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Fig. 1 1 Structure of mica. 
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1. 2 ,  
1. 2. 1  

8)  

XY2~3Z4O10(OH,F)2 

X K+, Na+, Ca2+ , Y Al3+, Fe3+, Fe2+, 

Mg2+ , Z Si4+, Al3+

OH
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Si4+ Al3+

K+

KTA: KMg2LiSi4O10F2

Si4+

Mg2+ Li+

K+

KTSM: KMg2.5Si4O10F2 KTA

Mg2+

 

3 2

Fig.1-2 1) 3

3 3 2

1 2 KFP Mg2+ 3

KTA 3 2 Mg2+ 1

Li+ 3 KTSM 3 2.5



- 4 - 
 

Mg2+ 0.5 2

3  

 

Fig.1-2 Structure of octahedral sheet. 1) 

 

1. 2. 2  
1 1.2.1 , 

Fig. 1-3 a b, 

c∙sinβ, α ψ Kitajima 9 11)

Si4+ Ge4+ , Al3+ Ga3+

Fig. 1-3 (a) (b) b, c∙sinβ α

Fig. 1-3 (c) ψ
10) Kitajima 12, 13) KTA KTSM

Mg2+ Ni2+ Co2+ Ni Co

a b

Ni Co Ni2+ Co2+
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c Ni

a b Co a

b Fig. 1-3 (c) ψ

c Mariychuk 14) Fe2+

Cs+ Cs[Fe2Li]o[Si4]tO10F2 Fe

Fe

Cs+ Cs0.6[Mg2.4Li0.6]o[Si4]tO10F2 a b

Fe2+

c

Fe a b ditrigonal hole Cs+
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, ditrigonal hole

ditrigonal hole

 

 
Fig. 1-3 Relationship between mica crystal and structural parameters. a, b: lattice constant, c∙sinβ: 

basal spacing, α: tetrahedral rotation angle, and ψ: octahedral flattening angle. 

 

1. 2. 3 Na  
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Si4+ Al3+
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NH4
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Sondi 23) Vdović 24)

Na
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Ob F-

 

 

Fig. 1-4 Schematic illustration of ion-exchange and protonation of Na-mica. 
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2. 1  
1 Na+ Na

Na+ Na Na
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, Na+ Na

 

Na Na NTA: NaMg2LiSi4O10F2 , Na

NTSM: NaMg2.5Si4O10F2 Na NFP: NaMg3AlSi3O10F2

NTA NTSM

NFP

Na+

NTA NFP

NTSM Na+

 

3 Na NTA NTSM

NFP Na

2  

Na Na+ Na

 

Na Na + Na  

 

 

2. 2   
2. 2. 1 Na  

Na , NTA NaMg2LiSi4O10F2 , NTSM NaMg2.5Si4O10F2 NFP

NaMg3AlSi3O10F2 , NaF 99.0%, , LiF

98.0%, , MgF 98.0%, , MgO 98.0%, , Al2O3

 SiO2 2

10

60 24h NTA
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NTSM 1450 5 /min

5 /min 950 NFP

1350 2h

100mesh NTA, NTSM NFP

TA, TSM FP  

 

2. 2. 2 Na  
TA TA 30g, 

3 mm 800g 150 ml YTZ , 700ml, 

120rpm 48h

100 mesh TA

TA BTA  

 

2. 2. 3 Na  
TA, TSM, FP BTA 200MPa

4 mm 3.5 mm 25 mm 150 24h

700 1h 700°C 1h

600°C TA, TSM, FP

BTA h-TA, h-TSM, h-FP h-BTA

 

 

2. 2. 4 Na  
TA, TSM, FP, BTA, h-TA, h-TSM, h-FP h-BTA X XRD

X , , , 

CuKα, 30 kV, 15 mA, 4 70 2 /min b

c sinβ Si

b c sinβ (003) (060)

d003 d060 d003 d060 2θ

25 30 55.5 63 0.2 /min  

Fourier transform 

infrared spectrometer: FT-IR X X-ray photoelectron spectroscopy: 

XPS FT-IR 40 , 4 cm-1, 

700 1200 cm-1 XPS 55 eV

C 1s  

Na+ Na+ 23Na

magic angle spinning nuclear magnetic resonance : MAS NMR
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4 mm 10 

kHz 132.29 MHz, P 1  2.00 μs, 

D 1 5.0 s, 512 , NaCl 7.21 ppm  

h-TA, h-TSM, h-FP h-BTA

400 600

 

 

2. 3  
2. 3. 1  

XRD Fig. 2-1 XRD

150 24h TA FP XRD Na

TSM XRD

Na α-

BTA TA

 

 

 

Fig. 2-1 XRD patterns of (a) TA and h-TA, (b) BTA and h-BTA, (c) TSM and h-TSM, and (d) FP 

and h-FP. (●): dehydrated mica, (▲): hydrated mica, (♦): richterite and the ( ): α-cristobalite. 
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b

c·sinβ Fig. 2-2 Na ditrigonal hole

Fig. 2-3 ”ditrigonal hole” 6 6

”hexagonal” ”ditrigonal” 1)

Fig. 2-3 (b) α Toraya 2)

KTSM: KMg2.5Si4O10F2 α 1.42°

Na α K+ α
3) TSM 6 ditrigonal hole TA

FP α Kitajima 3)

3.9° 8.5° Na 6

hexagonal hole ditrigonal hole Fig. 2-2

TA BTA b c·sinβ NTA 4)

TA BTA b c·sinβ KTA: 

KMg2LiSi4O10F2 b c·sinβ4-6) TA

BTA NTA NFP FP b

c·sinβ KFP: KMg3AlSi3O10F2 b c·sinβ 4, 7)

FP b KFP FP c·sinβ KFP

NTA FP

K+ Na+ FP NFP

TSM c·sinβ NTSM 4)

TSM b NTSM 4) 2 2.3.2

TSM Na+

TSM Na+ Kitajima 4)

NTSM Na+

TSM b NTSM 4)

NTSM Na+

NTSM Na+

TSM b Kitajima 4)

NTSM b TSM c∙sinβ

NTSM 4)  

700 TSM b FP b c·sinβ TA

BTA b c·sinβ TSM c·sinβ

TSM c·sinβ 2 2.3.2 TSM
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Na+ b

c·sinβ FT-IR  

 

Fig. 2-2 The relation between lattice constant b and basal spacing (c sinβ) of the micas in prepared 

specimens and the micas reported by Kitajima et al. (1975)a), Traya et al. (1977)b), Kitajima et al. 

(1991)c), Traya et al. (1977)d), Lyng et al. (1970)e), and JCPDS card No.16-344f). 

 

 

Fig. 2-3 Schematic illustrations of (a) Na-mica structure and (b) ditrigonal hole of mica. 

 

FT-IR Fig. 2-4 1100 cm-1

985 cm-1 (Si2O5)n Si-Oa

Si-Ob
6, 8-10) TA

1112 cm-1 975 cm-1 (Si2O5)n
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Toraya 6)

Kitajima 10)

Si-Oa Si-Ob

Oa F-

TA

Si-Oa Si-Ob

TA Si-O

TSM

1088 cm-1 989 cm-1 TA

Kitajima 5)

2 2.3.2

TSM Na+

TSM

TA Kitajima
5)

Oa Ob

Si-Oa Si-Ob

5, 10)

FP 1000 cm-1  

700 TA

Si-Oa Si-Ob TA

h-TA IR TA Si-Oa Si-Ob

Si-Oa Oa Ob

Oa Ob Oa Ob

Si-Ob Oa-Si-Ob Fig. 2-3 (a) σ

Ob-Ob TA b c·sinβ

BTA

BTA TA

h-BTA b h-TA

Fig. 2-4 FT-IR spectra of (a) TA, (b) 

h-TA, (c) BTA, (d) h-BTA, (e) TSM, 

(f) h-TSM, (g) FP and (h) h-FP. 
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TSM TSM

TSM Na+

TSM b c·sinβ

c·sinβ b

Na+ ψ Fig. 1-3 (c)

FP 1000 cm-1

FP

FP b c∙sinβ  

 

2. 3. 2 Na Na+  
23Na MAS NMR Fig. 2-5 TA, BTA, TSM

FP h-TA, h-BTA, h-TSM h-FP 2 2.2.3

 700

NMR NMR (i) 38 ppm, (ii)  -5 ~ -10 ppm, (iii)  

-20 ppm (iv)  -27 ppm  4 (i) 38 ppm, (ii)

 -5 ~ -10 ppm (iii)  -20 ppm Na+ 11) Fig. 

2-6 (a) , Na+ 12) Fig. 2-6 (b) Ob

Na+ 12, 13) Fig. 2-6 (c) Fig. 2-6 (c) Na+

ditrigonal hole Fig. 2-6 (c) Na+

ditrigonal hole Casal 14) Perdigón

15)  -27 ppm Na+

Casal 14) 23Na MAS NMR  -21.6 

ppm  -29.1 ppm Na+

FP h-FP NMR -20 ppm

 -27 ppm TA  -

20 ppm  -27 ppm Na+

NTA

TA Oa F- Ob ditrigonal hole

F- Na+ Ob

Na+ Fig. 2-6 (c) ditrigonal hole

 -27 ppm Fig. 2-6 (d) ditrigonal hole

Na+  -27 ppm

TA ditrigonal hole

Na+ F- TA

F- Mg2+ Li+ 3

Mg2+ Li+ 2:1 TA
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F-

F-

Mg2+: Li+ = 

1:2 0:3 F-

Mg2+: Li+ = 2:1  

-27 ppm

Mg2+: Li+ = 3:0 F-

 -27 ppm

TA NMR

27 ppm

 -20 ppm

 -27 ppm

Mg2+: Li+ = 3:0

F-

F-

ditrigonal hole

Na+

 

Na+

 

NTA TA BTA

Na+ Fig. 2-6 (b) , Ob

Na+ Fig. 2-6 (c)

ditrigonal hole Na+ 3 Na+

Fig. 2-6 (b) Na+ h-TA h-BTA Fig. 2-6 (b) 

Na+ Fig. 2-6 (c)

(d) Na+  

NTSM TSM Na+ Fig. 2-6 (a)

Na+ Fig. 2-6 (b) Ob Na+

Fig. 2-6 (c) ditrigonal hole Na+

TSM XRD Fig. 2-1 (c)

Na+ 23Na MAS NMR -23 ppm
16) TSM -20 ppm

Fig. 2-5 23Na MAS NMR spectra of (a) 

TA, (b) h-TA, (c) BTA, (d) h-BTA, (e) 

TSM, (f) h-TSM, (g) FP and (h) h-FP. 
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Fig. 2-6 (c) Na+ TSM Na+

h-TSM Fig. 2-6 (b) Na+ Fig. 2-6 (c)

Na+  

NFP FP Na+ Fig. 2-6 (b) Ob

Na+ Fig. 2-6 (c) NFP SiO4 AlO4

FP Na+ AlO4

Fig. 2-6 (b) Na+ Fig. 2-

6 (c) Na+  

 

Fig. 2-6 Schematic illustrations of mica with Na+ ions corresponded to the peaks of (a) 

approximately 38 ppm, (b) approximately -5 ~ -10 ppm, (c) approximately -20 ppm and (d) 

approximately -27 ppm in 23Na MAS NMR spectra of micas. 

 

Na 1s F 1s XPS Fig. 2-7

Fig. 2-8 BTA h-BTA XPS TA h-TA

Soma 17)

Na 1s NTSM XPS 1073.4 eV 1070.9 eV

Na+

TA TSM Na 1s 1073.6 eV 1073.4 eV

Na+ Fig. 2-6 (b) (c) TSM Na 1s
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1070.9 eV Na+ Fig. 2-6 (a)

TA ditrigonal hole Na+ Fig. 2-6 (d)

6 Ob F

Na+ Fig. 2-6 (b) (c)

TA  Na 1s 1071.8 eV ditrigonal hole Na+

Fig. 2-6 (d) FP Ob TA

TSM Ob Na+ Fig. 2-6 (b) (c)

TA TSM Na+

FP Fig. 2-6 (b) (c) Na+

Na 1s TA TSM Fig. 2-6 (b) (c) Na+ Na 

1s 1073.6 eV 1073.4 eV 1072.8 eV

h-TA NMR Na+ Na 1s

XPS h-TSM TSM

1073.4 eV 1070.9 eV

TSM Na+ 23Na MAS 

NMR  

F 1s XPS TA

TSM FP TA

F Na+ -F F-

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-7. XPS spectra for Na 1s of (a) TA, 

(b) h-TA, (c) TSM, (d) h-TSM, (e) FP and 

(f) h-FP. 

Fig. 2-8. XPS spectra for F 1s of (a) TA, 

(b) h-TA, (c) TSM, (d) h-TSM, (e) FP and 

(f) h-FP. 
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2. 3. 3 Na  
h-TA, h-TSM, h-FP h-

BTA 1/T ln(σT)

σ : 

, T: Fig. 2-9

400, 500

600

, 

Table 2-1

h-TA, h-TSM h-FP

600

6.61 10-4 S/cm, 2.26

10-7 S/cm 1.08 10-7 S/m

Na+

Fig. 2-6 (a)

Na+ 17)

Na+ Fig. 2-6 (b) 400 600

Ob Na+ Fig. 2-6 

(c) Na-Ob

ditrigona hole Na+ Fig. 2-6 (d) F

Na-F Na-

Ob Fig. 2-6 

(d) Na+ h-TA h-

FP

h-TA h-FP 1.1 1.3 eV

Na+

1.02 1.18 eV 18) h-

TA Oa F-

h-FP Oa Ob

h-TA h-FP

h-TA h-FP

h-TA Fig. 2-6 (b) (c) Na+ h-FP

h-TA h-FP

h-TSM h-TA h-TSM

Na+

Fig. 2-9 Arrhenius plots of h-TA (●), h-BTA (○), h-

TSM (■) and h-FP (▲). 
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Na+ h-TA h-TSM h-TA

h-BTA 600 2.02 10-

5 S/cm NTA 10 1 h-TA h-BTA

ditrigonal hole ditrigonal hole Fig. 2-3 (b)

b b ditrigonal hole

h-BTA  b h-TA h-BTA ditrigonal hole h-TA

Na+ Ob ditrigonal hole Na+

NMR h-BTA ditrigonal hole

Na+ h-TA h-BTA Ob Na+

h-TA Na+

h-BTA Na+ h-BTA

h-TA  

Na Na+

Na+ Na+ h-TA

ditrigonal hole Na+ Na+

h-TA h-TSM b h-

TA h-TSM ditrigonal hole h-TA

ditrigonal hole Na+

ditrigonal hole Na+ Ob

NTA ditrigonal hole ditrigonal hole

Na+

 

 

Table 2-1 Ionic conductivities (S/cm), which were measured at 400°C, 500°C and 600°C, 

activation energies (eV) and relative densities (%) of h-TA, h-BTA, h-TSM and h-FP. 

sample 
Ionic conductivity / S/cm Activation 

energy / eV 

Relative 

density / % 400°C 500°C 600°C 

h-TA 9.79×10-6 1.07×10-4 6.61×10-4 1.1 63.3 

h-BTA 6.41×10-7 4.17×10-6 2.02×10-5 1.0 64.9 

h-TSM  3.66×10-8 2.26×10-7 1.3 73.5 

h-FP  2.90×10-8 1.08×10-7 1.3 74.7 
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2. 4  
Na TA , Na TSM Na

FP TA Na

BTA Na , , Na+

 

1) TA FP b c·sinβ Na

Na

TSM b c·sinβ Na

BTA TA

TA BTA b c·sinβ

TSM c·sinβ b FP

b c·sinβ  

2) Na Na+ 23Na MAS NMR XPS

Na Na+ Ob Na+

TSM Na+

Na+ TA BTA ditrigonal hole

Na+

Na+ TSM FP  

3) h-TA, h-TSM h-FP 600 6.61×10-4 S/cm, 2.26×10-7 

S/cm 1.08×10-7 S/cm TA FP

TA FP

h-TA h-FP

TSM Na+

h-TSM Na+ TA

TA h-BTA ditrigonal 

hole Na+ TA h-BTA

TA  

4) Na

Na+ Na

Na+ Na+

ditrigonal hole Na+ Na

h-TA Na+

ditrigonal hole Na+
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ditrigonal hole Na+  

 
3. 1  

2 3 Na Na NTA , Na NTSM

Na NFP NTA

NTA ditrigonal hole Na+

1) NTA Na+

NTA ditrigonal hole

ditrigonal hole Na+ Na+

NTA  

ditrigonal hole 1

Si4+ Al3+ , 

Ga3+ Ge4+ 2)~11) NTA Si4+

Ge4+ a b
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Ge NTA ditrigonal hole Na+

 

NTA Si4+ Ge4+ Ge NTA

NaMg2LiSi4-xGexO10F, x = 0-4 ditrigonal hole

Na+

2  

Ge NTA Na+ Ge

NTA   

Ge NTA ditrigonal hole Na+

 

 

3. 2   
3. 2. 1 Ge Na  

Ge NTA Kitajima 11)

NaF 99.0%, , LiF 98.0%, , MgO 98.0%, 

, SiO2  GeO2 99.99%, 

Ge NTA NaMg2LiSi4-xGexO10F2, (x = 0-4)
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2 10

60 24h

Kitajima 11) SiO2 1400 C GeO2

1300 C x = 0, 1, 2, 3 4

1450, 1400, 1350, 1350 1250°C 2h

5°C /min

100mesh x = 0, 1, 2, 3

4 Ge NTA G0, G1, G2, G3 G4  

 

3. 2. 2 Ge Na  
G0, G1, G2, G3 G4 2 2. 2. 3

G0, G1, G2, G3 G4

h-G0, h-G1, h-G2, h-G3 h-G4

 

 

3. 2. 3 Ge Na  
G0, G1, G2, G3, G4, h-G0, h-G1, h-G2, h-G3 h-G4 , , Na+

2 2. 2. 4

 

 

3. 3  
3. 3. 1  

700 1h h-G0 h-

G4 XRD Fig. 3-1

90

C 24h

(00l)

G0 G4 XRD h-G0

h-G4

(00l)

60 (060)

Fig. 3-1 XRD patterns of (a) h-G0, (b) h-G1, (c) h-G2, 

(d) h-G3 and (e) h-G4. ●: diffraction peaks from (00l) 

planes of mica. 



- 33 - 
 

h-G3 (060) G3

G3 b

 

G0 G4 FT-IR Fig. 3-2

G0 2 TA

G0 1112 cm-1 975 cm-1

(Si2O5)n

(Si2O5)n

Ge

Si4+

Ge4+

Si-Oa Si-Ob

G4 Si4+

Kitajima 11) G4

Ge Na NaMg2LiGe4O10F2 880 

cm-1 780 cm-1

(Ge2O5)n Ge-Oa

Ge-Ob

G4 896 cm-1

787 cm-1 (Ge2O5)n

Ge

G1 850 cm-1

Ge GeO4 SiO4

Ge-Oa Ge-Ob

G0 Ge4+

Ge NTA FT-IR G2 Kitajima 11)

NTA Ge NTA IR G2

Ge NTA FT-IR Kitajima  

G0 4  h-G0 h-G4 b c sinβ Fig. 3-3

G0 G4 b c sinβ Kitajima 11)

NTA Ge NTA G0 G3 b c

sinβ Fig. 3-3 Kitajima 8, 9)

K- KTA Ge b c sinβ  

G0 G4 Si4+ Ge4+

Kitajima 11) NTA Ge NTA

Fig. 3-2 FT-IR spectra of (a) G0, 

(b) G1, (c) G2, (d) G3 and (e) G4. 
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Fig. 3-3 Kitajima 8, 9) KTA Ge Kitajima 11)

NTA NTA Si4+ Ge4+ Ge G0

G4 b c sinβ Kitajima 11)

G1, G2 G3 Ge NTA b c

sinβ Fig. 3-3 Kitajima 8, 9)

KTA Ge b c sinβ Si4+

Ge4+

Ge NTA G0 G3 b c sinβ Ge

G4 b c sinβ

G3 c sinβ b

Ge NTA b Kitajima 8, 9) Ge KTA

 

 

Fig. 3-3 Relationship between lattice constant b and basal spacing (c sinβ) of Na-micas prepared 

in this study, K-micas reported by Kitajima et al.a, b) and Na-micas reported by Kitajima et al.c). 
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Ge NTA b (1) (1)

Fig. 3-4 (b) α, eb b 12)

α

 

  (1) 

 

Fig. 3-4 Schematic illustrations of (a) Na-mica structure and (b) ditrigonal hole of Na-micas. eb: 

bottom oxygen distance, α: tetrahedral rotation angle, L: distance from center of ditrigonal hole 

to center of basal oxygens which are regarded as circles and are the nearest ones from center of 

ditrigonal hole, and r: distance from the center of ditrigonal hole to the nearest surfaces of their 

basal oxygens. 

 

Toraya 3), 13) KTA Si4+ Ge4+ KTA eb

Kitajima 11) Toraya 3), 11) eb Ge NTA eb

Kitajima eb b G0 G4

α Table 3-1 (1)  

  (2) 

b eb α

(2) Table 3-1 G0 G4 eb α 25

b eb α b Fig. 3-5

eb α b Fig. 

3-5 b G0 G4 eb, α

b G0 G3 Ge eb α

b eb b α

b G4 G3 b

Fig. 3-5 α b eb

b G3
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G4 Ge

G4 b c∙sinβ Fig. 3-3 Ge K-

Ge NTA α 8, 9) eb b

Ge K- b c∙sinβ Fig. 

3-3 G4 h-G3 b c sinβ

α

b  

 

Fig. 3-5 Influence of bottom oxygen distance (eb) and tetrahedral rotation angle (α) on lattice 

constant b of Ge-substituted Na-taeniolites. 

 

α eb ditrigonal hole

Fig. 3-4 (b) ditrigonal hole 2
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      (3) 

G0 eb Ge NTA

r (4)  

    (4) 

L r Table 3-1 G0 G4 r

Ge G3 G4

Ge b

ditrigonal hole
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Table 3-1 Bottom oxygen distance (eb)11), tetrahedral rotation angle (α), distance (L) from center 

of ditrigonal hole to center of basal oxygens which are regarded as circles and are the nearest ones 

from center of ditrigonal hole, and distance (r) from the center of ditrigonal hole to the nearest 

surfaces of their basal oxygens. 

 

3. 3. 2 Ge Na Na+  
G0 G3 h-G0 h-G3

23
Na MAS NMR Fig. 3-6

 (i) -5 ~ -10 ppm, (ii) -20 ppm (iii) -27 ppm 3

2 2.3.2 Fig. 3-6 (i), (ii) (iii) Na+

Na+ Fig. 3-7 (a) 14), 

Na+ Fig. 3-7 (b) 14), 15) ditrigonal hole Na+ Fig. 3-

7 (c) 1) Fig. 3-6 -27 ppm

2 2.3.2

ditrigonal hole Na+ Na+

F- 3 Mg2+ Li+

G0 G3 Ge

(i) (iii) (ii)

Fig. 3-7 (a) Fig. 3-7 (c) Na+ Fig. 3-7 (b) Na+

Fig. 3-7 (b) Na+ 6 ditrigonal 

hole 6 3 Na+ Fig. 3-

7 (b) Na+ 6 3 Table 3-1

r G0 G3 r 1.20 Å, 1.12 Å, 1.06 Å 1.00 

Sample eb / Å α / ° L / Å r / Å 

G0 2.61711) 3.86 2.51 1.20 

G1 2.65611) 7.69 2.43 1.12 

G2 2.69411) 10.3 2.37 1.06 

G3 2.73311) 12.9 2.31 1.00 

G4 2.77311) 16.9 2.19 0.88 

h-G0 2.61711) 5.55 2.46 1.15 

h-G1 2.65611) 8.31 2.41 1.10 

h-G2 2.69411) 10.9 2.35 1.04 

h-G3 2.73311) 14.0 2.27 0.96 

h-G4 2.77311) 17.0 2.18 0.87 
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Å Ge Shannon16) 4 Na+

0.99 Å G3 r Na+

Shannon 3 Na+

4 r Fig. 3-7 

(b) Na+

G0 G3 Ge Fig. 3-

7 (b) Na+ h-G0 h-G3

(i) (ii) (iii)

Fig. 3-7 (a) Na+ Fig. 3-7 (b)

(c) h-G0 h-G1

(iii) (ii) Fig. 3-7 (b) Fig. 3-7 (c)

Na+ G0 G1 ditrigonal hole

Na+ ditrigonal hole

h-G2 h-G3 (ii) (iii)

G2 G3 Fig. 3-7 (b)

Na+ Fig. 3-7 (a) Na+

Fig. 3-7 (b) ditrigonal hole

Na+  

 
Fig. 3-6 

23
Na MAS NMR spectra of  (a) G0, (b) G1, (c) G2, (d) G3, (e) h-G0, (d) h-G1, (f) h-G2 

and (h) h-G3. Dotted lines of (i), (ii) and (iii) show detected peaks at -5 ~ -10 ppm, approximately 

-20 ppm and approximately -27 ppm, respectively. The arrows indicate shoulder peaks related 

with peak at approximately -27 ppm. 
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Fig. 3-7 Schematic illustrations of mica with Na+ ions corresponded to the peaks of (a) -5 ~ -10 

ppm, (b) approximately -20 ppm and (c) approximately -27 ppm, and (d) approximately -15 ppm 

in 23Na MAS NMR spectra of micas. 

 

G4 h-G4
23

Na MAS NMR Fig. 3-8
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Na+ 0.99Å 16) G4 Na+ Fig. 

3-7 (b) r

Fig. 3-7 (a) Na+ Na+

ditrigonal hole Na+

c sinβ Ge

Fig. 3-3 G3 G4 Ge

c sinβ G4 h-G4 Fig. 3-7 (a)

Na+ Ge Na

5) G4 h-G4
23

Na MAS NMR

 -15 ppm ditrigonal hole 3
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F-

Na+

Fig. 3-7 (d)

Fig. 3-7 (d) Na+

Fig. 3-7 (c) Na+

G0 G3 G4 α

ditrigonal 

hole G4

Na+

Fig. 3-7 (c)

Na+

6 F-

G4 ditrigonal hole

Na+

Fig. 3-7 (d)

Na+ 3

F-

Fig. 3-7 (d)

Na+ Fig. 3-7 (c) Na+ Na+

Fig. 3-8 (iv) Fig. 3-7 (c) Na+ Fig. 3-6 

(iii) (iv)

 -21 ppm

 -21 ppm ,  -15 ppm Fig. 3-8

 -9 ppm  -27 ppm

 -9, -15, -21 -27 ppm Fig. 3-6 (iii)

ditrigonal hole Na+ F-

Mg2+: Li+  

-9, -15, -21 -27 ppm Mg2+: Li+ 3:0, 2:1, 1:2 0:3

G4 NaMg2LiGe4O10F2 Mg2+: Li+ 2:1

-15 ppm Fig. 3-8 (iv) Fig. 

3-7 (d) Na+ 4 7 Fig. 3-7 (c) Na+

Fig. 3-8 (iv) Fig. 3-6 (iii)

Fig. 3-8 
23

Na MAS NMR spectra of (a) G4 and (b) h-

G4. Dotted lines of (i) and (iv) show detected peaks 

at -5 ~ -10 ppm and approximately -15 ppm, and 

closed circles show peaks originated from Na+ ions 

surrounded tetrahedrally by three basal oxygens and 

a fluoride ion. 
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-9, -21 -27 ppm Fig. 3-6

G4 -5 ~ -10 ppm Fig. 3-7 (a) Na+

h-G4 Fig. 3-7 (a)

Na+ Fig. 3-7 (d) Na+

 

 

3. 3. 3  Ge Na  
h-G0 h-G4 σ : , T: Fig. 3-9

400, 500 600°C , 

Table 3-2 Table 3-2 Ge

NTA Si4+

Ge4+ ditrigonal hole

ditrigonal hole r Ge

h-G0 h-G3 Ge

Fig. 3-7 (c) Na+

Fig. 3-7 (b) Na+

h-G4 Na+ Fig. 3-7 (d) ditrigonal 

hole

 

 
Fig. 3-9 Arrhenius plots of h-G0, h-G1, h-G2, h-G3 and h-G4. 
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Table 3-2 Ionic conductivities (S/cm), which were measured at 400°C, 500°C and 600°C, 

activation energies (eV) and relative densities (%) of h-G0, h-G1, h-G2, h-G3 and h-G4. 

 

Na 2 Na

Na+ ditrigonal hole

 

Ge

12) NTA Si4+

Ge4+

Ge

α ditrigonal hole

ditrigonal hole

 

 

3. 4  
Na NTA NTA Si4+

Ge4+ Ge NTA NaMg2LiSi4-xGexO10F, x = 0, 1, 2, 3, 4

Ge ditrigonal hole Na+

x 

= 0, 1, 2, 3 4 Ge NTA G0, G1, G2, G3 G4

700 1 h-G0, h-G1, h-G2, h-G3 h-

G4  

1) Ge NTA Kitajima Ge NTA11)

 

sample 
Ionic conductivity / S/cm Activation 

energy / eV 

Relative 

density / % 400°C 500°C 600°C 

h-G0 9.79×10-6 1.07×10-4 6.61×10-4 1.1 63.3 

h-G1 2.99×10-6 3.94×10-5 2.82×10-4 1.3 69.1 

h-G2 3.83×10-7 3.11×10-6 3.61×10-5 1.6 71.4 

h-G3 1.29×10-7 7.42×10-7 5.82×10-6 1.3 72.2 

h-G4 4.59×10-8 3.52×10-7 3.68×10-6 1.5 69.4 
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b ditrigonal hole

 

4) G0 G3 h-G0 h-G3 Na+ ,
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70ml 500rpm 30min + 1min 1 1

6 3h

100 mesh

TA PTA  

 

4. 2. 2  Na  
TA 2.5g 100ml 90 1 NH4Cl

99.5%, 1.0 mol/L NH4Cl 50 ml

90 1

5

60 24h 100 mesh NH4
+

TA NH4
+-TA  

BTA PTA 2 2. 2. 2 4 4. 2. 1

: 2.5g: 100ml

100ml 90 1

TA NH4
+ BTA PTA

NH4
+-BTA NH4

+-PTA  

 

4. 2. 3  

NH4
+-TA, NH4

+-BTA NH4
+-PTA 2 2. 2. 3

NH4
+-TA, NH4

+-BTA NH4
+-PTA

H+-TA, H+-BTA H+-PTA

 

 

4. 2. 3  
TA, BTA, PTA, NH4

+-TA, NH4
+-BTA, NH4

+-PTA, H+-TA, H+-BTA H+-PTA , 

2 2. 2. 4

 

TA, BTA PTA scanning electron microscopy: 

SEM

 

NH4
+-TA, NH4

+-BTA NH4
+-PTA X

energy dispersive X-ray spectrometry: EDS
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(7)  

 

EDS

 

magic angle spinning 

nuclear magnetic resonance : MAS NMR 1H

4 mm 8 kHz

 500.13 MHz, P 1 4 μs, D 1 5 s, 

32 , H2O 4.877 ppm  

 

4. 3  
4. 3. 1  

TA, BTA PTA XRD

Fig. 4-1 BTA PTA TA

NTA (00l)

NTA Na+

NH4
+ NH4

+-

TA NTA NH4
+-BTA NH4

+-PTA

NTA

NH4
+-BTA NH4

+-PTA

700

(00l) NH4
+

H+-BTA H+-PTA

 

 
Fig. 4-1 XRD patterns of (a) TA, (b) NH4

+-TA, (c) H+-TA, (d) BTA, (e) NH4
+-BTA, (f) H+-BTA 

(g) PTA, (h) NH4
+-PTA and (i) H+-PTA. 
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4. 3. 2  Na  
 

 Fig. 4-2 TA, BTA PTA SEM TA

100mesh 150μm

BTA TA

μm PTA TA

1μm BTA

TA Table 4-1 TA BTA PTA

TA 1.43 m2/g

NH4Cl TA 82%

NH4
+-TA XRD NTA

BTA PTA 10.7

14.6 m2/g TA

NH4Cl BTA PTA

93.2 95.9% TA 10%
1, 2)

TA

PTA

 

 

Fig. 4-2 SEM images of particles of (a) TA, (b) BTA and (c) PTA 

 

Table 4-1 Specific surface area (SSA / m2/g) and ion exchange ratio (%) of TA, BTA and PTA 

Sample SSA / m2/g Ion exchange ratio / % 

TA 1.43 81.8 

BTA 10.7 93.2 

PTA 14.6 95.9 

 

4. 3. 3  
NH4

+-TA H+-TA 1H MAS NMR Fig. 4-3 NH4
+-
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BTA NH4
+-PTA 1H MAS NMR

NH4
+-TA H+-BTA H+-PTA 1H MAS 

NMR  H+-TA

 NMR (i) 6.2 

ppm, (ii) 3~5 ppm (iii) 1.8 ppm  3

Fig. 4-3 (i), (ii) (iii)

NH4
+ 3, 4), 4, 5) OH

3-5) NH4
+-TA 1H MAS NMR

NH4
+

OH

Fig. 4-1 e (h) NH4
+-

XRD

H+-TA 1H 

MAS NMR NH4
+

NH4
+ H+-TA

11 ppm H3O+ 6)

NH4
+ OH

H3O+

 
TA, NH4

+-TA H+-TA O 1s XPS Fig. 4-4 BTA

PTA XPS TA NH4
+-BTA NH4

+-PTA XPS

NH4
+-TA H+-BTA H+-PTA XPS  H+-TA

TA 532 eV 531 eV

NTA Oa
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Fig 4-4 (a)

TA Oa

NH4
+-TA H+-TA 532 eV

OH

Fig. 4-5

Oa OH

NH4
+

Oa Oa Oa

Oa Oa

Fig. 4-3 1H MAS NMR spectra 

of (a) NH4
+-TA and (b) H+-TA. 
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532 eV Oa
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TA, NH4
+-TA, H+-TA, H+-BTA H+-PTA FT-

TR Fig. 4-6 BTA

PTA FT-IR TA NH4
+-BTA

NH4
+-PTA FT-IR NH4

+-TA

1423 cm-1

Fig. 4-6 (i) NH4
+

7) NH4
+-TA H+-TA

2
2.3.1 TA 1112 cm-

1 975 cm-1 (Si2O5)n

8-11) Si-Oa

Si-Ob

8, 11) TA Oa Ob

Oa Si4+

Si-Oa Si-Ob

TA

NH4
+-TA Fig. 4-6 (b)

Fig. 4-4 XPS spectra of (a) TA, (b) 

NH4
+-TA and (c) H+-TA. 

Fig. 4-5 Schematic illustration of protonated-

taeniolite structure. 

Fig. 4-6 FT-IR spectra of (a) TA, 

(b) NH4
+-TA, (c) H+-TA, (d) H+-

BTA and (e)H+-PTA. 
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4. 3. 4  
H+-TA, H+-BTA H+-PTA σ : , T: 

Fig. 4-7 400, 500 600°C , 

Table 4-1 H+-BTA 600 H+-

TA 2

H+-PTA 600 H+-BTA 1.5

FT-IR H+-PTA

H+-BTA  

H+-TA, H+-BTA H+-PTA

0.8, 0.8 0.7 eV Na-4-

0.70 eV 7)

Na-4-

Na-4- NFP

Oa Ob

Oa Ob Oa

Ob 4 4.3.3.

NTA Oa Ob

Oa Oa Ob

Oa

400 600 Oa Ob

Na-4-

Na-4-

700 10-7 S/cm Na-4-

58.6 %7) Na-4-

Oa Ob

H+-TA

Na-4- NH4
+ 95.4 %7)

Na-4- H+-TA

Oa Ob Oa Ob
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Oa Ob

Na-4-

Na-4-

Si4+ Al3+

H+-TA b 9.097 Å Na-4- b 9.18 Å7)

Na-4-

Na-4-

 

 

Fig. 4-7 Arrhenius plots of H+-TA, H+-BTA and H+-PTA. 

 

Table 4-2 Ionic conductivities (S/cm), which were measured at 400°C, 500°C and 600°C, 

activation energies (eV) and relative density (%) of H+-TA, H+-BTA and H+-PTA.  

 

sample 
Ionic conductivity / S/cm Activation 

energy / eV 
Relative 

density / % 400°C 500°C 600°C 

H+-TA 1.68×10-6 7.56×10-6 2.58×10-5 0.8 53.2 

H+-BTA 2.55×10-6 1.46×10-5 5.26×10-5 0.8 49.7 

H+-PTA 7.28×10-6 2.55×10-5 7.97×10-5 0.7 51.4 
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