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Preface 

 

The work of this thesis has been carried out under the supervision of Professor Dr. Nobuhito 

Imanaka at Department of Applied Chemistry, Graduate School of Engineering, Osaka University. 

The object of this thesis is to clarify the effects of crystal structure and constituent cations 

including conducting divalent cation on the divalent cation conducting properties in solids. 

The author wishes that the findings and the knowledge obtained in this work will provide useful 

information for further development and design of novel solid electrolytes and that the materials 

would contribute to practical applications. 
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General Introduction 

  

Solid electrolyte is one of the promising candidates for the key component of next-generation 

electrochemical devices such as all-solid state batteries, chemical sensors, and fuel cells because of 

their high chemical and thermal stabilities in addition to high energy density [1-4]. Generally, in the 

solid electrolyte field, it is well accepted that ion migration in solid is strongly influenced by both 

ionic size and valence state of the conducting ion species. As the valence number of the conducting 

ion species increases, the electrostatic interaction with surrounding counter ions becomes stronger. 

Furthermore, the larger the ionic size of conducting ion species is, the harder the migration in the 

rigid crystal structure becomes because most of the solids have dense structure without enough open 

space for migration of bulky ions. As a result, the conduction of ions having large ionic size and/or 

high-valence number are considered to be poor migrant in crystalline solids [5]. Based on this theory, 

many researchers are focusing on ions with small size and low-valence state such as Li+ and H+ which 

are highly expected to migrate smoothly in solid lattice, and many kinds of Li+ or H+ ion conductors 

have been developed. However, due to the steady increase in demand of higher energy density for the 

next-generation batteries which can be applied to energy storage systems and electric vehicles, the 

divalent ion conductors that can theoretically carry twice electron compared to monovalent ion 

conductors if migration rate is the same are getting attention, and the small-size divalent Mg2+ ion is 

focused as a promising candidate for the conducting cation species in solids [6-9]. 

So far, several divalent cations such as Ni2+, Mg2+, Ca2+, Sr2+, Pb2+, and Ba2+ have been 

reported to conduct in some solids with β″-alumina or β-Fe2(SO4)3-type structures [10-14]. However, 

the ion conducting pathway in these crystal structures are layered or distorted three-dimensional 

network one which prohibits smooth ion migration in the crystal, and therefore, the divalent cation 

conductivities of these solids are so low that these solids cannot be applied for the practical use. 
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Although there are some reports on divalent cation (Ca2+, Sr2+, Pb2+, and Ba2+) conduction in well-

ordered three-dimensional network structure of NASICON (Na+ super ionic conductor)-type 

MZr4(PO4)6 (M = Ca2+, Sr2+, Pb2+, Ba2+) solids [14-16], their conductivities were also significantly 

low even having the well-ordered network structure because of the strong electrostatic interaction 

between conducting cations and surrounding anions. These results imply that a new strategy is 

strongly required for developing the practically applicable divalent cation conductors; strict selection 

of both crystal structure and components is necessary for realizing smooth divalent cation conduction 

in solids.  

It has been proposed the strategy for realization of high valent cation conduction in solids by 

the laboratory I belong; both the selection of the crystal structure holding well-ordered large 

conducting pathway for smooth ion migration and the effective reduction of strong electrostatic 

interaction. Based on this strategy, various kinds of trivalent and tetravalent cation conducting solids 

with well-ordered NASICON-type structure, have been reported [17-42]. Furthermore, this strategy 

is effective for the divalent cation conducting solids, and Imanaka research group reported the Mg2+ 

cation conducting (Mg0.1Hf0.9)4/3.8Nb(PO4)3 [9] solid with NASICON-type structure whose divalent 

Mg2+ conductivity was the highest among the Mg2+ cation conductors. The (Mg0.1Hf0.9)4/3.8Nb(PO4)3 

solid contains Hf4+, Nb5+, and P5+ as the higher valent cations in its structure, which is the different 

point from the above mentioned NASICON-type MZr4(PO4)6 (M = Ca2+, Sr2+, Pb2+, Ba2+) solids [14]. 

As mentioned above, the Mg2+ highly-conducting solid have been reported, but the key 

factors for providing the high divalent cation conductivity are not clarified, and further improvement 

of divalent cation conductivity or new divalent cation conductors with high conductivity can be 

expected when this point is made clear. 

The aim of this thesis is to develop novel NASICON-type divalent cation conductor with 

high conductivity, with clarifying the key factors on divalent cation conduction in solids. For this 
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purpose, various kinds of NASICON-type divalent cation conductors and their conducting properties 

were discussed from the view point of constituent cations.  

This thesis consists of the following three chapters. 

 In Chapter 1, the novel Ni2+ cation conductors, (NixHf1−x)4/(4−2x)Nb(PO4)3 solids with 

NASICON-type structure, are described. By selecting Ni2+ cation having smaller ionic radius than 

Mg2+ cation, the divalent cation conductivity was successfully improved. 

 In Chapter 2, the divalent Ca2+ cation conduction in (CaxHf1−x)4/(4−2x)Nb(PO4)3 solids is 

studied. By introducing Ca2+ with electronegativity lower than Mg2+ into the Hf4+ ion site of the 

NASICON-type HfNb(PO4)3 solid, the electrostatic interaction was successfully weakened. 

 Chapter 3 discusses on the effect of the mobile divalent cation species on the ion conducting 

properties in the NASICON-type solids. For discussion, A ratio, ion conductivity, and activation 

energy of the divalent M2+ cation (M = Ni, Mg, Ca, Sr) conductors of the NASICON-type structure 

are described. 
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Chapter 1 

 

Novel Divalent Ni2+ Cation Conductor with NASICON-type Structure 

  

1.1 Introduction 

 

Generally, the ionic radius of the conducting cations affect the ionic conductivity; conducting 

cation species with small ionic radius are easy to migrate in the structure. Actually, the 

(Mg0.1Hf0.9)4/3.8Nb(PO4)3 solid with NASICON-type structure exhibit has been reported to high Mg2+ 

cation conductivity [9]. Therefore, much higher conductivity can be expected by selecting smaller 

divalent cation than Mg2+ as the conducting species. 

In order to develop novel divalent cation conductor with high ionic conductivity, Ni2+ (0.083 

nm [coordination number = 6] [43]) ion having smaller ionic radius than that of Mg2+ (0.086 nm 

[coordination number = 6] [43]) ion was selected as conducting cation species. For comparing the 

divalent ion conductivity of the (Mg0.1Hf0.9)4/3.8Nb(PO4)3 solid, the NASICON-type HfNb(PO4)3 [42] 

was selected as the mother solid and the Ni2+ cation conducting properties in the 

(NixHf1−x)4/(4−2x)Nb(PO4)3 solids were investigated.  

 

1.2 Experimental Procedure 

  

(NixHf1−x)4/(4−2x)Nb(PO4)3 solids were synthesized by a conventional co-precipitation method 

using Ni(NO3)2, HfCl4, NbCl5, and (NH4)2HPO4 as starting materials. (NH4)2HPO4 diluted in 3 N 

HNO3 was added into an ethanol solution dissolved Ni(NO3)2, HfCl4, and NbCl5. The mixed solution 
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was stirred at 130 °C for 24 h to obtain a precipitate, which was collected and dried at 130 °C for 

several hours. The obtained powders were calcined at 600 °C for 6 h, and then the sample powders 

were pelletized and calcined again at 1100 °C for 6 h, 1200 °C for 6 h, and 1300 °C for 6 h under an 

air atmosphere. The synthesized samples were characterized using X-ray powder diffraction (XRD) 

with Cu K radiation (SmartLab, Rigaku), with a step scanning method in the 2 range between 10 

and 40° and a step width of 0.04°. Lattice volumes of the samples were calculated based on the XRD 

peak angles with -Al2O3 powder as an internal standard reference. After identifying the crystal phase 

of the (NixHf1−x)4/(4−2x)Nb(PO4)3 powders, the sample powders were pelletized and sintered at 1300 °C 

for 12 h under an air atmosphere. X-ray photoelectron spectroscopy (XPS; PHI5000 VersaProbe II. 

ULVAC-PHI) was performed using Al Kα radiation. 

Electrical conductivity of the sintered sample pellets was measured with sputtered platinum 

layers formed on the center of each side of the pellet, and the ac conductivity (σac) of the sintered 

sample pellets was measured by means of the complex impedance method in the frequency range 

between 5 and 13M Hz (1260 Impedance/Gain-Phase Analyzer, Solartron) at temperatures ranging 

from 300 to 600 °C, under an air atmosphere. Both ac and dc conductivities were measured at 600 °C 

in various oxygen partial pressures ranging from 10−16 to 105 Pa, which were obtained by regulating 

an O2, Ar, and CO-CO2 gas mixture, to identify the conducting species in the 

(Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid. Dc electrolysis of the (Ni0.06Hf0.94)4/3.88Nb(PO4)3 pellet sandwiched 

by platinum bulk electrodes was carried out by applying a dc voltage of 4 V for 25 days at 650 °C 

under an air atmosphere. After the dc electrolysis, cross-sectional line analysis using energy 

dispersive X-ray spectroscopy (EDX; SSX-550, Shimadzu) was carried out to investigate the 

elemental distribution inside the electrolyzed sample pellet.  

  



7 

 

1.3 Results and Discussion 

 

Figure 1.1 shows the XRD patterns for the (NixHf1−x)4/(4−2x)Nb(PO4)3 (0.03 ≤ x ≤ 0.10) solids 

after calcination at 1300 °C. For all samples, diffraction pattern corresponded to the trigonal 

NASICON-type structure with space group R3̄c was observed, and only the samples with x ≤ 0.06 

were obtained as a single-phase NASICON-type solid. For the samples with x ˃  0.06, impurity phases 

of HfP2O7 and NbPO5 were also formed in addition to the NASICON-type phase. Furthermore, the 

peaks assigned to the NASICON-type phase shifted to higher angles with an increase in Ni content 

(x) up to 0.06, although it is difficult to recognize this peak shift from the figure because of a small 

difference in ionic radius between Ni2+ (0.083 nm [CN = 6] [43]) and Hf4+ (0.085 nm [CN = 6] [43]), 

and due to the relatively low amount of doped Ni2+. 

 

 

Figure 1.1. X-ray diffraction (XRD) patterns of the (NixHf1−x)4/(4−2x)Nb(PO4)3 (0.03 ≤ x ≤ 0.10) solids 

after the calcination at 1300°C.  
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Figure 1.2 displays the compositional dependence of lattice volume of the NASICON-type 

phase for the prepared samples. The lattice volumes of the single-phase samples (x ≤ 0.06) with 

NASICON-type structure were linearly decreased with increasing Ni content (x) because of smaller 

size of Ni2+ cation (0.083 nm [CN = 6] [43]) than that of Hf4+ cation (0.085 nm [CN = 6] [43]). In 

contrast, any significant lattice volume changes were not observed for the multi-phase samples with 

x ˃ 0.06. From this result, it is clear that the small-size Ni2+ ions were successfully substituted the 

Hf4+ cation sites, and that the compositional solid solubility limit was x = 0.06. 

Figure 1.2 also shows the compositional dependencies of the ac conductivity at 600 °C and 

the activation energy for Ni2+ ion conduction (Ni2+ migration is demonstrated afterward.) which was 

estimated from the ac conductivities at temperatures from 300 to 600 °C. Parallel to the lattice volume 

change, the conductivity increased and the activation energy decreased with an increase in Ni content 

(x) up to 0.06. The highest conductivity (2.27×10−4 S·cm−1 at 600 °C) and the lowest activation energy 

(50.0 kJ·mol−1) were obtained for the (Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid with the solid solubility limit 

composition. On the other hand, in multi-phase samples with x ˃ 0.06, conductivity decreased and 

activation energy increased, due to the formation of impurity phases such as HfP2O7 and NbPO5 

which prohibit the Ni2+ conduction between sample grains. 
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Figure 1.2. Compositional dependencies of the lattice volume (●), ac conductivity at 600 °C (○), and 

the activation energy (▲) for the (NixHf1−x)4/(4−2x)Nb(PO4)3 solids. 
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Figure 1.3 depicts the EDX cross-sectional line analysis result for the electrolyzed 

(Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid after applying a dc voltage of 4 V for 25 days at 650 °C in air 

atmosphere. Deposition of Ni was clearly evident at the cathodic surface of the sample pellet, while 

no peaks corresponding to other cation species such as Hf4+, Nb5+, or P5+ were observed, which 

suggests that only Ni2+ migrated from the anodic side to the cathodic surface via the potential gradient. 

 

 

  

 

Figure 1.3. Results of EDX line analysis of the dc electrolyzed (Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid. 
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The XPS spectrum of the area of the Ni 2p core levels for the (Ni0.06Hf0.94)4/3.88Nb(PO4)3 

solid is shown in Figure 1.4. Only the peaks for two Ni 2p core levels, Ni 2p1/2 and Ni 2p3/2, were 

observed, at 873.6 eV and 855.5 eV, respectively. These peaks were thus assigned to the divalent Ni2+ 

species. The spectrum of the Ni 2p state also contains two satellite peaks, at 879.5 eV and 861.2 eV 

[44-46]. 

 

 

 

  

 

Figure 1.4. Ni 2p XPS spectrum of the (Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid. 
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Figure 1.5 shows the dc conductivity ratio to ac one (σdc/σac) for the 

(Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid at 600 °C under O2 or Ar atmosphere. The dc conductivity was 

measured by applying a 0.02 V dc voltage which is lower than the decomposition voltage (0.84 V). 

The dc conductivity obtained by applying a low dc voltage provides information about the 

contribution of conducting species. For example, in the case of the oxide anion (O2−) being the 

conducting species, the dc conductivity is almost the same as the ac conductivity under the O2 

atmosphere because the conducting species is continuously supplied from the atmospheric O2. As a 

result, the σdc/σac value remains stable even as time passes. However, under a reducing atmosphere 

(Ar), the dc conductivity decreases drastically with time because such atmosphere cannot supply the 

conducting species (O2−). For electronic conductors, dc conductivity should be the same as ac 

conductivity under any atmosphere because conducting electrons can be supplied from the electrode, 

meaning that the σdc/σac value would be unity under any atmosphere. On the other hand, for cation-

conducting solids, the conducting species cannot be supplied from the atmosphere, nor the electrode 

if irreversible electrodes such as Pt are used. Therefore, the σdc/σac ratio reduces drastically over time. 

The σdc/σac ratio for the (Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid was reduced just after the dc 

conductivity measurement and the value decreased below 0.01 after 30 min under both O2 and Ar 

atmospheres. This phenomenon strongly suggests that the conducting species in the 

(Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid is neither O2− ion nor electrons, but cations. Moreover, the cationic 

transference number (tcation) of the (Ni0.06Hf0.94)4/3.88Nb(PO4)3 sample can be estimated to be 0.99 from 

the equation, tcation = 1 − (σdc/σac), because the σdc/σac value for the cation conductor indicates the 

contribution of species other than cations to the conductivity [47]. 
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Figure 1.6 shows the temperature dependence of the divalent cation conductivity for the 

NASICON-type (Ni0.06Hf0.94)4/3.88Nb(PO4)3 and (Mg0.1Hf0.9)4/3.8Nb(PO4)3 [9] solids with the 

corresponding data for the Zr4(PO4)6 (M = Ni, Ca, Sr, Ba) [14] solids. The 

(Ni0.06Hf0.94)4/3.88Nb(PO4)3 (50 kJ mol−1) solid exhibited higher cation conductivity and lower 

activation energy compared to (Mg0.1Hf0.9)4/3.8Nb(PO4)3 (53.8 kJ mol−1) solid, because of the small 

ionic radius of Ni2+ cation (0.083 nm [CN = 6] [43]) than that of Mg2+ cation (0.086 nm [CN = 6] 

[43]), allowing smooth cation migration in the crystal structure. Furthermore, the 

(Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid exhibited higher Ni2+ ion conductivity than β-Fe2(SO4)3-type 

NiZr4(PO4)6 solid, and the ion conductivity at 600 °C was about 23 times higher than that of the 

 

Figure 1.5. Time dependencies of the (σdc/σac) ratio for the (Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid in O2 or 

Ar atmosphere. 
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NiZr4(PO4)6 solid. Moreover, the activation energy of Ni2+ cation conduction for the 

(Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid was lower than that of the NiZr4(PO4)6 (123 kJ mol−1) solid. This is 

because the NASICON-type (Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid has the well-ordered three-dimensional 

ion conducting pathway, while the NiZr4(PO4)6 solid holds the distorted -Fe2(SO4)3-type structure. 

In addition, the existence of high-valence cation such as Nb5+ in the structure effectively reduced the 

electrostatic interaction between migrating Ni2+ ions and the surrounding O2− anions. 

 

 

 

 

Figure 1.6. Temperature dependencies of the ac conductivity for the (Ni0.06Hf0.94)4/3.88Nb(PO4)3 (●), 

(Mg0.1Hf0.9)4/3.8Nb(PO4)3 (○), and MZr4(PO4)6 (M = Ca (- ‒), Sr (‒‒), Ba (--), Ni (···)) solids. 
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1.4 Conclusions 

 

In order to develop a divalent cation conductor exhibiting high ion conductivity, 

(NixHf1−x)4/(4−2x)Nb(PO4)3 were synthesized by partially substituting the Hf4+ ion site of the mother 

solid HfNb(PO4)3 with the Ni2+ ion whose ionic radius is smaller than Mg2+. The 

(Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid having the solid solubility limit composition exhibited the highest 

ionic conductivity (2.27×10−4 S·cm−1 at 600 °C) and the lowest activation energy (50 kJ·mol−1) which 

is higher conductivity and lower activation energy than those of preiously reported 

(Mg0.1Hf0.9)4/3.8Nb(PO4)3, due to the smaller ionic radius of conducting species. 
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Chapter 2 

 

Novel Divalent Ca2+ Cation Conductor with NASICON-type Structure 

 

2.1 Introduction 

 

The divalent Ni2+ cation conduction in the NASICON-type (Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid 

was described in Chapter 1, and it was demonstrated that the effectiveness of selection for small 

cation as the conducting species in order to obtain high divalent cation conductivity. On the other 

hand, the ion migration in rigid crystal should also be influenced by the interaction between 

conducting ions and surrounding counter ions. As described in Chapter 1 of this thesis, I proposed 

that the introduction of higher valence cations than the conducting divalent cation was essential to 

improve the divalent cation conduction in solids. However, there is a possibility to reduce the 

electrostatic interaction between conducting divalent cations and surrounding oxide anions by the 

selection of divalent cations with lower electronegativity.  

Among the divalent cations, calcium ion (Ca2+) has relatively low electronegativity of 1.0, 

implying that high Ca2+ ion conduction can be expected by selecting NASICON-type structure 

containing high valence cations such as Hf4+, Nb5+, and P5+, while its ionic radius is large and might 

be not suitable for migration in rigid lattice. Therefore in this chapter, a new Ca2+ conducting 

(CaxHf1−x)4/(4−2x)Nb(PO4)3 solids were developed and their Ca2+ conducting properties were 

investigated.  
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2.2 Experimental Procedure 

  

The (CaxHf1−x)4/(4−2x)Nb(PO4)3 solids were synthesized by the conventional wet 

coprecipitation method with Ca(NO3)2, HfCl4, NbCl5, and (NH4)2HPO4 as starting materials. 

Stoichiometric amount of (NH4)2HPO4 diluted in 3 N nitric acid solution was added dropwise into 

the mixed ethanol solution dissolved Ca(NO3)2, HfCl4, and NbCl5. The mixed solution was stirred 

and dried at 130 °C. The obtained powders were pre-calcined at 600 °C for 6 h, then pelletized and 

calcined at 1100 °C for 6 h. The obtained powders were repeatedly calcined at 1200 °C for 6 h until 

the solid state reaction was completed in air atmosphere. 

X-ray powder diffraction (XRD; SmartLab, Rigaku) was measured with Cu K radiation 

(40 kV, 40 mA) in 2 range between 10 and 40°. The lattice volume of the calcined powders was 

calculated based on XRD peak angles, which was refined by using -Al2O3 powder as an internal 

standard reference. After identification of the crystal phase of the samples, (CaxHf1−x)4/(4−2x)Nb(PO4)3 

powders were pelletized and sintered at 1200 °C for 12 h in air atmosphere. 

The ac conductivity of the sample pellets sputtered with a Pt-layer on the center of both 

surfaces was measured by using a complex impedance method (1260 Impedance/Gain-Phase 

Analyzer, Solartron) in the frequency (5 Hz−13 MHz) at temperatures from 300 to 600 °C under air 

atmosphere. In order to identify the conducting species, both ac and dc conductivities were measured 

at 600 °C in various oxygen partial pressures from 10−17 to 105 Pa for the (Ca0.05Hf0.95)4/3.9Nb(PO4)3 

solid. 

The dc electrolysis was carried out for the sintered (Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid by 

applying a dc voltage higher than the samples decomposition voltage in air atmosphere, and the 

elemental distribution in the electrolyzed pellets was examined by cross-sectional line analysis using 

energy dispersive X-ray spectroscopy (EDX; SSX-550, Shimadzu). 
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2.3 Results and Discussion 

 

Figure 2.1 shows the results of XRD patterns for the (CaxHf1−x)4/(4−2x)Nb(PO4)3 (0.01 ≤ x ≤ 

0.10) solids. The XRD patterns of (CaxHf1−x)4/(4−2x)Nb(PO4)3 solids with x ≤ 0.05 showed single phase 

NASICON-type structure with space group R3̄c, while solids with x ˃ 0.05 observed additional 

impurity phase of NbPO5 together with the NASICON-type phase. From the XRD peak angles, the 

lattice volume of the NASICON-type phase was calculated and the compositional dependence of the 

lattice volume is presented in Figure 2.2. The lattice volume of the NASICON-type phase for the 

single-phase samples (x ≤ 0.05) increased with increasing Ca content (x) because of large ionic radius 

of Ca2+ cation (0.114 nm [CN = 6] [43]) than that of Hf4+ cation (0.085 nm [CN = 6] [43]). On the 

other hand, further increase of lattice volume was not observed in the compositional range where the 

impurity phase appeared. This result strongly indicates that the Ca2+ cations partially substitute the 

Hf4+ sites into the HfNb(PO4)3 solid for the samples with x ≤ 0.05.  

Figure 2.2 also depicts the compositional dependence of the ac conductivity for the samples 

with x ≤ 0.10. Parallel to the lattice volume change, the conductivity monotonically increased with 

the Ca2+ content (x) up to x = 0.05, due to the increase of conducting Ca2+ amount in the solid. 

However, in the multi-phase region, the conductivity decreased, which was caused by the formation 

of insulating materials of NbPO5. This result also indicates that the solid solubility composition of 

the (CaxHf1−x)4/(4−2x)Nb(PO4)3 solids of NASICON-type structure was x = 0.05. 
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Figure 2.1. XRD patterns of the (CaxHf1−x)4/(4−2x)Nb(PO4)3 solids calcined at 1200 °C. 

 

Figure 2.2. Compositional dependencies of the lattice volume (○) and the ac conductivity (●) of the 

(CaxHf1−x)4/(4−2x)Nb(PO4)3 solids. 
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Figure 2.3 depicts the oxygen partial pressure dependence of the ac conductivity at 600 °C for 

the (Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid. In the case of metal oxides, oxygen species in the solid is 

generally released in the atmosphere with low oxygen partial pressure, generating the n-type electron 

conducting nature in the metal oxides. On the other hand, at high oxygen partial pressure, p-type hole 

conducting nature appears due to the oxidation of metal cation. Moreover, in the oxygen partial 

pressure region where ion conduction is dominant in solids, it is known that conductivity maintains 

without influence of oxygen partial pressure change. The (Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid exhibited a 

constant electrical conductivity at the oxygen partial pressure range between 10−8 and 105 Pa, meaning 

that there is no possibility of electronic species (electron and hole) conduction in the sample in such 

wide oxygen partial pressure range. The σdc / σac conductivity ratio rapidly decreased with time and 

the value reached below 0.01 after 30 minutes under both Ar and O2 atmospheres, which suggests 

that the cation transference number was over 0.99. From these results, the conducting species in the 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid are found to be the constituent cations (Ca2+, Hf4+, Nb5+, and P5+).  

 

 

Figure 2.3. Relationship between the ac conductivity and the oxygen partial pressure for the 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid at 600 °C. 
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For the direct identification of Ca2+ cation migration in the (Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid, 

dc electrolysis was carried out by applying 4 V dc voltage, which is higher than the decomposition 

voltage (ca. 1.1 V), to the sintered pellet at 650 °C for 14 days. By applying a dc voltage for the 

sample, only the conducting cations species should migrate to cathodic direction according to the 

potential gradient. Figure 2.4 depicts the EDX cross-sectional line analysis result of the 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid after the dc electrolysis. Deposition of Ca was clearly segregated at 

the cathodic surface of the sample pellet, while such deposition was not observed at the cathodic 

surface or inside of the sample pellet for other cation species such as Hf4+, Nb5+, or P5+. This result 

clearly demonstrates the fact that only divalent Ca2+ ions conduct in the solid. 

 

 

  

 

Figure 2.4. Results of EDX line analysis of the dc electrolyzed (Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid. 
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Figure 2.5 shows the temperature dependencies of the divalent cation conductivity for the 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 and (Mg0.05Hf0.95)4/3.9Nb(PO4)3 solids with corresponding data for the 

NASICON-type CaZr4(PO4)6 solid. The conductivity of the (Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid was ca. 

1000 times higher than that of the CaZr4(PO4)6 solid at 600 °C. Moreover, the activation energy for 

Ca2+ ion conduction in the (Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid (55.80 kJ·mol−1) is lower than that of the 

CaZr4(PO4)6 solid (146.0 kJ·mol−1). These results are due to the effective reduction of electrostatic 

interaction of Ca2+. While the CaZr4(PO4)6 solid contains two kinds of high valent cation (Zr4+ and 

P5+), the (Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid is composed of three kinds of high valent cation (Nb5+ in 

addition to Hf4+, P5+). The presence of high valent Nb5+ cation in the lattice which effectively reduced 

the electrostatic interaction, allowing smooth migration of the Ca2+ cation in the solid. Furthermore, 

despite the ionic radius of Ca2+ (0.114 nm [coordination number = 6] [43]) is larger than Mg2+ (0.086 

nm [coordination number = 6] [43]), the ionic conductivity and activation energy of 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 (5.21 × 10−5 S·cm−1, 55.80 kJ·mol−1) and (Mg0.05Hf0.95)4/3.9Nb(PO4)3 (6.04 

× 10−5 S·cm−1, 55.76 kJ·mol−1) solids exhibited similar values. Since the electronegativity of calcium 

ion (Ca2+, 1.00) is smaller than that of magnesium ion (Mg2+, 1.31), electrostatic interaction of 

Ca2+−O2− bonding is weaker than Mg2+−O2− bonding in the structures. In other words, the weak 

electrostatic interaction of the Ca2+−O2− bonding has made it easier for Ca2+ ion to migrate in the 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid.  
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2.4 Conclusions 

 

A new NASICON-type divalent Ca2+ cation conductor, (Ca0.05Hf0.95)4/3.9Nb(PO4)3, was 

successfully synthesized by introducing Ca2+, which has the lower electronegativity than Mg2+, into 

the Hf4+ ion sites of the HfNb(PO4)3 solid. Although ionic radius of Ca2+ cation is larger than Mg2+ 

cation, the (Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid ion conductivity and activation energy exhibited similar 

results with the (Mg0.05Hf0.95)4/3.9Nb(PO4)3 solid, due to the weaker electrostatic interaction than that 

of Mg2+−O2− bonding. 

 

Figure 2.5. Temperature dependencies of the ion conductivity for the (M0.05Hf0.95)4/3.9Nb(PO4)3 (M 

= Ca, Mg) and CaZr4(PO4)6 solids. 
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Chapter 3 

 

Effect of the Conducting Divalent Ion Species on the Ion Conducting in 

Solid Electrolytes with NASICON-type Structure 

 

3.1 Introduction 

 

In order to clarify the effect of migrating divalent cation species on the ion conducting 

properties, it is necessary to compare the conducting characteristics of various divalent cation 

conductors. The divalent cation conductors described in Chapters 1 and 2 and previous reports, are 

obtained by the partial substitution of the Hf4+ ion sites in the HfNb(PO4)3 solid with the lower-

valence M2+ (M = Ni, Mg [9], Ca) ion with the strategy of changing the conducting ion species from 

the high-valence Hf4+ ion to the lower-valence M2+ ion.  

In this chapter, I prepared the Sr2+ and Ba2+ ion conductors with the NASICON-type 

structure in addition to Ni2+, Mg2+ and Ca2+ ion conductors for investigating the relationship between 

the M2+ cation conductivity and the ionic size of migrating divalent cation species for the 

(M0.05Hf0.95)4/3.9Nb(PO4)3 (M = Ni, Mg, Ca, Sr, Ba) solids. 

 

3.2 Experimental Procedure 

  

(MxHf1−x)4/(4−2x)Nb(PO4)3 (M = Sr, Ba) solids were synthesized by the conventional wet 

coprecipitation method using Sr(NO3)2, Ba(NO3)2, HfCl4, NbCl5, and (NH4)2HPO4. (NH4)2HPO4 was 

added into an ethanol solution containing stoichiometric amount of M(NO3)2 (M = Sr, Ba), HfCl4, 
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and NbCl5. After stirring and drying at 130 °C, the obtained powder was pre-calcined at 600 °C for 6 

h, and then calcined at 1100–1350 °C for 6 h in the air atmosphere. 

Crystal structure of the calcined samples was identified by X-ray powder diffraction (XRD; 

SmartLab, Rigaku) measurement using Cu-Kα radiation (40 kV, 40 mA). The lattice volume of the 

calcined samples was calculated from the XRD peak angles, which were refined using -Al2O3 as an 

internal standard. After identifying the crystal phase of the sample powders, the powders were 

pelletized and sintered at 1200–1350 °C for 12 h in air atmosphere. 

The ac conductivity (σac) of the sintered pellet was measured by complex impedance method 

(1260 Impedance/Gain-Phase Analyzer, Solartron) at temperatures between 300 °C and 600 °C in the 

air atmosphere. In order to identify the conducting species for the sample pellets, ac and dc 

conductivities were measured at 600 °C in various oxygen partial pressure conditions from 10−17 to 

105 Pa, which were regulated by O2, Ar, CO−CO2 mixture gas, and air. The cation transference 

number was calculated from the equation of {1 − (σdc/σac)}.  

The dc electrolysis of sintered pellets was carried out by applying dc voltage higher than the 

decomposition voltage, and then the elemental distribution in the electrolyzed sample pellets was 

observed by cross-sectional line analysis using energy dispersive X-ray spectroscopy (EDX; SSX-

550, Shimadzu).  
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3.3 Results and Discussion 

 

3.3.1. (SrxHf1−x)4/(4−2x)Nb(PO4)3 (0.01 ≤ x ≤ 0.10) solids 

From the XRD measurement of the (SrxHf1−x)4/(4−2x)Nb(PO4)3 (0.01 ≤ x ≤ 0.10) solids, the 

single-phase of NASICON-type structure was obtained for the samples with x ≤ 0.05 (Figure 3.1). 

Figure 3.2 shows the compositional dependencies of the lattice volume and the ac conductivity of the 

(SrxHf1−x)4/(4−2x)Nb(PO4)3 (0.01 ≤ x ≤ 0.10) solids calcined at 1200 °C. The lattice volume of the 

single-phase samples increased up to x = 0.05, because Sr2+ (0.132 nm, [CN=6] [43]) is larger than 

that of Hf4+ cation (0.085 nm, [CN=6] [43]). This result indicates that the solid solubility limit 

composition of the (SrxHf1−x)4/(4−2x)Nb(PO4)3 solids is x = 0.05. In addition, the Sr2+ cation 

conductivity was increased with the Sr2+ cation content up to the solubility limit compositions.  

 

 

 

Figure 3.1. XRD patterns of (SrxHf1−x)4/(4−2x)Nb(PO4)3 solids. 
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Figure 3.3 depicts the result of EDX line analysis for the electrolyzed pellet after applying a 

dc voltage of 5 V for 7 days at 600 °C. Only Sr was clearly segregated at the cathodic surface of the 

sample pellet, which indicates that only Sr2+ ions migrated inside the (Sr0.05Hf0.95)4/3.9Nb(PO4)3 solid. 

Furthermore, the cation transference number estimated from the σdc / σac conductivity ratio was higher 

than 0.99. From these results, it was demonstrated that the (Sr0.05Hf0.95)4/3.9Nb(PO4)3 solid is a Sr2+ 

cation conductor. 

  

 

Figure 3.2. Compositional dependencies of the lattice volume (○) and the ac conductivity at 600 °C 

(●) of the (SrxHf1−x)4/(4−2x)Nb(PO4)3 solids. 
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3.3.2. (BaxHf1−x)4/(4−2x)Nb(PO4)3 (0.01 ≤ x ≤ 0.05) solids 

Figure 3.4 shows XRD patterns of the (BaxHf1−x)4/(4−2x)Nb(PO4)3 (0.01 ≤ x ≤ 0.05) solids. In 

the case for the (BaxHf1−x)4/(4−2x)Nb(PO4)3 samples, the single-phase NASICON-type solids were not 

obtained for all composition studied due to too large ionic radius (0.149 nm, [43]) of Ba2+. 

 

 

 

 

 

Figure 3.3. Results of EDX line analysis for the electrolyzed (Sr0.05Hf0.95)4/3.9Nb(PO4)3 solid. 

 (●) of the (SrxHf1−x)4/(4−2x)Nb(PO4)3 solids. 
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3.3.3. Comparison of (MxHf1−x)4/(4−2x)Nb(PO4)3 solids (M = Ni, Mg, Ca, Sr) 

Figure 3.5 depicts the temperature dependence of divalent cation conductivity for the 

(Ni0.06Hf0.94)4/3.88Nb(PO4)3, (Mg0.1Hf0.9)4/3.8Nb(PO4)3, (Ca0.05Hf0.95)4/3.9Nb(PO4)3, and 

(Sr0.05Hf0.95)4/3.9Nb(PO4)3 solids which are the solids with the solid solubility composition with the 

corresponding data for the MZr4(PO4)6 (M = Ni, Mg, Ca, Sr) solids. The divalent M2+ ion 

conductivities of the (Ni0.06Hf0.94)4/3.88Nb(PO4)3, (Mg0.1Hf0.9)4/3.8Nb(PO4)3, (Ca0.05Hf0.95)4/3.9Nb(PO4)3, 

and (Sr0.05Hf0.95)4/3.9Nb(PO4)3 solids are extraordinarily higher than those of the MZr4(PO4)6 (M = Ni, 

Mg, Ca, Sr) solids at 600 °C. This is due to synthesized samples having the well-ordered three-

dimensional NASICON-type structure with small structural distortion. In addition, the existence of 

various kinds of high valence cations (Hf4+, Nb5+, P5+) in the structure effectively reduced the 

electrostatic interaction between the migrating M2+ cations and surrounding O2− anions. 

 

Figure 3.4. XRD patterns of (BaxHf1−x)4/(4−2x)Nb(PO4)3 solids. 
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The ion conduction in solids is also influenced by the crystallinity of the sample, which is 

an important factor especially for such well-ordered three-dimensional network structure. The 

distortion of the crystal structure causes the deterioration of conducting pathway and consequently 

makes it difficult for ion to migrate. Since the crystallinity of the sample is strongly dependent on the 

sintering temperature, I have to satisfy the sintering condition for discussing the relationship between 

the cation conduction and the ionic size of conducting cation species. The described M2+ cation 

conductivities of the (Ni0.06Hf0.94)4/3.88Nb(PO4)3, (Mg0.1Hf0.9)4/3.8Nb(PO4)3, (Ca0.05Hf0.95)4/3.9Nb(PO4)3, 

and (Sr0.05Hf0.95)4/3.9Nb(PO4)3 solids were the samples with solid solubility composition and sintered 

at optimum temperature; i.e. 1300 °C for Ni and Mg, 1200 °C for Ca and Sr. In the case for the Ca 

 

Figure 3.5. Temperature dependence of the ac conductivity for the (Ni0.06Hf0.94)4/3.88Nb(PO4)3, 

(Mg0.1Hf0.9)4/3.8Nb(PO4)3, (Ca0.05Hf0.95)4/3.9Nb(PO4)3, (Sr0.05Hf0.95)4/3.9Nb(PO4)3, and MZr4(PO4)6 (M 

= Ni, Mg, Ca, Sr) solids. 
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and Sr samples, when the calcination temperature rises higher than 1200 °C, the impurity phase of 

NbPO5 appeared in addition to the NASICON-type solid due to the sample decomposition. Therefore, 

since it is essential to compare the conductivity of the solids with the same M2+ cation concentration 

and sintering temperature for discussing the effect of ionic size of conducting M2+ on the conducting 

properties in NASICON-type solids, I compared the conducting properties of the 

(M0.05Hf0.95)4/3.9Nb(PO4)3 (M = Ni, Mg, Ca, Sr) solids, whose composition was within the solid 

solubility one for all systems, sintered at 1200 °C. Furthermore, I introduced a concept of the relative 

volume ratio of the divalent cation to lattice (A ratio = Vion / Vlattice) [41, 48, 49] which should refer to 

the relative size of conducting ion species to the conducting pathway.  

Figure 3.6 depicts the M2+ ionic radius dependencies of the A ratio, ion conductivity at 600 °C, 

and activation energy for M2+ migration. The A ratio is linearly increased with increase of M2+ ionic 

radius, meaning that there is no proportional relation between the expansion degrees of lattice volume 

and conducting ion volume. In other words, the sample with smaller divalent M2+ cation has relatively 

large conducting pathway in its structure. Since the large conducting pathway is effective for smooth 

ion migration, a monotonous decrease in conductivity was observed with increasing the ionic radius 

of M2+ ion, which is opposite tendency of A ratio change. The M2+ conductivity at 600 °C and the 

activation energy of the (M0.05Hf0.95)4/3.9Nb(PO4)3 (M = Ni, Mg, Ca, Sr) solids are listed in Table 3.1. 

Although the difference in activation energy for the samples with M = Mg and Ca was small, a clear 

order was recognized. If the ion conduction of the crystal lattice is influenced only by the relationship 

between ionic size and lattice volume (A ratio) of the conducting species, ion conductivity and 

activation energy for the sample with Ca2+ are expected to be more low and high, respectively. As 

mentioned in the Chapter 2, higher Ca2+ conducting property compared was caused by a weak 

electrostatic interaction between Ca2+ and surrounding O2− ions in the structure. Generally, ionic-

bonding is weaker than covalent-bonding in solid materials. Since the electronegativity of calcium 

ion (Ca2+, 1.00) is smaller than that of magnesium ion (Mg2+, 1.31), covalency of Ca–O bonding is 
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small compared to Mg–O bonding. In other words, the interaction of Ca–O bonding is weaker than 

Mg–O bonding in solid. Therefore, Ca2+ ions can smoothly migrate in the (Ca0.05Hf0.95)4/3.9Nb(PO4)3 

solid. 

 

 

 

 

 

 

Figure 3.9. The ionic radius of M2+ dependencies of the A ratio, the ion conductivity and the 

activation energy. 
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3.4 Conclusions 

 

I have additionally synthesized the divalent M2+ cation conducting solid electrolytes of the 

(SrxHf1−x)4/(4−2x)Nb(PO4)3 solids with NASICON-type structures for discussing the divalent cation 

conduction in NASICON-type (MxHf1−x)4/(4−2x)Nb(PO4)3 (M = Ni, Mg, Ca, Sr) solids.  

From the investigation of the ion conducting properties in the NASICON-type 

(M0.05Hf0.95)4/3.9Nb(PO4)3 (M = Ni, Mg, Ca, Sr) solids, it was found that the conducting property is 

mainly influenced by the relative size of the conduction pathway, and also by the electronegativity of 

conducting species from the comparison of the (Mg0.05Hf0.95)4/3.9Nb(PO4)3 and 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 solids. 

  

 

 

Table 3.1. Conductivity and activation energy of the (M0.05Hf0.95)4/3.9Nb(PO4)3 (M = Ni, Mg, Ca, Sr) 

solids 

Sample 
Conductivity 

S / cm 

Activation energy 

kJ / mol 

(Ni0.05Hf0.95)4/3.9Nb(PO4)3  6.96 × 10−5 55.56 

(Mg0.05Hf0.95)4/3.9Nb(PO4)3 6.04 × 10−5 55.76 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 5.21 × 10−5 55.80 

(Sr0.05Hf0.95)4/3.9Nb(PO4)3 3.37 × 10−5 56.36 
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Summary 

 

In the study of this thesis, new divalent cation conductors with high conductivity were 

developed, and the key factors which determine the divalent cation conduction were clarified. For 

this purpose, various kinds of NASICON-type divalent cation conductors were synthesized and their 

conducting properties were discussed from the view point of constituent cations.  

The results and conclusions obtained through this work are summarized as follows: 

 

Chapter 1 

 

For achieving high conductivity at moderate temperatures, Ni2+ cations having a smaller 

ionic radius than that of Mg2+ cations were introduced into the Hf4+ ion sites of the HfNb(PO4)3 solid. 

The introduction of Ni2+ cation into the HfNb(PO4)3 solid effectively reduced the activation energy 

and enhanced the ion conductivity due to the small ionic radius of Ni2+ and the existence of high-

valence cations. The (Ni0.06Hf0.94)4/3.88Nb(PO4)3 solid showed the lowest activation energy and the 

highest Ni2+ cation conductivity at 600°C. 

 

Chapter 2 

 

A new divalent Ca2+ ion conductor with high ion conductivity, NASICON-type 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid, was successfully developed. The ion conductivity of the 

(Ca0.05Hf0.95)4/3.9Nb(PO4)3 solid was about 1000 times higher than that of the CaZr4(PO4)6 solid 

previously reported. From the results obtained in this study, it was found that high ion conduction can 

be obtained by the selection of divalent cation with small electronegativity as the conducting species. 
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Chapter 3 

 

For discussing the effect of the ionic size of the conducting divalent cation species on the 

ion conduction in NASICON-type structure, I compared the conducting properties of the 

(M0.05Hf0.95)4/3.9Nb(PO4)3 (M = Ni, Mg, Ca, Sr) solids, which possess the same constituent ions except 

for the conducting cation species. As a result, it was clear that the conducting properties were mainly 

influenced by the relative size of the conduction pathway in the NASICON-type structure. In addition, 

the electronegativity of conducting species also affected the divalent cation conductivity. 
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