging. 

(b) and (e) show the Na distribution, while (c) and (f) show the V distribution. 
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Figure 4-10 Optical image of the initial state of the Pt/NVP/Pt cell. 
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4.4. Conclusions 

 The addition of NBO to NVP was effective for improving the battery properties 

of a single-phase all-solid-state NIB. NVP and NBO powder were successfully 

synthesized and the optimal amount of NBO addition to NVP was determined to be 5 %. 

The voids in the NVP sintered body were filled by NBO powder according to SEM 

observations, which increased the relative density of NVP+NBO pellets compared to the 

NVP pellets. The NVP+NBO (90:10) pellets had the highest relative density; however, 

the NVP+NBO (95:5) pellets exhibited the highest electrical conductivity of 8.5×10-5 S 

cm-1. On the other hand, the activation energy for the total and grain boundary was 

increased due to the low ionic conductivity of NBO and the generation of the grain 

boundaries between NVP and NBO. The Pt/NVP+NBO/Pt cell exhibited excellent 

cyclability compared to the Pt/NVP/Pt cell, although the charge/discharge profiles 

showed a lower reversible capacity at the first cycle for NVP+NBO. The 3 V terminal 

charge voltage measurements revealed that the Pt/NVP+NBO/Pt cell showed larger 

capacity than the Pt/NVP/Pt cell, and excess Na+ was observed at the surface of the 

negative electrode side of the cells after 3 V charging. The in-situ formation of the 

electrodes differed depending on the porosity of the pellets; it suggested that 

electrochemical reactions occur in more narrow and deep regions when the porosity is 

high, and in more wide and shallow depth regions when the porosity is low and the pellets 

are dense which the current is applied uniformly and the capacity gets larger. 
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Chapter 5 

An Eldfellite-type Cathode Material, 

NaV(SO4)2, for Na-ion Batteries 

5.1. Introduction 

 So far, the following sulphates with Fe2+/Fe3+ redox couple have been reported 

as cathode active materials for Na-ion batteries; Na2Fe2(SO4)3 (3.8 V (vs. Na/Na+)) [1], 

Na2Fe(SO4)2 (3.6 V) [2], NaFeSO4F (3.5 V) [3,4], NaFe(SO4)2 (3.3 V) [5], 

Na2Fe(SO4)2·2H2O (3.25 V) [6], Fe2(SO4)3 (3.2 V) [7,8], and NaF–FeSO4 (3.0 V) [9]. 

Although there are some variations in the potential, it is noteworthy that sulphates show 

higher potential of about 1 V than phosphates such as Na3Fe2(PO4)3 (2.5 V) [10–12]. On 

the other hand, the disadvantage of the polyanionic cathode is that the theoretical capacity 

is limited by the heavy molecular weight. In particular, the eldfellite-type NaFe(SO4)2 

(theoretical capacity: 99 mAh g-1), which contains a large amount of polyanions relative 

to Fe, has a theoretical capacity 25% smaller than the NASICON-type Na2Fe2(SO4)3 

(theoretical capacity: 134 mAh g-1). However, this disadvantage of eldfellite can be 

reversed by replacing Fe with V, which is capable of not only M2+/M3+ but also M3+/M4+ 

redox. This is because the eldfellite-type NaxV(SO4)2 has a theoretical capacity of 201 
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mAh g-1 in the composition range of 0 < x < 2, while the NASICO-type NaxV2(SO4)3 has 

only a theoretical capacity of 137 mAh g-1 in the composition range of 0 < x < 2. 

 For NaV(SO4)2, crystallographic studies and simple synthesis methods have 

already been reported [13–15]. High potentials of 2.42 and 4.61 V against Na/Na+ have 

been predicted for the V2+/V3+ and V3+/V4+ redoxes by DFT calculations by Banerjee et 

al [16]. However, to the best of our knowledge, no experimental studies on the 

electrochemical properties of NaV(SO4)2 have yet been reported. 

 In the present study, eldfellite-type NaV(SO4)2 was synthesized by sol-gel 

method and the reversible capacity exceeding one electron reaction was confirmed in a 

wide voltage range between 1.5 and 4.8 V. The charge–discharge reaction mechanism 

was clarified through various ex-situ measurements using X-rays in a laboratory or a 

synchrotron light facility, and these results were confirmed by computational calculations. 
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5.2. Experimental 

5.2.1. Materials Synthesis 

 

 NaV(SO4)2 powder was synthesized by referring to the reported method [15]. 

H2C2O4·2H2O (FUJIFILM Wako; min 99.5–102.0%) and V2O5 (Nacalai Tesque; min 

99.0%) were mixed and agitated in ultrapure water at 80 °C for 1 h on a hotplate stirrer. 

The solution was initially orange and changed to green and then blue, indicating that V 

was reduced from the pentavalent to the tetravalent state. (NH4)2SO4 (FUJIFILM Wako; 

min 99.5%) and Na2SO4 (FUJIFILM Wako; min 99.0%) were then added, and the 

resultant aqueous solution was continuously stirred at 80 °C for 4 h. The solution was 

evaporated to dryness in an electric furnace at 120 °C for 12 h, resulting in a precursor 

powder. Finally, 0.8 g of the precursor powder was placed in an alumina crucible and 

heated in a tubular furnace at 375 °C (0.5 °C min−1 heating rate) for 9 h under flowing Ar 

+ 5% H2 gas. Each reaction process in this synthesis, as previously reported [15], is shown 

below (5-1, 5-2): 

 

V2O5 + 3H2C2O4·2H2O → 2VOC2O4 + 9H2O + 2CO2 (5-1) 

2VOC2O4 + Na2SO4 + 3(NH4)2SO4 → 2NaV(SO4)2 + 6NH3 + 3H2O + 3CO2 + CO (5-2) 

 

 

5.2.2. Materials Characterization 

 

 Powder XRD profiles of NaV(SO4)2 were recorded to identify its crystal 

structure at room temperature. The profiles were obtained using an X-ray diffractometer 
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(TTRIII; Rigaku) equipped with a Cu Kα radiation source. The samples were measured 

in steps of 0.01° in the 2θ angular range from 10° to 130° at a scan rate of 0.1° min−1. An 

enclosed sample holder was used to exclude the effects of moisture in the air. The crystal 

structure was refined using the RIETAN-FP program [17], and the crystal models were 

visualized using the VESTA software [18]. The sample morphology was observed by 

field-emission scanning electron microscopy (FE-SEM, JSM-IT700HR; JEOL). 

 

 

5.2.3. Electrochemical Characterization 

 

 NaV(SO4)2 and acetylene black (AB, Denka) were mixed in a ratio of 70:25 (by 

weight) using the ball-milling method (Premium line P-7; Fritsch) at 200 rpm for 3 h 

under an Ar atmosphere to increase the electronic conductivity of the electrode. The 

cathode was then prepared by blending the composite with PTFE (Daikin) binder in a 

ratio of 95:5 (by weight) and then drying the electrode material at 80 °C under vacuum 

for 12 h. For electrochemical measurements, 2032 coin-type cells (Hohsen Co.) were 

washed ultrasonically with acetone and dried at 120 °C under vacuum before being 

transferred to a glove box for cell assembly. Na metal (Sigma-Aldrich) was used as the 

counter and reference electrode. A polypropylene separator (Celgard) and a glass-fiber 

filter (GA-55; Advantec) were used as a separator in the cell. A 1 M NaPF6 solution in 

EC:DEC (1:1 by volume) (Tomiyama Pure Chemical) or a 1 M NaClO4 solution in 

EC:DMC (1:1 by volume) (Tomiyama Pure Chemical) was used as the electrolyte. All 

cathodes and cells were produced and assembled in an Ar-filled glove box (dew point < 

−80 °C). Electrochemical charge–discharge measurements were conducted via the 

galvanostatic method using a charge–discharge cycle instrument (BTS2400W; Nagano 
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Electric Co.). The current density was 0.2 mA cm−2, and the galvanostatic measurements 

were conducted in a thermostated chamber at 25 °C. 

 

 

5.2.4. ex-situ X-ray Measurement 

  

 ex-situ XRD measurements were performed to characterize the phase transitions 

during the charge–discharge processes. The XRD patterns were recorded at room 

temperature using an X-ray diffractometer (TTRⅢ; Rigaku) equipped with a Cu Kα 

radiation source. The measurements were performed in steps of 0.01° in the 2θ angular 

range from 10° to 40° at a scan rate of 0.02° min−1. The samples were obtained from coin 

cells disassembled in an Ar-filled glove box (dew point < −80 °C) after the 

electrochemical measurements and were dried under vacuum after being washed with 

DMC (Kishida Chemical) to remove the electrolyte on the pellet surface. An enclosed 

sample holder was used to exclude the effects of moisture in the air. 

 ex-situ XPS measurements were conducted with Al Kα radiation using an ESCA 

1600 (ULVAC-PHI) spectrometer. The samples were prepared in the same manner as 

those for ex-situ XRD analysis. The obtained binding-energy data were corrected using 

the signal of adventitious carbon added to prevent charging up of the sample. 

 ex-situ X-ray absorption near-edge structure (XANES) measurements and ex-

situ near-edge X-ray absorption fine structure (NEXAFS) measurements were performed 

at the BL11 beamline (2100–23000 eV), BL12 beamline (40–1500 eV), and BL15 (3500–

23000 eV) of the Saga Light Source. Synchrotron radiation was used in the transmission 

mode (TM) for XANES measurements and total fluorescence yield (TFY) mode for 

NEXAFS measurements at room temperature to determine the oxidation state of V during 
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the charging and discharging processes. Samples were prepared using the same procedure 

described for the XPS samples, including washing with DMC. XANES data analysis was 

performed using the Athena software [19]. 

 For the XPS and NEXAFS measurements, a sample transfer vessel was used to 

avoid exposure to the air and to achieve a high-vacuum condition before the sample was 

introduced into the apparatus [20,21]. 

 

 

5.2.5. Computational Calculation 

 

 First principle calculations using DFT were performed with the Vienna Ab-initio 

Simulation Package (VASP) [22,23]. The projector augmented wave (PAW) method was 

used [24,25], and the plane-wave cutoff energy was set to 520 eV. The Perdew–Burke–

Ernzerhof (PBE) exchange-correlation functional was applied [26]. The Hubbard U value 

for vanadium was set to 4.0 eV. The pymatgen package in Python was used for all DFT 

calculations to generate input files and analyze the results [27]. A unit cell (C2/m) was 

used for the calculations, and a Γ-centered 4 × 4 × 4 k-point mesh was employed for the 

density of state (DOS) and electronic structure calculations. The 30 structures with the 

lowest electrostatic energies for each composition were subjected to the DFT calculations 

using the supercell program [28], and the most stable configuration was determined. The 

average voltage between each composition of NaxV(SO4)2 was obtained using bellow 

equation (5-3); 

 

𝑉 =  −
𝐸(Nax1V(SO4)2)−𝐸(Nax2V(SO4)2)−(𝑥1−𝑥2)𝐸(Na)

(𝑥1−𝑥2)𝐹
 (5-3) 
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where E(Nax1V(SO4)2), E(Nax2V(SO4)2) and E(Na) are DFT energies of Nax1V(SO4)2, 

Nax2V(SO4)2 and Na metal, respectively. Bader charge analysis was conducted based on 

the calculation results of DOS using the Bader analysis program developed by Henkelman 

et al [29–31]. 
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5.3.  Results & Discussion 

5.3.1. Computational Calculations for NaxV(SO4)2 

 

 The structural optimization was conducted to evaluate the characteristics of 

NaV(SO4)2 for each sodiated/desodiated composition. The first state formed a stable 

eldfellite structure with a monoclinic prismatic crystal class. Figure 5-1a shows the 

formation energy convex hull construction of NaxV(SO4)2. The formation energy of the 

composition x = 1.5 is above the convex hull line, which means this composition is 

unstable. Therefore, the compositions of x = 0, 0.5, 1, and 2 in NaxV(SO4)2 were adopted 

for further calculations and analyses. Figure 5-1b presents the DFT-calculated average 

potential profiles of NaxV(SO4)2 (x = 0, 0.5, 1, 2). Two potential plateaus are identified at 

~2.2 and ~4.6 V, with two more-detailed potential plateaus at the higher potential of ~4.6 

V. Starting from the initial state of NaV(SO4)2, the theoretical capacity was estimated to 

be 101 mAh g−1 for a one-electron reaction and 202 mAh g−1 for a two-electron reaction. 

The results of the potential calculations show good agreement with previously reported 

results [16]. For the desodiation from NaV(SO4)2, we expected operation at a high 

potential such as ~4.7 V vs. Na/Na+ using common electrolytes to be feasible because 

some materials have been reported to operate at higher potentials [32–34]. 
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Figure 5-1 (a) Formation energy convex hull construction and (b) potential profile for each 

content of NaxV(SO4)2. 

 

 

5.3.2. Materials Characterisation 

 

 NaV(SO4)2 was synthesized using the previously reported sol–gel method. We 

optimized the sintering time and temperature at 9 h and 375 °C by attempting several 

sinter time/temperature combinations, although some small unknown impurities 

remained. The crystal structure of the synthesized NaV(SO4)2 was determined by powder 

XRD via Rietveld refinement using RIETAN-FP [17] (Fig. 5-2a). The results revealed 

that the compounds could be indexed to a monoclinic lattice of space group C2/m and 
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that the lattice parameters were a = 8.09(1), b = 5.180(6), c = 7.185(9), β = 92.067(7)°, 

and V = 300.9(6) Å3, which is larger than the unit-cell volume of NaFe(SO4)2 [5] because 

of the larger ionic radius of V3+ (0.640 Å) compared with that of Fe3+ (0.61 Å) in a 

hexagonal system. These parameters are consistent with the previous research on the 

synthesis of NaV(SO4)2 [15]. The Rietveld-refined parameters were satisfactory, with Rwp 

= 6.16%, Rp = 4.63%, and S = 1.29. However, ~3 wt% of V2O3(SO4)2 was confirmed as 

a sub-phase material; this material has been reported to be lithiated between 1.95 and 4.20 

V [35]. The crystal structure was obtained from the Rietveld refinement results (Fig. 5-

2b). Na ions were connected to the VO6 octahedra and SO4 tetrahedra via six surrounding 

oxygen atoms. The morphologies of the as-prepared NaV(SO4)2 powder were confirmed 

by SEM observation (Fig. 5-2c and 5-2d). The powder exhibited moisture-absorbent 

character; the samples were therefore carefully transported to the measuring equipment 

without exposure to moisture in the air. The particle shape and grain size were 

dramatically changed and refined by ball milling. 
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Figure 5-2 (a) XRD pattern and the results of Rietveld refinement of as-prepared 

NaV(SO4)2; (b) the crystal structure obtained from the Rietveld-refined NaV(SO4)2. The 

structure was visualized using VESTA. SEM images of (c) as-prepared NaV(SO4)2 and 

(d) carbon-coated NaV(SO4)2 by ball milling. 
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Table 5-1 Crystallographic parameters of as-synthesized NaV(SO4)2 obtained from 

Rietveld refinement using RIETAN-FP program [17]. 

Chemical formula NaV(SO4)2 

Formula weight 266.056 

Crystal system, space group Monoclinic, C2/m 

Temperature ~ 298 K (ambient) 

a, b, c / Å 8.0289(16), 5.16063(10), 7.1370 (17) 

α, β, γ / Å 90, 91.870(12), 90 

V / Å3 295.56(11) 

Z 2 

Calculated density / g cm-3 2.989 

Rwp 6.16% 

Rp 4.63% 

Re 4.76% 

RB 2.80% 

RF 1.58% 

S 1.29 

Goodness of fit 1.68 

Radiation CuKα 

 

Atom Wyckoff site x y z occ. Biso / Å2 

Na1 2c 0 0 1/2 1 2.03(6) 

V1 2a 0 0 0 1 0.41(2) 

S1 4i 0.3619(15) 0 0.2211(15) 1 1.06(3) 

O1 4i 0.2351(3) 0 0.0605(3) 1 1.28(3) 

O2 4i 0.2884(3) 0 0.4066(3) 1 1.28(3) 

O3 8j 0.4686(18) 0.2343(3) 0.2005(19) 1 1.28(3) 
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5.3.3. Electrochemical Properties 

 

 The galvanostatic properties of the composite electrode, including NaV(SO4)2 as 

the active material, are presented in Fig. 5-3. The composite electrode consisted of 

NaV(SO4)2, AB (as an electronic conductor), and PTFE (as a binder) in a weight ratio of 

70:25:5. The measurement voltage range was regulated to 1.5–3.2 V (vs. Na/Na+) for the 

sodiation/desodiation process (1 ≤ x ≤ 2 in NaxV(SO4)2) from the initial state of 

NaV(SO4)2 and to 3.3–4.8 V with a theoretical capacity limitation of 101 mAh g−1 for the 

desodiation/sodiation process (0 ≤ x ≤ 1 in NaxV(SO4)2). The current density was 0.2 mA 

cm−2, and the galvanostatic measurements were conducted in a thermostated chamber at 

25 °C. In this electrochemical research, two electrolytes were employed: 1 M NaPF6 in 

EC:DEC (1:1 by volume) and 1 M NaClO4 in EC:DMC (1:1 by volume). For the 

sodiation/desodiation process in Fig. 5-3a, a potential plateau was observed at 2.3 V (vs. 

Na/Na+). From the reversible capacity and potential values, the average working potential 

was calculated to be 2.1 V, which is consistent with the average potential calculated by 

DFT. This value is the highest potential reported for the V2+/V3+ redox couple in any 

material because of the greater inductive effect of SO4
2− compared with that of other 

counter anions. The reversible capacity in the first cycle was 77 mAh g−1, which is greater 

than 75% of the theoretical capacity. After the second cycle, NaV(SO4)2 showed good 

cyclability, with better than 95% coulombic efficiency, and the capacity retention was 

60% at the 30th cycle. The discharge–charge capacities of NaV(SO4)2 are comparable to 

those of NaFe(SO4)2 (Fe2+/Fe3+) [5]. The potential difference of 1 V between NaV(SO4)2 

and NaFe(SO4)2 was reasonably attributed to the typical potential gap between V2+/V3+ 

and Fe2+/Fe3+, similar to the difference observed between the NASICON-type materials 

Na3V2(PO4)3 (1.5 or 1.6 V) and Na3Fe2(PO4)3 (2.5 V) [10–12,36–38]. 
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 Different electrolyte types did not affect the discharge–charge properties in the 

sodiation/desodiation process from the initial state of NaV(SO4)2, as compared in Fig. 5-

3a and 5-3c. However, in terms of the desodiation/sodiation process from the initial 

composition, different electrolyte types resulted in different galvanostatic charge–

discharge profiles. For the NaPF6-type electrolyte, the potential of the NaV(SO4)2 cell 

decreased and remained ~3.7 V; in addition, the cell charged beyond its theoretical 

capacity based on the one-electron reaction in NaV(SO4)2 after reaching 4.1 V at a 

charging capacity of 19 mAh g−1 (Fig. 5-4). By contrast, for the NaClO4-based electrolyte, 

no potential decrease was observed even after the highest potential was reached in the 

charging process. These charging profiles likely indicate electrolyte decomposition even 

though the literature includes few examples of redox reactions that operate at equal or 

higher potentials than those in the present study [32,33]. Therefore, the capacity was 

regulated at 101 mAh g−1 for this process to force this decomposition reaction to stop at 

the one-electron theoretical capacity of NaV(SO4)2. Fig. 5-3b and 5-3d shows the charge–

discharge profiles for the two electrolytes. Similar profiles to those in the aforementioned 

data (Fig. 5-4) were observed when cells were charged to high potentials, whereas 

differences were detected between the two electrolytes with respect to the reversible 

capacity. A small reversible capacity of 2 mAh g−1 was observed in the cell with 1 M 

NaPF6 in EC:DEC (1:1 by volume), whereas a reversible capacity of 25 mAh g−1 was 

obtained with an average working potential of 3.9 V in the cell with 1 M NaClO4 in 

EC:DMC (1:1 by volume) at the first cycle. In the second cycle, the reversible capacity 

increased to 31 mAh g−1, which is 30% of the one-electron theoretical capacity of 

NaV(SO4)2, and then gradually decreased from the third cycle. No difference was 

observed in these operations because of the solvent in the electrolyte (Fig. 5-5). Oxidative 

decomposition of the electrolyte is unavoidable in this material during charge–discharge 



 

 

113 

operations at high potential, resulting in lower capacities and working potentials than 

those calculated. NaV(SO4)2 was found to be reversibly charged and discharged, at least 

in the NaClO4-based electrolyte. However, the longer the rest time after charging, the 

more the discharge capacity decreased (Fig. 5-6). Thus, even in the NaClO4-based 

electrolyte, the progression of the side reactions or electrolyte decomposition caused by 

holding the electrolyte at high potential cannot be suppressed according to Fig. 5-5. If the 

oxidative decomposition of the electrolyte can be prevented at high voltages, the working 

potential and reversible capacity should increase further because the capacity 

corresponding to the sloped part of the charging curve coincides with that corresponding 

to the discharging curve. 

 A charge–discharge diagram corresponding to a broader potential range (1.5–4.8 

V) is shown in Fig. 5-3e. The charging capacity was regulated to 101 mAh g−1 from the 

open-circuit potential at the first cycle; from the second cycle onward, the charging 

capacity was also regulated to 101 mAh g−1 after charging from 1.5 V to 3.2 V. Both the 

charge and discharge capacities exceeded 101 mAh g−1, and the discharge capacity 

reached 102 mAh g−1 for the second cycle. As demonstrated in Fig. 5-3f, the decrease in 

charge capacity with each cycle mostly stopped at a certain level; however, the discharge 

capacity and coulombic efficiency decreased with each cycle, likely because of 

electrolysis of the electrolyte caused by repeated cycling at high potentials. 
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Figure 5-3 Charge/discharge profiles of NaV(SO4)2 from sodiation and desodiation with 

the two types of electrolyte; 1 M NaPF6 in EC:DEC (1:1 vol.) (a) and (b), 1 M NaClO4 

in EC:DMC (1:1 vol.) (c) and (d), respectively. (e) Charge/discharge profiles and (f) cycle 

performances of NaV(SO4)2 in the voltage region of 1.5–4.8 V using 1 M NaClO4 in 

EC:DMC (1:1 vol.). 
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Figure 5-4 Charge curves of NaV(SO4)2 after charging (desodiation) toward to high 

potentials using 1 M NaPF6 in EC:DEC (1:1 vol.) as the electrolyte at the first cycle. 

 

 

Figure 5-5 Charge/discharge curves of NaV(SO4)2 for the first cycle using the four 

different types of electrolytes. The charge capacity was regulated to 101 mAh g-1, and the 

cutoff voltage and current density was set as 1.5–4.8V and 0.1 mA cm-2. 
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Figure 5-6 Discharge curves of NaV(SO4)2 after charging (desodiation) for 101 mAh g-1 

toward to high potentials using 1 M NaClO4 in EC:DMC (1:1 vol.) as the electrolyte at 

the first cycle. Rest time was varied from 0 h to 4.5 h. 

 

 

5.3.4. Surface Analysis on the Composite Electrode 

 

 The electrode surface was investigated by ex-situ XPS to investigate what caused 

the decomposition or dissolution into the electrolyte and how different the degree of the 

decomposition was between the two electrolytes at high potential. The measured samples 

were prepared without any washing processes to remain the dissolved materials on the 

electrode surface. Figure 5-7 demonstrated the ex-situ XPS spectra during the 

charge/discharge process using two electrolyte types: 1 M NaPF6 in EC : DEC (1 : 1 vol.) 

and 1 M NaClO4 in EC : DMC (1 : 1 vol.). The states of charge during the 

sodiation/desodiation or desodiation/sodiation process were pointed out in Fig. 5-8. To 

verify the decompositions in the electrolyte, the spectra of consistent elements were 

investigated for F 1s and Cl 2p. The XPS spectra of F 1s and Cl 2p were not changed after 

1.5 V discharging and 3.2 V charging for the sodiation/desodiation process, so the 
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decomposition of the electrolyte or solute had not happened for the two types of 

electrolytes at the low potential cycling. On the other hand, we found that NaPF6 was 

dynamically decomposed, but NaClO4 was not much at the high potential. In Fig. 5-9, the 

peak separations of F 1s spectra were shown for the initial state, after cycling the 

sodiation/desodiation and the desodiation process using 1 M NaPF6 in EC : DEC (1 : 1 

vol.) as the electrolyte. At the initial state, only the peaks for the bonding of P-F and C-F 

implied NaPF6 and PTFE, which were the electrolyte solute and the binder in the 

composite electrode. At the end of the sodiation/desodiation process, the spectra resulting 

from Na-F bonding implied forming NaF were barely observed. In contrast, after the 

desodiation process at the high potential, the peak implying the generation of NaF 

intensively increased, which meant the part of NaPF6 was decomposed to NaF; these 

results were also apparent in Fig. 5-9. The NaPF6-type electrolyte was not favourable for 

the high-potential performance of NaV(SO4)2, although some reports about cathode 

materials including polyanionic compounds adopted NaPF6-type electrolytes for the high-

potential cycling [32–34,39]. In contrast, in the system using 1 M NaClO4 in EC : DMC 

(1 : 1 vol.) as the electrolyte, the spectra of Cl 2p did not much change even at the high 

potential, and only the peak of Cl 2p1/2 increased during the desodiation/sodiation that 

was not likely to be concerned with any side reactions. 
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Figure 5-7 ex-situ XPS spectra of NaV(SO4)2 at the different charge/discharge states 

during the first cycle using two electrolyte types: 1 M NaPF6 in EC:DEC (1:1 vol.) and 1 

M NaClO4 in EC:DMC (1:1 vol.). The measured samples were obtained from the 

disassembled coin cells without any washing processes. 
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Figure 5-8 Charge/discharge curves of NaV(SO4)2 for the first cycles using two types of 

electrolytes during the sodiation/desodiation or desodiation/sodiation process and pointed 

out the state of charge by circle-colored dots. 

 

 

Figure 5-9 Peak separation results of ex-situ XPS spectra in the binding energies between 

676 and 696 eV to identify F 1s state. The samples were removed from the coin cells 
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using 1 M NaPF6 in EC:DEC (1:1 in vol.) as the electrolyte at each condition; (a) initial 

state, (b) after sodiation/desodiation process and (c) after desodiation process. 

 

 

5.3.5. Crystal Structure Analysis 

 

 Figure 5-10 shows the ex-situ XRD patterns during the charge–discharge process 

for the first cycle. The states of charge during the sodiation/desodiation or 

desodiation/sodiation process are indicated in the charge–discharge profiles next to the 

XRD profiles. All of the patterns were applied without any corrections because Soller 

slits were installed for the parallel-beam method for the XRD measurements as a 

consequence of the peak of PTFE appearing at the same angle (18°) for all the samples. 

For the sodiation/desodiation process (blue and sky-blue lines), peak shifts to lower 

angles were observed from the initial state to the 1.5 V discharged stated, and the peaks 

were recovered to original position by 3.2 V charging at 12.3°, 23.7°, 25.8°, and 32.1°, 

which were assigned as the (001), (111̅), (201), and (112̅) Bragg peaks, respectively. The 

shift to smaller angles indicates that the insertion of Na+ led to an increase in the lattice 

parameter. In addition, the peak intensity ratios for the peak groups at ~12°, ~25°, and 

~32.5° were reversibly changed. Therefore, they tended to be comparable to the simulated 

XRD patterns visualized by VESTA[18] on the basis of the DFT calculations (Fig. 5-11). 

Moreover, two new peaks appeared at 22.6° and 34° (pointed out by filled stars), 

indicating a two-phase mechanism after discharge to 1.5 V; these peaks fully recovered 

after charging to 3.2 V. 

 Similarly, for the desodiation/sodiation process lined in red and pink, the 

intensity ratios between the peak groups of 12° and 25° were reversibly changed: the peak 
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group at ~12° increased after 101 mAh g−1 charging and then recovered to the initial state 

after discharge to 3.2 V. New peaks were also observed at ~27.5° and ~31.2° (pointed out 

by unfilled stars) after the desodiation by charging to 101 mAh g−1; the intensities of these 

peaks then decreased upon sodiation by discharging to 3.2 V, but the initial patterns were 

not fully recovered. These results confirm that single-phase and two-phase reactions 

occur during both the sodiation/desodiation and desodiation/sodiation processes from the 

initial composition. 

 

 

 

 

Figure 5-10 ex-situ XRD patterns during galvanostatic measurements using 1 M NaClO4 

in EC:DMC (1:1 by volume) as the electrolyte for the initial state (black line), the 

desodiation/sodiation process (red and pink lines), and sodiation/desodiation process 

(blue and light-blue lines). Black and white star icons show the new diffraction peaks on 

discharging and charging process, respectively. 
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Figure 5-11 Calculated XRD patterns for each content of Na+ for NaxV(SO4)2. The 

stabilized crystal structures were obtained using the DFT calculation and the XRD 

patterns were exported using VESTA software[18] based on the DFT-calculated structure. 
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(2100–23,000 eV) X-rays to cover the targeted energy range. The V K-edge XANES 

spectra were obtained in the hard X-ray range to determine the oxidation state of V during 

the charge–discharge measurements (Fig. 5-12 and 5-12c). Each state of charge was 

found to match the charge–discharge profiles in Fig. 5-12a. In the sodiation/desodiation 

process from the initial state (Fig. 5-12b), the K-edge of V shifted to lower energy upon 

discharge to 1.5 V and shifted to higher energy and returned to the initial position upon 

charging to 3.2 V. These results indicate that a reversible V redox reaction occurred. 

Compared with the standard samples of vanadium oxides of VO (V2+) and V2O3 (V3+) in 

Fig. 5-13, the initial oxidation state of V3+ changes to V2+ upon sodiation and then returns 

to the original V3+ upon desodiation. However, during the desodiation/sodiation process 

from the initial state, the shift at the absorption edge was negligible (Fig. 5-12c). However, 

the second-derivative profiles of the adsorption edge imply a minor shift toward higher 

energy by desodiation and toward lower energy upon sodiation (Fig. 5-12d). Moreover, 

from the pre-edge region at ~5467 eV, which represents the forbidden transition from the 

1s to 3d orbitals, the peak increased upon charging and decreased upon discharging, 

indicating the introduction and disappearance of a hole in the electronic state of V in the 

3d orbitals. When 1 M NaPF6 in EC:DEC (1:1 by volume) was used (Fig. 5-13), none of 

the spectra changed during the desodiation/sodiation process, indicating that no reaction 

occurred during charging/discharging, although a similar valence change was observed 

in the sodiation/desodiation process. 

 The ex-situ NEXAFS measurements using soft X-rays reveal that the oxidation 

states of O also changed at the respective states of charge (Fig. 5-12e). The photon energy 

values in the NEXAFS spectra were corrected on the basis of the binding energy of the 

adventitious carbon in another synchrotron XPS measurement. Fig. 5-12e shows the O 

K-edge TFY spectrum. The spectral features that originate from O 2p orbitals hybridized 
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with surrounding elements are well known to reflect the electronic states around oxide 

ions [33,40–42]. The NEXAFS O K-edge spectra of NaV(SO4)2 were likely constructed 

from the O 2p orbitals hybridized with V 3d (t2g and/or eg) and V 4sp, and S–O σ-bond 

signals appeared at approximately 529.6, 531.6, 545, and 538 eV [42]. The peak at 529.6 

eV corresponds to the unoccupied hybridized orbital of the O 2p orbital and V 3d (t2g) 

orbital [42 – 44], and this peak partially reversibly changed during the 

desodiation/sodiation process (i.e., increasing in intensity during desodiation and 

decreasing during sodiation). Meanwhile, the spectra at 538 and 545 eV did not change, 

and the corresponding hybridized orbitals, which were S–O σ-bonding and O 2p–V 4sp, 

respectively, did not play a prominent role in the charge-transfer mechanism. These 

XANES and NEXAFS measurements imply charge compensation of V and O during the 

desodiation/sodiation process in NaV(SO4)2. The ex-situ XPS measurements dynamically 

revealed the redox reaction of V and O (Fig. 5-14). Given the difference in the depth of 

detection for each measurement (i.e., through the entire sample in the case of XANES-

TM, several hundred nanometers to one micrometer in the case of NEXAF-TFY, and 

several nanometers in the case of XPS), the redox reaction can be assumed to have 

proceeded best near the electrode surface. 

 The DFT calculations for the electronic structure support the assigned oxidation 

state of each element, as demonstrated in Fig. 5-15 for the projected density of states 

(pDOS) diagrams. The overall diagrams of the pDOS are shown in Fig. 5-16. The pDOS 

in NaxV(SO4)2 reveal that NaV(SO4)2 holds the V 3d and O 2p hybridization state just 

below the Fermi level and that the V–O hybridized bands emerge above the bandgap upon 

desodiation. Notably, the S bands configurated at the deep level and the S element did 

not play roles in the charge compensation (Fig. 5-16). In addition, the Bader charge 

analysis (Fig. 5-17; the raw values are shown in Table 5-2) undoubtedly suggest that 
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charge transfer occurred at the V–O hybridized orbitals. The Bader charges increased 

with decreasing amount of Na ions in NaxV(SO4)2, and charge compensation by V and O 

was assumed, whereas V mainly compensated for the charge transfer in the sodiation 

process from NaV(SO4)2 to Na2V(SO4)2. In addition, the magnetic moments (Table 5-2) 

enable us to estimate the electron configurations of the ions, and the oxidation states of 

the redox-centric element can therefore be assumed for compositions with various Na 

contents [45]. In NaV(SO4)2, the magnetic moment on V is 1.912, corresponding to a d-

electron configuration of d2. Upon desodiation, the magnetic moments on both V and O 

decreased, indicating the oxidation of V and O ions even though the decrease in the 

magnetic moment in O was not dramatic. These NEXAFS spectral changes and DFT 

calculation results indicate that charge transfer occurred during the desodiation/sodiation 

process and provide evidence of charge compensation of V 3d and O 2p. 

 

 

 

Figure 5-12 (a) Charge/discharge profiles of NaV(SO4)2 to show the state of charge using 

1 M NaClO4 EC:DMC (1:1 vol.). V K-edge XANES spectra of NaV(SO4)2 at the different 

charge/discharge states during the first cycle for (b) the sodiation/desodiation process and 

(c) desodiation/sodiation process from the initial contents. (d) Second derivative profiles 
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during the desodiation/sodiation process to check the shift of the inflection point at the 

absorption edge. TM was employed for the XANES measurement. (e) O K-edge 

NEXAFS spectra of NaV(SO4)2 at the different charge/discharge states during the first 

cycle for the desodiation/sodiation process from the initial contents. TFY mode was 

employed for the NEXAFS measurement. 

 

 

 

Figure 5-13 V K-edge XANES spectra of NaV(SO4)2 at the different charge/discharge 

states during the first cycle for (a) the sodiation/desodiation process and (b) desodiation 

process from the initial contents using 1 M NaPF6 EC:DEC (1:1 vol.). Transmission mode 

was employed for the measurement using a hard X-ray. 
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Figure 5-14 ex-situ XPS spectra of NaV(SO4)2 at the different charge/discharge states 

during the first cycle using 1 M NaClO4 in EC:DMC (1:1 vol.). The measured samples 

were obtained from the disassembled coin cells after washing by DMC. 
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Figure 5-15 Calculated partial density of states (pDOS) for NaxV(SO4)2 (x = 0, 0.5, 1, 2) 

obtained using DFT calculations. The dashed line is the Fermi energy level. 
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Figure 5-16 Calculated partial density of states (pDOS) for NaxV(SO4)2 (x = 0, 0.5, 1, 2) 

obtained using DFT calculations. The dashed line is the fermi energy level. 

 

 

Figure 5-17 Variation of Bader charge for V, O and S in NaxV(SO4)2 (x = 0, 0.5, 1, 2) 

obtained using DFT calculations. The Bader charges were normalized based on the Bader 

charge of NaV(SO4)2. Raw data of the Bader charges for O and V are shown in Table 5-

2. 
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Table 5-2 Magnetic moment and Bader charge on V and O sites in NaxV(SO4)2 structures 

(x = 0, 0.5, 1, 2) 

  Magnetic moment / μB Bader Charge / e 

  V O V O 

Na2V(SO4)2 2.752 0 1.574 -1.373 

NaV(SO4)2 1.912 -0.004 2.024 -1.328 

Na0.5V(SO4)2 1.511 -0.013 2.139 -1.284 

V(SO4)2 1.093 -0.018 2.244 -1.234 
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5.4. Conclusions 

 Eldfellite-type NaV(SO4)2 was investigated via experimental measurements and 

computational calculations. First-principles calculations predicted NaxV(SO4)2 to act at 

an average potential of 2.2 and 4.6 V for the process of Na2V(SO4)2 → NaV(SO4)2 → 

V(SO4)2. NaV(SO4)2 electrochemically delivered a maximum reversible capacity of 77 

and 31 mAh g−1 with working potentials of 2.1 and 3.9 V for the sodiation/desodiation 

and desodiation/sodiation processes, respectively. By enlarging the regulation potential 

to employ a two-step redox reaction, we obtained a maximum discharge capacity of 102 

mAh g−1. Ex situ XRD measurements revealed phase transitions, including a reversible 

expansion/contraction or a transformation to an unknown phase, during the charge–

discharge process. The charge compensation in the charge–discharge process was carried 

out by V in sodiation/desodiation and by strong V and small O contributions in 

desodiation/sodiation. This mechanism was supported by the variation of the pDOS and 

the Bader charges for NaxV(SO4)2. 
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Chapter 6 

Conclusions 

 Against the background of the SDGs issued by the UN in 2015 and the 

requirement for societies to have a reduced environmental footprint, there is an urgent 

need to build energy storage systems that can store electricity generated from renewable 

energy sources and intermittent power sources. Also, there is an immediate need to 

convert the power sources in gasoline-fueled vehicles to electrical energy sources 

powered by batteries. Rechargeable batteries are a key technology in energy storage 

systems, and further development is required. The insertion reaction is a critical part of 

the operating mechanism of current secondary batteries, and improvements in the 

performance of insertion compounds will contribute to the growth and uptake of such 

energy storage devices. This thesis is concerned with phosphate and sulphate materials 

that undergo insertion reactions in single-phase ASSBs and high-potential cathode 

materials in NIBs. 

 As described in Chapter 2, a single-phase all-solid-state battery using a 

NASICON-type material, Li1.5Cr0.5Ti1.5(PO4)3, was studied. The primary problem in the 

commercialization of ASSBs is the resistance at the electrode/solid electrolyte interface. 

One means of solving this problem is the formation of a dense interface between the 

electrode and the solid electrolyte. To this end, an in-situ formation mechanism can be 
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used to self-generate the electrode phase from the solid electrolyte. Li1.5Cr0.5Ti1.5(PO4)3 

was adopted for the single-phase ASSB because the material has good ionic conductivity 

and a large potential gap of 2.2 V between the two redox pairs for Cr3+/Cr4+ and Ti3+/Ti4+ 

in line with the potentials of the positive and negative electrodes. 

 The ionic conductivity of Li1.5Cr0.5Ti1.5(PO4)3 was estimated to be 2 × 10-4 S cm-

1 by impedance measurements, which is an excellent value for superior oxide solid 

electrolytes. It was demonstrated that the in-situ formed electrode resulted in a charge-

discharge profile with low interfacial resistance, and that the battery could be charged and 

discharged at a rate of 0.1 mA cm-2, which is high for oxide ASSBs operating at room 

temperature. Furthermore, it was shown that charging and discharging was possible even 

at -40°C. From ex-situ XPS measurements of charged/discharged samples, the redox 

couples Cr3+/Cr4+ and Ti3+/Ti4+ contributed to the charging/discharging in the positive 

electrode and the negative electrode, respectively. 

 In Chapter 3, the addition of Li3BO3 as an additive to Li1.5Cr0.5Ti1.5(PO4)3 was 

used to enhance the ionic conductivity and properties of single-phase ASSBs. Given that 

Li1.5Cr0.5Ti1.5(PO4)3 has a high porosity when in pellet form, a key aim was to enhance 

the electrochemical properties by adding Li3BO3, which has a low melting point, to 

reduce the porosity and increase the relative density. Evaluations using SEM and the 

Archimedes method showed that the density of the Li1.5Cr0.5Ti1.5(PO4)3 pellets prepared 

with Li3BO3 was increased compared to those prepared without the addition of Li3BO3. 

 The effect of the addition of Li3BO3 was also observed in the electrochemical 

properties. Impedance measurements were used to estimate the ionic conductivity, which 

was found to be enhanced from 1.4 × 10-4 S cm-1 to 2.6 × 10-4 S cm-1 due to the presence 

of Li3BO3 in comparison with the same lot of unmodified Li1.5Cr0.5Ti1.5(PO4)3 material. 

Furthermore, the reversible capacity and cycle performance in the charge/discharge 
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profile were also improved. This enhanced performance was probably because the ion 

conduction paths were more readily connected due to the denser pellet, and the fact that 

the reversibility of Li-ion conduction during charging/discharging was increased. The 

addition of Li-ion-conductive Li3BO3 extended the self-discharge time and suppressed 

electron leakage, suggesting that the ratio of ionic conduction to electrical conduction 

increased. 

 In Chapter 4, the effect of the addition of Na3BO3 to Na3V2(PO4)3 single-phase 

ASSBs was investigated. By adding the synthesized Na3BO3 to Na3V2(PO4)3, the relative 

density increased and became a maximum for a 10 wt% addition; however, 5 wt% 

produced the highest ionic conductivity. The ionic conductivity was improved by about 

one order of magnitude compared to the Na3V2(PO4)3 pellets without any addition. 

 Charge-discharge measurements showed that addition of Na3BO3 reduced the 

reversible capacity, but the cycle characteristics were improved; this is a reflection of the 

higher pellet densification by Na3BO3 addition. Optical comparison of the pellets after 

charging revealed that the Na3V2(PO4)3 pellets by themselves underwent deep in-situ 

electrode formation, while Na3V2(PO4)3 pellets with Na3BO3 showed much shallower 

electrode formation. 

 In Chapter 5, a novel eldfellite-type cathode material, NaV(SO4)2, for NIBs was 

studied. This was designed as a cathode material for NIBs, in which the cell voltage was 

lower than that for LIBs, in anticipation of the strong inductive effect of sulphate and the 

multi-step redox reactions of V. It was confirmed that the NaV(SO4)2 electrode material 

had average working potentials of 3.9 and 2.1 V vs. Na/Na+ during the 

desodiation/sodiation and sodiation/desodiation processes, respectively; and a reversible 

capacity of about one electron was obtained by operating over a wide potential range. 
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 An ex-situ X-ray diffraction study suggested that the change in crystal structure 

during charging/discharging occurs due to the coexistence of single-phase and two-phase 

reactions. The oxidation states of NaV(SO4)2 during charging/discharging are affected by 

the reversible redox reactions of V2+/V3+ during the sodiation/desodiation process; 

however, in the desodiation/sodiation process, a contribution of V and O to charge 

compensation was suggested based on consideration of ex-situ XAFS measurements 

using synchrotron radiation. This change in the oxidation states was also supported by 

the density of states and the Bader charge obtained from DFT calculations. 
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