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≤ x/y ≤ 0.74) [57] x Co4+

x γ-Na0.6CoO2
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[60] CayCoO2 NaxCoO2 CoO2
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[64] CayCoO2

Table 1-1 CayCoO2 3

NaxCoO2 Ca 600 K 2~3

CayCoO2 [63,65] Pechini Ca Co

873 K 3 CayCoO2 [64] CaO

Co3O4 923 K 300 h [44]

CayCoO2  

 

Table 1-1 Examples of the synthesis of CayCoO2 single crystal, powder, and ceramic. 

Method Experimental condition Form Ref. 

Ion-exchange 

technique 

At 593 K for 3 days Single crystal [63] 

At 583 K for 2 days Powder [65] 

Pechini method At 873 K for 3 weeks Powder [64] 

Solid state reaction At 923 K for more than 300 h 
Ceramic 

(Relative density: 69%) 
[44] 

 

Ca3Co4O9 1960 1999

[42,66,67] R. Funahashi

Ca3Co4O9 ZT 873 K 1 [68] Ca3Co4O9 NaxCoO2

Ca3Co4O9 Ca2CoO3 CoO2

a = 4.84 Å c = 10.8 Å β = 98.1º b

Ca2CoO3 CoO2 b b1 = 4.56 Å b2 = 2.82 

Å [42] [Ca2CoO3]qCoO2 (q = b2/b1 = 0.62) [42,67] Ca3Co4O9

Ca Co 3 : 4 b

Ca2CoO3

[3,45] NaxCoO2 CayCoO2

 

Table 1-2 1-3 (NaxCoO2, CayCoO2, Ca3Co4O9) 300 K 800 K

900 K s p r t

NaxCoO2 Ca3Co4O9

ZT = 1 ZT

CayCoO2
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Table 1-2 In-plane thermoelectric properties for layered cobalt oxides at 300 K. 

Sample 
Relative 

density 
σ/S cm−1 S/μV K−1 

PF/ 

10−4 W m−1 K−2 

κ/ 

W m−1 K−1 
ZT 

Na0.5CoO2 

(s)[41] 
100% 5.0×103 100 50   

NaxCoO2−δ 

(s)[46] 
100% 3.4×103 83 23.8 19.0 0.03 

NaxCoO2−δ 

(p,r)[46] 
 5.0×102 100 5.0 2.0 0.08 

Ca0.33CoO2 

(s)[63] 
100% 1.36×103 81.2 9.0 11 0.025 

Ca0.38CoO2 

(s)[69] 
100% 1.3×102     

Ca0.47CoO2 

(p,r)[44] 
69% 14.7 145 0.3   

Ca3Co4O9 

(s)[70] 
100% 5.0×102 125 7.8 3.5 0.062 

Ca3Co4O9 

(s)[42] 
100% 25~100 125 0.4~1.6   

Ca3Co4O9 

(s)[71] 
100% 176 115 2.35 26 2.7×10−3 

Ca3Co4O9 

(s)[68] 
100% 680 136 12.6   

Ca3Co4O9 

(p,t)[72] 
91~93% 64.5 122 0.952 2.87 9.96×10−3 

Ca3Co4O9 

(p,t)[73] 
99% 108 133 1.9   

s: single crystal, p: polycrystal, r: random orientation, t: textured orientation 
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Table 1-3 In-plane thermoelectric properties for NaxCoO2, CayCoO2 at 800 K, and Ca3Co4O9 at 900 

K. 

Sample 
Relative 

density 
σ/S cm−1 S/μV K−1 

PF/ 

10−4 W m−1 K−2 

κ/ 

W m−1 K−1 
ZT 

NaxCoO2−δ 

(s)[46] 
100% 1.9×103 200 76.9 5.1 1.2 

NaxCoO2−δ 

(p,r)[46] 
 2.8×102 170 8.1 2.1 0.31 

Na0.614CoO2−δ 

(p,t)[74] 
99% 36 147 1   

CayCoO2 

(p,t)[48] 
 0.56 165 1.5×10−2 1.6 7.8×10−4 

Ca3Co4O9 

(s)[70] 
100% 4.4×102 231 24 2.9 0.72 

Ca3Co4O9 

(s)[68] 
100% 719 204 29.9   

Ca3Co4O9 

(p,t)[72] 
91~93% 76.3 191 2.78 2.27 0.110 

Ca3Co4O9 

(p,t)[73] 
99% 118 170 3.41   

Ca3Co4O9 

(p,t)[75] 
94.8% 145 174 4.39 3.71 0.107 

Ca3Co4O9 

(p,t)[76] 
 128 163 3.40 1.58 0.194 

s: single crystal, p: polycrystal, r: random orientation, t: textured orientation 

 

CoO2

CoO2

Ca3Co4O9

 

Ca3Co4O9 SPS [73,76,77]

HP [78–80] TGG [78]

RTGG [61,75,81] MA [82] CPP

[72,83]
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SPS

973 K

ZT = 0.16 (ZT = 0.052) 3 [73] TGG

HP

[78]  

RTGG TGG

RTGG

TGG

RTGG

[61] RTGG

β-Co(OH)2

0.5 μm 0.1 μm CaCO3 0.2 μm

(001) β-Co(OH)2 CoO2

(001) Ca3Co4O9 [61]

1.7

1.4 [75]

Ca3Co4O9 ZT 1

 

 

1.1.6  

Fig. 1-12

[84]

σ S2

[85–87]

[84,88]

Si0.8Ge0.2 20 nm

Si0.8Ge0.2
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60% ZT 2 [89]

 

/ Fig. 1-13

Si

r0 Si (Fig. 1-13(a))

(Fig. 1-13(b)) [90] Si

~35% 152 nm 23 

nm 10 W m−1 K−1 1.7 W m−1 K−1 [91]

[92] Si ZT

ZT = 0.4 (300 K) [91]

Si Si : 150 W 

m−1 K−1 [93] ZT

 

Ca3Co4O9 M. Bittner 68% Ca3Co4O9

Ca3Co4O9 ZT = 0.4

[94]

c

 

 

1.2  

[61,95–100]

 

 

1.2.1  

Table 1-4

Ca3Co4O9 Co3O4 CaCO3

β-Co(OH)2 Co2+-Co3+

(LDH: Layered Double Hydroxide) β-Co(OH)2 CoO2

c Ca3Co4O9

[61,75] Co2+-Co3+ LDH

Ca3Co4O9
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[101]  

ZnO

Al

[102] (ZnO)5In2O3 InO3/2 InZnO5/2 ZnO

c ZnSO4·3Zn(OH)2

RTGG c (ZnO)5In2O3

[103] CuYO2 Cu2Y2O5

Y2(OH)5NO3·nH2O (LYH) Cu2Y2O5

CuYO2 [104]  

LDH LDH

[M(Ⅱ)1−xM(Ⅲ)x(OH)2]x+(An−)x/n·mH2O M(Ⅱ) M(Ⅲ) An−

OH−

[M(Ⅱ)1−xM(Ⅲ)x(OH)2]x+ M(Ⅰ) M(Ⅳ)

An− H2O

[105] Fig.1-14 CO32− H2O LDH [106]

LDH

[97,107] Ni2+-Ti4+ LDH

{110} NiO TiO2

NiO {110}

[108]  

[95,96,109]

ZnO

ZnO [100,110,111]
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Table 1-4 Applications of hydroxides converted into functional oxides. 

Hydroxides Oxides Characteristic for oxides Ref. 

Thermoelectric material 

β-Co(OH)2 Ca3Co4O9 Control of orientation [61,75] 

Co2+-Co3+ LDH Ca3Co4O9 Small grain size [101] 

Zn(OH)2, Al(OH)3 Zn1−xAlxO 
Enhancement of solubility 

limit 
[102] 

ZnSO4·3Zn(OH)2 (ZnO)5In2O3 Control of orientation [103] 

Y2(OH)5NO3·nH2O CuYO2 
Easy manufacturing 

process 
[104] 

Catalyst 

Zn2+-Al3+ LDH ZnAl2O4 High surface area [97] 

Mg2+-Cu2+-Al3+ LDH MgO, Amorphous High surface area [107] 

Mg2+-Co2+-Al3+ LDH Amorphous High surface area [107] 

Ni2+-Ti4+ LDH NiO, TiO2 
Nanosheet with controlled 

facet 
[108] 

Phosphor 

Zn2+-Ga3+ LDH ZnGa2O4 
Change in coordination 

environment 
[95] 

Gd0.95Eu0.05(OH)2.4Cl0.5·0.9H2O Gd1.9Eu0.1O3 Control of orientation [109] 

Magnetic material 

M2+-Fe2+-Fe3+ LDH 
MFe2O4 

(M = Mg, Co, Ni) 

Single and stoichiometric 

phase 
[96] 

Dye-sensitized solar cell 

Zn5(OH)8(CH3COO)2·2H2O ZnO Control of microstructure [100,110] 

Zn(OH)x(CO3)y·nH2O ZnO 
Control of microstructure 

and orientation 
[111] 

 

1.2.2  

 

 

1.2.2.1  
2
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2

pH

Co(OH)2 + Zn(OH)2

Fe(OH)3 + Al(OH)3

2

Fig. 1-15 (Mprin+)

(Msecm+)

[112]  

LDH

 

 

1.2.2.2  
LDH

LDH M(Ⅱ) M(Ⅲ)

M(Ⅱ)/M(Ⅲ) 2~3 [113,114] 2

M(Ⅲ) OH−

LDH [115] M(Ⅱ) M(Ⅲ)

LDH

M(Ⅱ) Cd2+ M(Ⅲ) Al3+

109 pm 68 pm [116]

[117]  

Table 1-5 LDH M(Ⅱ)/M(Ⅲ) 2~3

Ni2+-Ti4+ LDH Ni2+

|∆rM(Oh)| (Table 1-5) Table 1-6 LDH

|∆rM(Oh)| = 8~20 pm
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M(Ⅱ)/M(Ⅲ) = 2~3

OH− OH−

1 M (M(n) : n = 2~4) M(OH)n (n = 2~4)

pH Table 1-6 Ksp

pH Table 1-6 1-5 Table 1-5

pH 0.1~7.7 pH 10−x

pH  

LDH

CaxCo1−x(OH)2 35 pm

x < 0.12 x > 0.93 [118]

Ca(OH)2 β-Co(OH)2 pH 5.1 LDH

pH MgxCo1−x(OH)2 MgxNi1−x(OH)2 [119,120]

7 pm 3 pm CaxCo1−x(OH)2 LDH

pH LDH LDH

LDH

pH

 

 

Table 1-5 Chemical formulas, difference of the ionic radii, and pH at which precipitation occurs 

for the complex hydroxides. 

Chemical formula |∆rM(Oh)|/pm |∆pH| Ref. 

LDH 

Co2+-Fe3+ LDH (Co/Fe = 2) 10 5.1 [114,121] 

Mg2+-Al3+ LDH (Mg/Al = 2.9, 3) 18 5.8 [105,122] 

Mg2+-Ga3+ LDH (Mg/Ga = 3) 10 7.7 [123] 

Mg2+-In3+ LDH (Mg/In = 3) 8 7.7 [123] 

Mn2+-Al3+ LDH (Mn/Al = 2.33) 13 4.0 [124] 

Zn2+-Al3+ LDH (Zn/Al = 2) 20 2.1 [125] 

Zn2+-Cr3+ LDH (Zn/Cr = 2) 12 1.7 [125] 

Zn2+-Ga3+ LDH (Zn/Ga = 3.3) 12 4.0 [95] 

Ni2+-Ti4+ LDH (Ni/Ti = 4) 8 0.1 [108] 

Other 

Ca2+xCo2+1−x(OH)2 (x < 0.12, x > 0.93) 35 5.1 [118] 

Mg2+xCo2+1−x(OH)2 (0 < x < 1)  7 3.2 [119] 

Mg2+xNi2+1−x(OH)2 (0 < x < 1)  3 2.7 [120] 
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Table 1-6 Ionic radii of metal cations, solubility products Ksp, and pH at which precipitation occurs 

for the hydroxides. 

rM(Oh)/pm [116] log Ksp [126–128] pH 

Al3+: 68 −31.2 3.6 

Ca2+: 114 −5.4 11.3 

Co2+: 79 −15.7 6.2 

Cr3+: 76 −30 4.0 

Fe3+: 69 −38.7 1.1 

Ga3+: 76 −37 1.7 

In3+: 94 −36.9 1.7 

Mg2+: 86 −9.2 9.4 

Mn2+: 81 −12.8 7.6 

Ni2+: 83 −14.7 6.7 

Ti4+:75 −29 6.8 

Zn2+: 88 −16.7 5.7 

 

1.3  

CoO2
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2

 

3

 

4 Ca3Co4O9

Ca3Co4O9 ZT 1 ZT 1

β-Co(OH)2 Ca3Co4O9

 

5 CayCoO2

CayCoO2 Ca3Co4O9

CayCoO2

Ca1−zCoz(OH)2

CayCoO2

Ca1−zCoz(OH)2

 

6  

3 5  

 

3  

van der Pauw

Nb SrTiO3

8% 11%  

 

4 β-Co(OH)2 Ca3Co4O9

 

Ca3Co4O9

β-Co(OH)2

CaCO3 RTGG Ca3Co4O9

Ca3Co4O9
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β-Co(OH)2

c β-Co(OH)2-CaCO3

41.0~83.8% Ca3Co4O9

 

Ca3Co4O9

ZT ZT 0.3

ZT 0.2

ZT

ZT 60~85%

 

 

5 CayCoO2

 

CayCoO2 CazCo1−z(OH)2

CayCoO2 (0.26 ≤ y ≤ 0.50) CazCo1−z(OH)2 z 0.21 ≤ z ≤ 

0.33 Ca2+ Co2+

CazCo1−z(OH)2 z

Ca2+ Co2+

pH

KOH z = 0.22 CazCo1−z(OH)2

 

CazCo1−z(OH)2 (z = 0.22)

c 923 K 5 h

CayCoO2 (y = 0.46) Co3O4

CazCo1−z(OH)2 CayCoO2 CoO2

c CayCoO2 17 mol% Co3O4

CayCoO2

CayCoO2 Co3O4

 



24 
 

1  
[1]  , “2019— ,” 

2019/08/13 . 

https://www.enecho.meti.go.jp/about/special/johoteikyo/energyissue2019.html : 

2019/11/21  

[2] ,  , “ 2

,”  (2012). 

[3] ,  , “  

,”  (2011). 

[4]  , “ ,”  (2008). 

[5] G.J. Snyder and E.S. Toberer, “Complex Thermoelectric Materials,” Nat. Mater. 7 (2008) 

105–114. 

[6] M. Cutler, J.F. Leavy and R.L. Fitzpatrick, “Electronic Transport in Semimetallic Cerium 

Sulfide,” Phys. Rev. 133 (1964) A1143–A1152. 

[7] P.A. Cox ,  , “ ,”  (2014). 

[8] K. Koumoto, I. Terasaki and R. Funahashi, “Complex Oxide Materials for Potential 

Thermoelectric Applications,” MRS Bull. 31 (2006) 206–210. 

[9] G.J. Snyder, T. Caillat and J.-P. Fleurial, “Thermoelectric, Transport, and Magnetic Properties 

of the Polaron Semiconductor FexCr3−xSe4,” Phys. Rev. B 62 (2000) 10185–10193. 

[10] , “  ,”  (2009). 

[11]  , “  ,”  

(2017). 

[12] F. Yang and C. Dames, “Mean Free Path Spectra as a Tool to Understand Thermal 

Conductivity in Bulk and Nanostructures,” Phys. Rev. B 87 (2013) 035437. 

[13] T.M. Tritt and M.A. Subramanian, “Thermoelectric Materials, Phenomena, and Applications: 

A Bird’s Eye View,” MRS Bull. 31 (2006) 188–198. 

[14] T.M. Tritt, “Holey and Unholey Semiconductors,” Science 283 (1999) 804–805. 

[15] F.J. DiSalvo, “Thermoelectric Cooling and Power Generation,” Science 285 (1999) 703–706. 

[16] S.K. Mishra, S. Satpathy and O. Jepsen, “Electronic Structure and Thermoelectric Properties 

of Bismuth Telluride and Bismuth Selenide,” J. Phys.: Condens. Matter 9 (1997) 461–470. 

[17] G.A. Slack, “Handbook of Thermoelectrics,” CRC Press (1995). 

[18] P. Atkins, T. Overton, J. Rourke, M. Weller, F. Armstrong , , , 

  “ ,”  (2008). 

[19] M. Michiardi, I. Aguilera, M. Bianchi, V.E. de Carvalho, L.O. Ladeira, N.G. Teixeira, E.A. 

Soares, C. Friedrich, S. Blügel and P. Hofmann, “Bulk Band Structure of Bi2Te3,” Phys. Rev. 

B 90 (2014) 075105. 



25 
 

[20] D.-Y. Chung, T. Hogan, P. Brazis, M. Rocci-Lane, C. Kannewurf, M. Bastea, C. Uher and 

M.G. Kanatzidis, “CsBi4Te6: A High-Performance Thermoelectric Material for Low-

Temperature Applications,” Science 287 (2000) 1024–1027. 

[21] Z.H. Dughaish, “Lead Telluride as a Thermoelectric Material for Thermoelectric Power 

Generation,” Physica B 322 (2002) 205–223. 

[22] J. Yang and T. Caillat, “Thermoelectric Materials for Space and Automotive Power 

Generation,” MRS Bull. 31 (2006) 224–229. 

[23] D.J. Singh, “Doping-Dependent Thermopower of PbTe from Boltzmann Transport 

Calculations,” Phys. Rev. B 81 (2010) 195217. 

[24] D.M. Rowe ed., “Thermoelectrics Handbook Macro to Nano,” CRC Press (2006). 

[25] Y. Pei, X. Shi, A. Lalonde, H. Wang, L. Chen and G.J. Snyder, “Convergence of Electronic 

Bands for High Performance Bulk Thermoelectrics,” Nature 473 (2011) 66–69. 

[26] K.F. Hsu, S. Loo, F. Guo, W. Chen, J.S. Dyck, C. Uher, T. Hogan, E.K. Polychroniadis and 

M.G. Kanatzidis, “Cubic AgPbmSbTe2+m: Bulk Thermoelectric Materials with High Figure of 

Merit,” Science 303 (2004) 818–821. 

[27] D.A. Broido, M. Malorny, G. Birner, N. Mingo and D.A. Stewart, “Intrinsic Lattice Thermal 

Conductivity of Semiconductors from First Principles,” Appl. Phys. Lett. 91 (2007) 231922. 

[28] J.P. Dismukes, L. Ekstrom, E.F. Steigmeier, I. Kudman and D.S. Beers, “Thermal and 

Electrical Properties of Heavily Doped Ge-Si Alloys up to 1300ºK,” J. Appl. Phys. 35 (1964) 

2899–2907. 

[29] C.B. Vining, W. Laskow, J.O. Hanson, R.R. Van der Beck and P.D. Gorsuch, “Thermoelectric 

Properties of Pressure-Sintered Si0.8Ge0.2 Thermoelectric Alloys,” J. Appl. Phys. 69 (1991) 

4333–4340. 

[30] T. Caillat, J.-P. Fleurial and A. Borshchevsky, “Preparation and Thermoelectric Properties of 

Semiconducting Zn4Sb3,” J. Phys. Chem. Solids 58 (1997) 1119–1125. 

[31] G.J. Snyder, M. Christensen, E. Nishibori, T. Caillat and B.B. Iversen, “Disordered Zinc in 

Zn4Sb3 with Phonon-Glass and Electron-Crystal Thermoelectric Properties,” Nat. Mater. 3 

(2004) 458–463. 

[32] J.W. Fergus, “Oxide Materials for High Temperature Thermoelectric Energy Conversion,” J. 

Eur. Ceram. Soc. 32 (2012) 525–540. 

[33] J. He, Y. Liu and R. Funahashi, “Oxide Thermoelectrics: The Challenges, Progress, and 

Outlook,” J. Mater. Res. 26 (2011) 1762–1772. 

[34] L.F. Mattheiss, “Energy Bands for KNiF3, SrTiO3, KMoO3, and KTaO3,” Phys. Rev. B 6 

(1972) 4718–4740. 

[35] S. Ohta, T. Nomura, H. Ohta and K. Koumoto, “High-Temperature Carrier Transport and 

Thermoelectric Properties of Heavily La- or Nb-Doped SrTiO3 Single Crystals,” J. Appl. Phys. 



26 
 

97 (2005) 034106. 

[36] T. Okuda, K. Nakanishi, S. Miyasaka and Y. Tokura, “Large Thermoelectric Response of 

Metallic Perovskites: Sr1−xLaxTiO3 (0 ≤ x ≤ 0.1),” Phys. Rev. B 63 (2001) 113104. 

[37] Z. Lu, H. Zhang, W. Lei, D.C. Sinclair and I.M. Reaney, “High-Figure-of-Merit 

Thermoelectric La-Doped A-Site-Deficient SrTiO3 Ceramics,” Chem. Mater. 28 (2016) 925–

935. 

[38] T. Tsubota, M. Ohtaki, K. Eguchi and H. Arai, “Thermoelectric Properties of Al-Doped ZnO 

as a Promising Oxide Material for High-Temperature Thermoelectric Conversion,” J. Mater. 

Chem. 7 (1997) 85–90. 

[39] M. Ohtaki, T. Tsubota, K. Eguchi and H. Arai, “High-Temperature Thermoelectric Properties 

of (Zn1−xAlx)O,” J. Appl. Phys. 79 (1996) 1816–1818. 

[40] G.A. Slack, “Thermal Conductivity of II-VI Compounds and Phonon Scattering by Fe2+ 

Impurities,” Phys. Rev. B 6 (1972) 3791–3800. 

[41] I. Terasaki, Y. Sasago and K. Uchinokura, “Large Thermoelectric Power in NaCo2O4 Single 

Crystals,” Phys. Rev. B 56 (1997) R12685–R12687. 

[42] A.C. Masset, C. Michel, A. Maignan, M. Hervieu, O. Toulemonde, F. Studer, B. Raveau and 

J. Hejtmanek, “Misfit-Layered Cobaltite with an Anisotropic Giant Magnetoresistance: 

Ca3Co4O9,” Phys. Rev. B 62 (2000) 166–175. 

[43] R.J. Balsys and R.L. Davis, “Refinement of the Structure of Na0.74CoO2 Using Neutron Powder 

Diffraction,” Solid State Ion. 93 (1996) 279–282. 

[44] Y. Miyazaki, X. Huang, T. Kajiwara, H. Yamane and T. Kajitani, “Synthesis , Crystal 

Structure and Physical Properties of Layered Cobalt Oxide CaxCoO2 (x ~ 0.47),” J. Ceram. 

Soc. Jpn. 117 (2009) 42–46. 

[45] Y. Miyazaki, M. Onoda, T. Oku, M. Kikuchi, Y. Ishii, Y. Ono, Y. Morii and T. Kajitani, 

“Modulated Structure of the Thermoelectric Compound [Ca2CoO3]0.62CoO2,” J. Phys. Soc. Jpn. 

71 (2002) 491–497. 

[46] K. Fujita, T. Mochida and K. Nakamura, “High-Temperature Thermoelectric Properties of 

NaxCoO2−δ Single Crystals,” Jpn. J. Appl. Phys. 40 (2001) 4644–4647. 

[47] Y. Ando, N. Miyamoto, K. Segawa, T. Kawata and I. Terasaki, “Specific-Heat Evidence for 

Strong Electron Correlations in the Thermoelectric Material (Na,Ca)Co2O4,” Phys. Rev. B 60 

(1999) 10580–10583. 

[48] M. Shikano, R. Funahashi and M. Kitawaki, “Thermoelectric Properties of CaxCo2O4 Aligned 

Crystals,” J. Mater. Res. 20 (2005) 3082–3087. 

[49] M. Shikano and R. Funahashi, “Electrical and Thermal Properties of Single-Crystalline 

(Ca2CoO3)0.7CoO2 with a Ca3Co4O9 Structure,” Appl. Phys. Lett. 82 (2003) 1851–1853. 

[50] D.J. Singh, “Electronic Structure of NaCo2O4,” Phys. Rev. B 61 (2000) 13397–13402. 



27 
 

[51] K. Kuroki and R. Arita, ““Pudding Mold” Band Drives Large Thermopower in NaxCoO2,” J. 

Phys. Soc. Jpn. 76 (2007) 083707. 

[52] N. Hamada, T. Imai and H. Funashima, “Thermoelectric Power Calculation by the Boltzmann 

Equation: NaxCoO2,” J. Phys.: Condens. Matter 19 (2007) 365221. 

[53] K. Kuroki, Y. Tanaka and R. Arita, “Possible Spin-Triplet f-Wave Pairing Due to 

Disconnected Fermi Surfaces in NaxCoO2·yH2O,” Phys. Rev. Lett. 93 (2004) 077001. 

[54] H.-B. Yang, Z.-H. Pan, A.K.P. Sekharan, T. Sato, S. Souma, T. Takahashi, R. Jin, B.C. Sales, 

D. Mandrus, A.V. Fedorov, Z. Wang and H. Ding, “Fermi Surface Evolution and Luttinger 

Theorem in NaxCoO2: A Systematic Photoemission Study,” Phys. Rev. Lett. 95 (2005) 146401. 

[55] T. Shimojima, K. Ishizaka, S. Tsuda, T. Kiss, T. Yokoya, A. Chainani, S. Shin, P. Badica, K. 

Yamada and K. Togano, “Angle-Resolved Photoemission Study of the Cobalt Oxide 

Superconductor NaxCoO2·yH2O: Observation of the Fermi Surface,” Phys. Rev. Lett. 97 (2006) 

267003. 

[56] W. Koshibae, K. Tsutsui and S. Maekawa, “Thermopower in Cobalt Oxides,” Phys. Rev. B 62 

(2000) 6869–6872. 

[57] C. Fouassier, G. Matejka, J.-M. Reau and P. Hagenmuller, “Sur de Nouveaux Bronzes 

Oxygénés de Formule NaxCoO2 (x ≤ 1). Le Système Cobalt-Oxygène-Sodium,” J. Solid State 

Chem. 6 (1973) 532–537. 

[58] M. Mikami, M.Yoshimura, Y. Mori, T. Sasaki, R. Funahashi and M. Shikano, “Thermoelectric 

Properties of Two NaxCoO2 Crystallographic Phases Temperature,” Jpn. J. Appl. Phys. 42 

(2003) 7383–7386. 

[59] M.L. Foo, R.E. Schaak, V.L. Miller, T. Klimczuk, N.S. Rogado, Y. Wang, G.C. Lau, C. Craley, 

H.W. Zandbergen, N.P. Ong and R.J. Cava, “Chemical Instability of the Cobalt Oxyhydrate 

Superconductor under Ambient Conditions,” Solid State Commun. 127 (2003) 33–37. 

[60] K. Vidyasagar, J. Gopalakrishnan and C.N.R. Rao, “A Convenient Route for the Synthesis of 

Complex Metal Oxides Employing Solid-Solution Precursors,” Inorg. Chem. 23 (1984) 1206–

1210. 

[61] H. Itahara, W.-S. Seo, S. Lee, H. Nozaki, T. Tani and K. Koumoto, “The Formation 

Mechanism of a Textured Ceramic of Thermoelectric [Ca2CoO3]0.62[CoO2] on β-Co(OH)2 

Templates through in Situ Topotactic Conversion,” J. Am. Chem. Soc. 127 (2005) 6367–6373. 

[62] T. Sun, H.H. Hng, Q. Yan and J. Ma, “Effects of Pulsed Laser Deposition Conditions on the 

Microstructure of Ca3Co4O9 Thin Films,” J. Electron. Mater. 39 (2010) 1611–1615. 

[63] J. Liu, X. Huang, F. Li, R. Liu and L. Chen, “Low-Temperature Magnetic and Thermoelectric 

Properties of Layered Ca0.33CoO2 Crystals,” J. Phys. Soc. Jpn. 80 (2011) 074802. 

[64] H. Tran, T. Mehta, M. Zeller and R.H. Jarman, “Synthesis and Characterization of Mixed 

Phases in the Ca–Co–O System Using the Pechini Method,” Mater. Res. Bull. 48 (2013) 2450–



28 
 

2456. 

[65] B.L. Cushing and J.B. Wiley, “Topotactic Routes to Layered Calcium Cobalt Oxides,” J. Solid 

State Chem. 141 (1998) 385–391. 

[66] S. Li, R. Funahashi, I. Matsubara, K. Ueno and H. Yamada, “High Temperature 

Thermoelectric Properties of Oxide Ca9Co12O28,” J. Mater. Chem. 9 (1999) 1659–1660. 

[67] Y. Miyazaki, K. Kudo, M. Akoshima, Y. Ono, Y. Koike and T. Kajitani, “Low-Temperature 

Thermoelectric Properties of the Composite Crystal [Ca2CoO3.34]0.614[CoO2],” Jpn. J. Appl. 

Phys. 39 (2000) L531–L533. 

[68] R. Funahashi, I. Matsubara, H. Ikuta, T. Takeuchi, U. Mizutani and S. Sodeoka, “An Oxide 

Single Crystal with High Thermoelectric Performance in Air,” Jpn. J. Appl. Phys. 39 (2000) 

L1127–L1129. 

[69] Y.Q. Guo, J.L. Luo, D. Wu, Z. Li, N.L. Wang, D. Jin, H.Y. Zhang and Y.G. Zhao, “Low-

Temperature Magnetic and Transport Properties of Layered (Sr,Ca)xCoO2 Single Crystals,” 

Phys. Rev. B 75 (2007) 214432. 

[70] M. Shikano and R. Funahashi, “Electrical and Thermal Properties of Single-Crystalline 

(Ca2CoO3)0.7CoO2 with a Ca3Co4O9 Structure,” Appl. Phys. Lett. 82 (2003) 1851–1853. 

[71] B.C. Zhao, Y.P. Sun, W.J. Lu, X.B. Zhu and W.H. Song, “Enhanced Spin Fluctuations in 

Ca3Co4−xTixO9 Single Crystals,” Phys. Rev. B 74 (2006) 144417. 

[72] Y. Wang, Y. Sui, X. Wang, W. Su and X. Liu, “Enhanced High Temperature Thermoelectric 

Characteristics of Transition Metals Doped Ca3Co4O9+δ by Cold High-Pressure Fabrication,” 

J. Appl. Phys. 107 (2010) 033708. 

[73] Y. Liu, Y. Lin, Z. Shi, C.-W. Nan and Z. Shen, “Preparation of Ca3Co4O9 and Improvement 

of its Thermoelectric Properties by Spark Plasma Sintering,” J. Am. Ceram. Soc. 88 (2005) 

1337–1340. 

[74] H. Itahara, K. Fujita, J. Sugiyama, K. Nakamura and T. Tani, “Highly Textured NaxCoO2−δ 

Ceramics Fabricated by Both Templated Grain Growth and Reactive Templated Grain Growth 

Methods Using Single-Crystalline Particles as Templates,” J. Ceram. Soc. Jpn. 111 (2003) 

227–231. 

[75] H. Itahara, J. Sugiyama and T. Tani, “Enhancement of Electrical Conductivity in 

Thermoelectric [Ca2CoO3]0.62[CoO2] Ceramics by Texture Improvement,” Jpn. J. Appl. Phys. 

43 (2004) 5134–5139. 

[76] Y. Zhang and J. Zhang, “Rapid Reactive Synthesis and Sintering of Textured Ca3Co4O9 

Ceramics by Spark Plasma Sintering,” J. Mater. Process. Technol. 208 (2008) 70–74. 

[77] D. Wang, L. Chen, Q. Yao and J. Li, “High-Temperature Thermoelectric Properties of 

Ca3Co4O9+δ with Eu Substitution,” Solid State Commun. 129 (2004) 615–618.  

[78] Y. Masuda, D. Nagahama, H. Itahara, T. Tani, W.S. Seo and K. Koumoto, “Thermoelectric 



29 
 

Performance of Bi- and Na-Substituted Ca3Co4O9 Improved through Ceramic Texturing,” J. 

Mater. Chem. 13 (2003) 1094–1099. 

[79] D. Kenfaui, D. Chateigner, M. Gomina and J.G. Noudem, “Texture, Mechanical and 

Thermoelectric Properties of Ca3Co4O9 Ceramics,” J. Alloy. Compd. 490 (2010) 472–479. 

[80] P.-H. Xiang, Y. Kinemuchi, H. Kaga and K. Watari, “Fabrication and Thermoelectric 

Properties of Ca3Co4O9/Ag Composites,” J. Alloy. Compd. 454 (2008) 364–369. 

[81] H. Itahara, C. Xia, J. Sugiyama and T. Tani, “Fabrication of Textured Thermoelectric Layered 

Cobaltites with Various Rock Salt-Type Layers by Using β-Co(OH)2 Platelets as Reactive 

Templates,” J. Mater. Chem. 14 (2004) 61–66. 

[82] Y. Zhou, I. Matsubara, S. Horii, T. Takeuchi, R. Funahashi, M. Shikano, J. Shimoyama, K. 

Kishio, W. Shin, N. Izu and N. Murayama, “Thermoelectric Properties of Highly Grain-

Aligned and Densified Co-Based Oxide Ceramics,” J. Appl. Phys. 93 (2003) 2653–2658. 

[83] M. Presečnik, J. de Boor and S. Bernik, “Synthesis of Single-Phase Ca3Co4O9 Ceramics and 

their Processing for a Microstructure-Enhanced Thermoelectric Performance,” Ceram. Int. 42 

(2016) 7315–7327. 

[84] M.S. Dresselhaus, G. Chen, M.Y. Tang, R. Yang, H. Lee, D. Wang, Z. Ren, J.-P. Fleurial and 

P. Gogna, “New Directions for Low-Dimensional Thermoelectric Materials,” Adv. Mater. 19 

(2007) 1043–1053. 

[85] T.E. Humphrey, M.F. O’Dwyer and H. Linke, “Power Optimization in Thermionic Devices,” 

J. Phys. D: Appl. Phys. 38 (2005) 2051–2054. 

[86] J.-H. Bahk, Z. Bian and A. Shakouri, “Electron Energy Filtering by a Nonplanar Potential to 

Enhance the Thermoelectric Power Factor in Bulk Materials,” Phys. Rev. B 87 (2013) 075204. 

[87] D. Narducci, E. Selezneva, G. Cerofolini, S. Frabboni and G. Ottaviani, “Impact of Energy 

Filtering and Carrier Localization on the Thermoelectric Properties of Granular 

Semiconductors,” J. Solid State Chem. 193 (2012) 19–25. 

[88] G. Chen, “Thermal Conductivity and Ballistic-Phonon Transport in the Cross-Plane Direction 

of Superlattices,” Phys. Rev. B 57 (1998) 14958–14973. 

[89] G. Joshi, H. Lee, Y. Lan, X. Wang, G. Zhu, D. Wang, R.W. Gould, D.C. Cuff, M.Y. Tang, 

M.S. Dresselhaus, G. Chen and Z. Ren, “Enhanced Thermoelectric Figure-of-Merit in 

Nanostructured p-Type Silicon Germanium Bulk Alloys,” Nano Lett. 8 (2008) 4670–4674. 

[90] R. Yang, G. Chen and M.S. Dresselhaus, “Thermal Conductivity of Simple and Tubular 

Nanowire Composites in the Longitudinal Direction,” Phys. Rev. B 72 (2005) 125418. 

[91] J. Tang, H.-T. Wang, D.H. Lee, M. Fardy, Z. Huo, T.P. Russell and P. Yang, “Holey Silicon 

as an Efficient Thermoelectric Material,” Nano Lett. 10 (2010) 4279–4283. 

[92] J. Lee, W. Lee, G. Wehmeyer, S. Dhuey, D.L. Olynick, S. Cabrini, C. Dames, J.J. Urban and 

P. Yang, “Investigation of Phonon Coherence and Backscattering Using Silicon Nanomeshes,” 



30 
 

Nat. Commun. 8 (2017) 14054. 

[93] L. Weber and E. Gmelin, “Transport Properties of Silicon,” Appl. Phys. A 53 (1991) 136–140. 

[94] M. Bittner, L. Helmich, F. Nietschke, B. Geppert, O. Oeckler and A. Feldhoff, “Porous 

Ca3Co4O9 with Enhanced Thermoelectric Properties Derived from Sol–Gel Synthesis,” J. Eur. 

Ceram. Soc. 37 (2017) 3909–3915. 

[95] L. Zou, X. Xiang, M. Wei, F. Li and D.G. Evans, “Single-Crystalline ZnGa2O4 Spinel 

Phosphor via a Single-Source Inorganic Precursor Route,” Inorg. Chem. 47 (2008) 1361–1369.  

[96] F. Li, J. Liu, D.G. Evans and X. Duan, “Stoichiometric Synthesis of Pure MFe2O4 (M = Mg, 

Co, and Ni) Spinel Ferrites from Tailored Layered Double Hydroxide (Hydrotalcite-Like) 

Precursors,” Chem. Mater. 16 (2004) 1597–1602. 

[97] L. Zou, F. Li, X. Xiang, D.G. Evans and X. Duan, “Self-Generated Template Pathway to High-

Surface-Area Zinc Aluminate Spinel with Mesopore Network from a Single-Source Inorganic 

Precursor,” Chem. Mater. 18 (2006) 5852–5859. 

[98] S. Cho, J.-W. Jang, K.-J. Kong, E.S. Kim, K.-H. Lee and J.S. Lee, “Anion-Doped Mixed Metal 

Oxide Nanostructures Derived from Layered Double Hydroxide as Visible Light 

Photocatalysts,” Adv. Funct. Mater. 23 (2013) 2348–2356. 

[99] D.G. Evans and X. Duan, “Preparation of Layered Double Hydroxides and their Applications 

as Additives in Polymers, as Precursors to Magnetic Materials and in Biology and Medicine,” 

Chem. Commun. (2006) 485–496. 

[100] E. Hosono, S. Fujihara, T. Kimura and H. Imai, “Growth of Layered Basic Zinc Acetate in 

Methanolic Solutions and its Pyrolytic Transformation into Porous Zinc Oxide Films,” J. 

Colloid Interface Sci. 272 (2004) 391–398. 

[101] F. Delorme, C.F. Martin, P. Marudhachalam, G. Guzman, D.O. Ovono and O. Fraboulet, 

“Synthesis of Thermoelectric Ca3Co4O9 Ceramics with High ZT Values from a CoⅡCoⅢ-

Layered Double Hydroxide Precursor,” Mater. Res. Bull. 47 (2012) 3287–3291. 

[102] N. Ma, J.-F. Li, B.P. Zhang, Y.H. Lin, L.R. Ren and G.F. Chen, “Microstructure and 

Thermoelectric Properties of Zn1−xAlxO Ceramics Fabricated by Spark Plasma Sintering,” J. 

Phys. Chem. Solids 71 (2010) 1344–1349. 

[103] T. Tani, S. Isobe, W.-S. Seo and K. Koumoto, “Thermoelectric Properties of Highly Textured 

(ZnO)5In2O3 Ceramics,” J. Mater. Chem. 11 (2001) 2324–2328. 

[104] S. Narushima, R. Shimonishi, M. Hagiwara and S. Fujihara, “A Novel Synthesis Method of 

Delafossite-Type CuYO2 Using a Layered Yttrium Hydroxide as an Yttrium Source,” J. 

Ceram. Soc. Jpn. 126 (2018) 286–291. 

[105] F. Cavani, F. Trifirò and A. Vaccari, “Hydrotalcite-Type Anionic Clays: Preparation, 

Properties and Applications,” Catal. Today 11 (1991) 173–301. 

[106] V. Rives and M.A. Ulibarri, “Layered Double Hydroxides (LDH) Intercalated with Metal 



31 
 

Coordination Compounds and Oxometalates,” Coord. Chem. Rev. 181 (1999) 61–120. 

[107] A.E. Palomares, J.M. López-Nieto, F.J. Lázaro, A. López and A. Corma, “Reactivity in the 

Removal of SO2 and NOx on Co/Mg/Al Mixed Oxides Derived from Hydrotalcites,” Appl. 

Catal. B-Environ. 20 (1999) 257–266. 

[108] Y. Zhao, X. Jia, G. Chen, L. Shang, G.I.N. Waterhouse, L.-Z. Wu, C.-H. Tung, D. O’Hare and 

T. Zhang, “Ultrafine NiO Nanosheets Stabilized by TiO2 from Monolayer NiTi-LDH 

Precursors: An Active Water Oxidation Electrocatalyst,” J. Am. Chem. Soc. 138 (2016) 6517–

6524. 

[109] L. Hu, R. Ma, T.C. Ozawa and T. Sasaki, “Oriented Monolayer Film of Gd2O3:0.05Eu 

Crystallites: Quasi-Topotactic Transformation of the Hydroxide Film and Drastic 

Enhancement of Photoluminescence Properties,” Angew. Chem. Int. Ed. 48 (2009) 3846–3849. 

[110] K. Kakiuchi, E. Hosono and S. Fujihara, “Enhanced Photoelectrochemical Performance of 

ZnO Electrodes Sensitized with N-719,” J. Photochem. Photobiol. A:Chem. 179 (2006) 81–

86. 

[111] E. Hosono, S. Fujihara, I. Honma and H. Zhou, “The Fabrication of an Upright-Standing Zinc 

Oxide Nanosheet for Use in Dye-Sensitized Solar Cells,” Adv. Mater. 17 (2005) 2091–2094. 

[112]  , “ ,”  (2000). 

[113] J.-M. R. Génin and C. Ruby, “Anion and Cation Distributions in Fe (Ⅱ-Ⅲ) Hydroxysalt Green 

Rusts from XRD and Mössbauer Analysis (Carbonate, Chloride, Sulphate, ...); the “Fougerite” 

Mineral,” Solid State Sci. 6 (2004) 705–718. 

[114] R. Ma, J. Liang, X. Liu and T. Sasaki, “General Insights into Structural Evolution of Layered 

Double Hydroxide: Underlying Aspects in Topochemical Transformation from Brucite to 

Layered Double Hydroxide,” J. Am. Chem. Soc. 134 (2012) 19915–19921. 

[115] R. Ma, K. Takada, K. Fukuda, N. Iyi, Y. Bando and T. Sasaki, “Topochemical Synthesis of 

Monometallic (Co2+-Co3+) Layered Double Hydroxide and its Exfoliation into Positively 

Charged Co(OH)2 Nanosheets,” Angew. Chem. Int. Ed. 47 (2008) 86–89. 

[116] R.D. Shannon, “Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances 

in Halides and Chalcogenides,” Acta Cryst. A32 (1976) 751–767. 

[117] J. He, M. Wei, B. Li, Y. Kang, D.G. Evans and X. Duan, “Preparation of Layered Double 

Hydroxides,” Struct. Bond. 119 (2006) 89–119. 

[118] F. Delorme, F. Giovannelli, C. Autret-Lambert and T. Chartier, “Ca and Co Substitutions in 

(Ca,Co)(OH)2 Hydroxides,” Mater. Res. Bull. 48 (2013) 4191–4195. 

[119] F. Giovannelli, F. Delorme, C. Autret-Lambert, A. Seron and V. Jean-Prost, “Existence of a 

Solid Solution from Brucite to β-Co(OH)2,” Mater. Res. Bull. 47 (2012) 1212–1216. 

[120] E.F. de Oliveira and Y. Hase, “Infrared Study of Magnesium-Nickel Hydroxide Solid 

Solutions,” Vib. Spectrosc. 31 (2003) 19–24. 



32 
 

[121] R. Ma, Z. Liu, K. Takada, N. Iyi, Y. Bando and T. Sasaki, “Synthesis and Exfoliation of Co2+-

Fe3+ Layered Double Hydroxides: An Innovative Topochemical Approach,” J. Am. Chem. Soc. 

129 (2007) 5257–5263. 

[122] A. Seron and F. Delorme, “Synthesis of Layered Double Hydroxides (LDHs) with Varying 

pH: A Valuable Contribution to the Study of Mg/Al LDH Formation Mechanism,” J. Phys. 

Chem. Solids 69 (2008) 1088–1090. 

[123] M.A. Aramendía, V. Borau, C. Jiménez, J.M. Marinas, J.R. Ruiz and F.J. Urbano, 

“Comparative Study of Mg/M(Ⅲ) (M = Al, Ga, In) Layered Double Hydroxides Obtained by 

Coprecipitation and the Sol-Gel Method,” J. Solid State Chem. 168 (2002) 156–161. 

[124] S. Aisawa, S. Takahashi, W. Ogasawara, Y. Umetsu and E. Narita, “Direct Intercalation of 

Amino Acids into Layered Double Hydroxides by Coprecipitation,” J. Solid State Chem. 162 

(2001) 52–62. 

[125] M. Meyn, K. Beneke and G. Lagaly, “Anion-Exchange Reactions of Layered Double 

Hydroxides,” Inorg. Chem. 29 (1990) 5201–5207. 

[126] W. Feitknecht and P. Schindler, “Solubility Constants of Metal Oxides, Metal Hydroxides and 

Metal Hydroxide Salts in Aqueous Solution,” Pure Appl. Chem. 6 (1963) 125–206. 

[127] M.J. Guiomar, H.M. Lito, M.Filomena, G.F.C. Camões and A.K. Covington, “Equilibrium in 

Saturated Ca(OH)2 Solutions : Parameters and Dissociation Constants,” J. Solut. Chem. 27 

(1998) 925–933. 

[128] Y.F. Orlov, E.I. Maslov and E.I. Belkina, “Solubilities of Metal Hydroxides,” Russ. J. Inorg. 

Chem. 58 (2013) 1306–1314. 



33

Fig. 1-1 A schematic configuration of two different materials, A and B, to observe the
Seebeck and Peltier effects.
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Fig. 1-2 A schematic diagram of a thermoelectric module.
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Fig. 1-3 Definition for (a) electrical conductivity, (b) thermal conductivity, and (c) Seebeck
coefficient of a thermoelectric material [4].
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Fig. 1-4 Theoretical variation of figure of merit (ZT), thermal conductivity (κ), Seebeck
coefficient (S), and electrical conductivity (σ) as a function of carrier concentration (n) [5].
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Fig. 1-5 Temperature dependence of figure of merit (ZT) for several bulk
thermoelectric materials [3,13].
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Fig. 1-6 The abundance of elements used in thermoelectric materials. The elements
with an abundance below 1 ppm are represented by purple columns [33].
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Fig. 1-7 Schematic comparison of various thermoelectric materials for applications of waste
heat harvest, in terms of the operation temperature [3,33].
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Fig. 1-8 Schematic illustrations of the crystal structure of CoO2-based thermoelectric oxides:
(a) γ-NaxCoO2 (x = 0.74) [43], (b) CayCoO2 (y = 0.47) [44], and (c) Ca3Co4O9 [45]. The blue,
pale-blue, red, and yellow balls represent Co, Ca, O, and Na ions, respectively.
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Fig. 1-9 (a) Schematic diagrams of the CdI2-type CoO2 layer in Co-based thermoelectric
oxides and (b) 3d level splitting for Co ions in the CoO2 layer [50].

a1g

eg
’

Spherical
symmetry

CdI2-type CoO2 layer

t2g

eg

3d

Octahedral
symmetry

Distorted octahedral
symmetry

(a)

(b)

O2−
Co3+/4+



39

Γ K M Γ

EF

Fig. 1-10 A calculated electronic band structure for NaxCoO2 near the
Fermi energy EF [53]. The thick curve denotes the portion of the upper
part of the bands that has an eg’ character to some extent.
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Fig. 1-11 Schematic figures for (a) a usual metallic band and (b) the pudding mold band [51].
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Fig. 1-12 Electronic density of states for (a) a bulk semiconductor, (b) a quantum well, (c) a
quantum wire, and (d) a quntum dot [84].
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pore direction as a function of the pore radius and porosity [90].
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Fig. 1-14 Ideal structure of layered double hydroxides, with interlayer carbonate
anions [106].
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Fig. 1-15 A schematic model of the co-precipitation mechanism for gel-like precipitates
[112].
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3

 

 

2.1  
Ca(OH)2

Ca(OH)2 2.2.6

(WG222, Yamato Scientific) (KU201C, Yamato Scientific)

(CPC-N, Yamato Scientific)

0.17×10−4 S m−1 Table 2-1  

 

 

 

Table 2-1 Data of raw materials, washing solutions, etching solution, and reference samples. 

 Reagent 
Formula 

weight 
Manufacturer Assay 

Metal 

source 

CoCl2·6H2O 237.93 
Kanto Chemical Co., 

Inc. 
99.0% 

CaCl2·2H2O 147.01 
FUJIFILM Wako 

Pure Chemical Corp. 
99.9% 

CaCO3 

Calcite 
100.089 

Kojundo Chemical 

Laboratory Co., Ltd. 
99% 

Base 

source 

NaOH 40.00 
Taisei Kagaku Co., 

Ltd 
95.0% 

KOH 56.11 
Taisei Kagaku Co., 

Ltd 
85.0% 

C6H12N4 

Hexamethylenetetramine 
140.19 

FUJIFILM Wako 

Pure Chemical Corp. 
99.0% 

Washing 

solution 

C2H5OH 46.07 
Amakasu Chemical 

Industries Co., Ltd 
99% 

95% Methylated alcohol  
IMAZU Chemical 

Co., Ltd 
 

Etching HNO3  
Kanto Chemical Co., 

Inc. 
60~61% 
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Reference 

Ca(OH)2 74.09 
FUJIFILM Wako 

Pure Chemical Corp. 
96.0% 

Nb-doped SrTiO3 single crystal  
Furuuchi Chemical 

Corp. 
 

 

2.2  
2.2.1 X  

X (D8 ADVANCE, Bruker)

X

Fig. 2-1 dhkl

θ X Fig. 2-1

λ X  

 2dhkl sin θ = nλ (n ) (2-1)  

X

X [1]

ICDD (International Center for Diffraction Data)

 

X [2] D  

 D = 0.9λ
Bcosθ (2-2)  

B 1/2 D

 

f

[3]  

 

0

0
,

1
P Pf

P
 

00
,

I l
P

I hkl
 

0
0

0

00
,

I l
P

I hkl
 

(2-3)  

I(00l) I0(00l) (00l)

I(hkl) I0(hkl) (hkl)

Co X

X (XRD: X-Ray Diffraction) (DIFFRAC.EVA, 

Bruker)

P0 β-Co(OH)2 (30-0443) Ca3Co4O9 (21-0139)
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X Cu Kα (λ = 1.5406 Å) 40 kV 40 mA

1.00 mm dhkl

10º min−1 1º min−1 4 5.4 5º min−1  

 

2.2.2  
(S-4700, HITACHI; Sirion, FEI; JSM-7600F, JEOL)

FE-SEM (Field Emission Scanning Electron Microscope)

10 s 5 kV  

X (EDX: Energy Dispersive X-ray spectroscopy)

EDX X

X

15 kV 20 kV

 

 

2.2.3  
(Tecnai F20, FEI)

200 kV FE-

TEM (Field Emission Transmission Electron Microscope)

 

 

2.2.4 X  
X (XGT-2700, HORIBA) XRF 

(X-Ray Fluorescence analysis) X X X

X X

XRF

[4]

Table 2-

2

3 5
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Table 2-2 Measurement set-up for XRF. 

Measurement set-up 

Measurement time 100 s 

Pulse processing time P3 

Irradiation diameter 100 μm 

X-ray tube voltage 30 kV 

Current 1.0 mA 

 

2.2.5  
(ALPHA, Bruker Optics)

KBr (Okenshoji)

FT-IR (Fourier Transform 

Infrared Spectroscopy) Table 2-3  

 

Table 2-3 Measurement set-up for FT-IR. 

Measurement set-up 

Mode Transmission mode 

Range 4000~500 cm−1 

Resolution 4 cm−1 

Accumulation number 16 times 

 

2.2.6 pH  
pH (D-71, F-51, HORIBA) (9615S-10D, HORIBA)

(9632-10D, HORIBA) pH pH

pH 2

pH

pH = 4, 

; pH = 7, ; pH = 9, 

pH = 7 pH = 12

Fig. 2-2 pH = 12

 

 

2.2.7 /  
TG/DTA (DTG-60/60H, SHIMADZU)

(Al2O3) TG-DTA (Thermo-Gravimetric/Differential Thermal Analysis)

Al2O3 5 K min−1
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(50 ml min−1) (100 ml min−1)

 

 

2.2.8 Hot-forging  

(Hot-forging)

Fig. 2-3
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[1]  , “ ,”  (2012). 
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 (1998). 

[3] F.K. Lotgering, “Topotactical Reactions with Ferrimagnetic Oxides Having Hexagonal Crystal 

Structures−I,” J. Inorg. Nucl. Chem. 9 (1959) 113–123. 

[4]  , “X ,”  (1998). 
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Fig. 2-1 A schematic illustration of the Bragg reflection by lattice planes in a crystal.

X-ray

θ θ

A
B

C

dhkl
Lattice plane

AB+BC = 2dhkl sin θ

Fig. 2-2 A flow chart for the preparation of saturated calcium hydroxide solution as pH = 12
standard solution.

Ca(OH)2 20 g
Deionized water 200 ml

Aging
With N2 bubbling (500 ml
min−1) at 313~323 K for
60 min

Filtering

Vacuum Drying At r.t. overnight

Purified Ca(OH)2

Purified Ca(OH)2 1.75 g
Deionized water 35 ml

Stirring For 5 min

Sedimentation Statically-leaving for
solid-liquid separation

pH 12 standard solution
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Fig. 2-3 A Schematic diagram of the apparatus for the hot-forging technique.
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3   
 

3

Nb SrTiO3

[1]  

 
3.1  

2

Fig. 3-1(a) 2

RT  

 RT = V/I = 2RW + 2RC + RS (3-1)  
RW RC

RS RS

RS RW RC

Fig. 3-1(b)

Fig. 3-1(a) 2

RW RC 1010 Ω

RW RC

[2]

 

Fig. 3-2 4

1

2

[3]

 

 R = ρ A
l

 (3-2)  

l A

 

 

3.2 van der Pauw  
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van der Pauw

[4]  

(1)  

(2)  

(3)  

(4)  

Fig. 3-3 A B

D C RAB,CD RBC,DA

 

 exp(−πRAB,CD d/ρ) + exp(−πRBC,DA d/ρ) = 1 (3-3)  
ρ d (3-3) ρ

 

 ρ = )(2
)+(

2ln DABC,

CDAB,DABC,CDAB,

R
R

f
RRπd  (3-4)  

f RAB,CD/RBC,DA  

 
൫RAB,CD − RBC,DA൯൫RAB,CD + RBC,DA൯ =f arccosh ቊexp(ln 2 f⁄ )

2
ቋ (3-5)  

van der Pauw

Fig. 3-4 4

AB DC RAB,CD BC

AD RBC,DA

(3-5) f(RAB,CD/RBC,DA) (3-4) ρ

d D (= d/D) 9%

[5]  

 

3.3  

Fig. 3-5 1 2

(Reference) [6]

Reference 1

1 2 ∆Vx T0 = 

273.15 K Ta T0 T Reference1, 2

∆Vx  

 ∆Vx = − ቀ∫ SCudTT0
Ta

+∫ SxdTT
T0

+∫ SrefdTT0
T +∫ SCudTTa

T0
ቁ (3-6)  
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= −∫ (Sx − Sref)dTT
T0

 

Sx Sref SCu Reference 1 ∆Vx T

 

 

d∆Vx

dT
 = − (Sx − Sref)T 

Sx(T) = −ቀd∆Vx
dT ቁ

T
+ Sref(T) 

(3-7)  

Fig. 3-6 T ∆Vx T (d∆Vx/dT)T

[7] Sref(T) (3-7) Sx

 

Fig. 3-7 [6]

∆Vx  

 

∆Vx = − ቀ∫ SCudTT0
Ta

+∫ SrefdTT1
T0

+∫ SxdTT2
T1

+∫ SrefdTT0
T2

+∫ SCudTTa
T0

ቁ 

= − ∫ (Sx −  Sref)dTT2
T1

 

(3-8)  

∆T = T2 – T1 Tav = (T1 + T2)/2 (3-8)  

 

∆Vx = − (Sx − Sref)∆T 

Sx(Tav) = − 
∆V
∆T

 + Sref(Tav) 
(3-9)  

∆T

 

 

3.4  
van der Pauw

[8]  

Fig. 3-8 Table 3-1
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(ARF-50K, Asahi Rika Seisakusho)

(SD24, 

SHIMADEN)

4

2

(Rh13%)

(DM2561A, NF)

(Keithley 2400, Tektronix)

 

 

Table 3-1 Model number and manufacturer of the instruments in the measurement system. 

Instrument Model number Manufacturer 

Digital multimeter DM2561A NF Corporation 

Form C relay G5V-2 Omron Corporation 

Low-pass filter SV-4BL1 NF Corporation 

Multifunction DAQ device USB-6008 National Instruments Corporation 

PC Magnate IM Thirdwave Corporation 

Power supply P4K18-2 Matsusada Precision Inc. 

Source meter Keithley 2400 Tektronix Inc. 

Temperature controller FP93 Shimaden Co., Ltd. 

Temperature indicator SD24 Shimaden Co., Ltd. 

Vertical tube furnace ARF-50K Asahi Rika Seisakusho Co., Ltd. 

 

3.4.1  
Fig. 3-8 Fig. 3-9

(φ = 0.2 mm) 0.5 mm

363 K 10 min

873 K 30 min

 

Fig. 3-4 van der Pauw  (RAB,CD, RBC,DA)

ON/OFF Fig. 3-10
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c (G5V-2, OMRON) PC(Magnate IM, 

Thirdwave Corporation) OFF 4

6 11 13 1 2

3 4 R12,34 PC 4 V

ON 4 8 9 13

2 3 4 1 R23,41

Fig. 3-11(a) DAQ

(USB-6008, National Instruments) Fig. 3-10

8 4

4 Fig. 3-11(b)

OFF ON

2 I I23 (Fig. 3-10)

(FP93, Shimaden) PC 3.5

 

 

3.4.2  
(Fig. 3-7) Fig. 3-12

(P4K18-2, Matsusada 

Precision) PC 0~18 V

2

(φ = 0.2 mm)

(Rh13%, φ = 0.2 mm)

(Fig. 3-13)

S. Iwanagara

[9] (1) (2) 

4 1

1 2

2

50 Hz

16 Hz

(SV-4BL1, NF)
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3.5  

LabVIEW 2015

Fig. 3-14

 

 
3.5.1  

Fig. 3-15 t/mm

PC

I12 = 0 mA ~ Imax (Imax/10) mA

V34 I12 V34 PC

R12,34 c 4 V

DAQ

I23 = 0 mA ~ Imax V41 I23 V41

PC

I23-V41 R23,41 R12,34/R23,41

f(R12,34/R23,41)

(3-4) ρ Tav-ρ

Tav 2 Th Tc  

Fig. 3-16

I12-V34 I23-V41

 

 

3.5.2  
Fig. 3-17

Vmin Vmax ΔT-ΔV

n

(Vmax − Vmin)/(n − 1)

ΔVraw Th

Tc PC ΔT Tav
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ΔVraw [8]  

 ΔVcorr = ΔVraw − ΔT · SPt(Tav) (3-10)  
SPt(Tav) L. Abadlia (273 K~1800 K)

[10]  

 

SPt =∑ B(i)Ti9
0  

B(0) = 22.1561; B(1) = −0.23328; B(2) = 9.7007 × 10−4; 

B(3) = −2.68107 × 10−6; B(4) = 4.80917 × 10−9; 

B(5) = −5.60664 × 10−12; B(6) = 4.18456 × 10−15; 

B(7) = −1.92118 × 10−18; B(8) = 4.93085 × 10−22; 

B(9) = −5.40695 × 10−26 

(3-11)  

ΔVcorr 5

ΔT-ΔVcorr S Tav-S

5

Fig. 3-18

(%) ΔT-

ΔVcorr ΔT-ΔVraw-

ΔVcorr Th Tc  

 

3.5.3  
Fig. 3-19

(Tmin~Tmax) Tstep

(Fig. 3-15)

T

(Fig. 3-15)

(Fig. 3-17) Tmax

 

 

3.6   

n Nb SrTiO3

[1]
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3.6.1  
10 × 10 × 0.5 mm3 <001> 1 wt% Nb SrTiO3

D-500

 

 

3.6.2  
Fig. 3-20 Nb SrTiO3

van der Pauw

Fig. 3-21 I-

V Fig. 3-21(a) I12 V34

Fig. 3-21(b) I23 V41

R12,34 R23,41 Fig. 3-22

ΔT-ΔVcorr 50

4  

σ S SrTiO3

[1] Table 3-2 σ S

8% 11% S

S 5~10% [9]

25%(r.t.) [8]

 

 

Table 3-2 Electrical conductivity (σ) and Seebeck coefficient (S) for the Nb-doped SrTiO3 single 

crystal measured at room temperature with previous values as a comparison [1]. 

 σ/S cm−1 S/mV K−1 

Previous values 353 −0.24 

This study 382 −0.216 ± 0.002 

Relative error 8% 11% 

 

3.7  

van der Pauw

Nb SrTiO3
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8% 11%

 



59 
 

3   
[1] S. Ohta, T. Nomura, H. Ohta and K. Koumoto, “High-Temperature Carrier Transport and 

Thermoelectric Properties of Heavily La- or Nb-Doped SrTiO3 Single Crystals,” J. Appl. Phys. 

97 (2005) 034106. 

[2] D.K. Schroder ,  , “

,”  (2012). 

[3] M. Ohtaki, D. Ogura, K. Eguchi and H. Arai, “High-Temperature Thermoelectric Properties 

of In2O3-Based Mixed Oxides and their Applicability to Thermoelectric Power Generation,” J. 

Mater. Chem. 4 (1994) 653–656. 

[4] L.J. van der Pauw, “A Method of Measuring Specific Resistivity and Hall Effect of Discs of 

Arbitrary Shape,” Philips Res. Repts. 13 (1958) 1–9. 

[5] C. Kasl and M.J.R. Hoch, “Effects of Sample Thickness on the van der Pauw Technique for 

Resistivity Measurements,” Rev. Sci. Instrum. 76 (2005) 033907. 

[6] D.M. Rowe ed., “Thermoelectrics Handbook Macro to Nano,” CRC Press (2006). 

[7] J. Martin, T. Tritt and C. Uher, “High Temperature Seebeck Coefficient Metrology,” J. Appl. 

Phys. 108 (2010) 121101. 

[8] M. Schrade, H. Fjeld, T. Norby and T.G. Finstad, “Versatile Apparatus for Thermoelectric 

Characterization of Oxides at High Temperatures,” Rev. Sci. Instrum. 85 (2014) 103906. 

[9] S. Iwanaga, E.S. Toberer, A. LaLonde and G.J. Snyder, “A High Temperature Apparatus for 

Measurement of the Seebeck Coefficient,” Rev. Sci. Instrum. 82 (2011) 063905. 

[10] L. Abadlia, F. Gasser, K. Khalouk, M. Mayoufi and J.G. Gasser, “New Experimental 

Methodology, Setup and LabView Program for Accurate Absolute Thermoelectric Power and 

Electrical Resistivity Measurements between 25 and 1600 K: Application to Pure Copper, 

Platinum, Tungsten, and Nickel at Very High Temperatures,” Rev. Sci. Instrum. 85 (2014) 

095121. 



60

RW

RW

RC

RC

RS

VI Sample

Fig. 3-1 Schematic configurations of (a) the two-probe method and (b) the four-probe method.

(a) RW

RW

RC

RC

RS

VI Sample

(b)

Fig. 3-2 A schematic view of a four-probe set-up for a rectangular bar sample.

SampleV
Electrodes

D

A

B C

Fig. 3-3 An arbitrary-shaped sample with four small contacts at arbitrary points
on circumference.
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Fig. 3-4 A schematic view of a van der Pauw geometry for a pellet sample.

V

V

D
A

B C

Fig. 3-5 A schematic diagram of the integral method for a measurement of thermopower [6].

Vt

Vx

Sample wire

Reference 1

T

T0
Ta

1

2

Cu wires

Reference 2

Fig. 3-6 A graphical illustration of the integral method [7].

T1 T2 T

ΔVx
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Fig. 3-7 A schematic diagram of the differential method for a measurement of Seebeck
coefficient [6].

Gradient heater

T0

T2

T1

Heatsink

1

2

Ta

Vt1

Vt2

Vx

Sample

Reference wires

Cu wires
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Fig. 3-8 A schematic illustration of the apparatus for a measurement of electrical conductivity
and Seebeck coefficient.

Vertical tube furnace

Disk-shaped sample

Aluminum frame

Al2O3 support cylinder

Aluminum plate

Ag wire

ºC

ºC

TI

Temperature
indicator (TI)

TI

Thermocouple (Pt/Pt 87%-Rh 13%)

Digital multimeter (DM)DM

Source meter

Stainless steel shaft

Sample stage
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Fig. 3-9 A schematic illustration of a sample placed on the Al2O3 stage
(for the electrical conductivity measurement).

Fig. 3-10 The connections among a sample, a form C relay circuit, source meter, and PC. The
numbers in the form C relay denote the terminal position.

11

13

9

4

6

8

116

IV
ground

Source meter

PC

Form C relay

Sample

1

2 3

4

Al2O3 tube

Al2O3 block
Al2O3 plate

Sample

Ag wire

Source meterSource meter
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Fig. 3-11 Photographs of (a) a form C relay and a multifunction DAQ device and of (b) the back
side of the electrical board where the form C relay is connected.

Multifuctionon DAQQ device

Formm CCC relay

(a) (b)

Sourcece meter

Sample
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Pt 87%-Rh 13% wire
Pt wire

Fig. 3-12 A schematic illustration of a sample placed on the Al2O3 stage
(for the Seebeck coefficient measurement).

Fig. 3-13 A schematic illustration of a thermocouple.

Thermocouple (Pt/Pt 87%-Rh 13%)

Sample

Nichrome wire

Al2O3 tube

Power supply

TI

Pt 87%-Rh 13% wire

Pt wire
TI

DMDM

Pt wire

Spring

Internal heater
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Fig. 3-14 A block diagram of the measurement system.

P
C

Temperature 
controller

Setting temperature

Setting current value

S
a
m
p
l
e

Vertical 
tube 

furnace

Measurement of 
electrical conductivity

Measurement of 
Seebeck coefficient

Present temperature Present temperature

Outputting power

Measured current and 
voltage values

Current impression

Generation of voltage

Setting output power 
for the internal heater

Measured temperature 
difference and 

thermopower values

Applying temperature 
difference

Generation of 
thermopower
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Fig. 3-15 A flow chart of the program for measuring the electrical
resistivity using the van der Pauw method.

Program start

Sourcing I12

I12 = 0 mA to Imax Step (Imax/10) mA

Measuring V34

I12 end

I12-V34 data storage

Switching form C Relay

Sourcing I23

I23 = 0 mA to Imax Step (Imax/10) mA

Measuring V41

I23 end

I23-V41 data storage

Calculation of R12,34

Calculation of R23,41

Acquisition of F from the 
Excel sheet and R12,34/R23,41

Calculation of ρ

ρ = π
ln 2 t

R12,34+R23,41
2 F

Program end

Measuring Th and Tc

Calculation of Tav

Saving Tav-ρ data

Sample Thickness t

Measuring Th and Tc
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Fig. 3-16 An image of the front panel of the program for measuring the electrical resistivity.
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Fig. 3-17 A flow chart of the program for measuring the Seebeck coefficient.

Program start

Vmin to Vmax Step {(Vmax − Vmin)/(n − 1)} V

Measuring ΔVraw

Vmax end

Saving ΔT- ΔVcorr data

Calculation of ΔT and Tav

Program end

Measuring Th and Tc

Correcting to ΔVraw

Saving Tav-S data

Calculation of S

Vmin and Vmax for the internal heater

Number of measurement points n for (ΔT- ΔV) 

i = 1 to 5

i end
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Fig. 3-18 An image of the front panel of the program for measuring the Seebeck coefficient.
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Fig. 3-19 A flow chart of the program for measuring the temperature dependence of electrical
conductivity and Seebeck coefficient.

Program start

Heating to and holding at T

T = Tmin to Tmax with Tstep

T end

Program end

Measurement of electrical conductivity

Measurement temperature from Tmin to Tmax

Temperature step Tstep

Measurement of electrical conductivity

Measurement of Seebeck coefficient
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Fig. 3-20 A photograph of the Nb-doped SrTiO3 single crystal set on the sample stage.

0

0.05

0.1

0.15

0.2

0.25

0.3

-10 0 10 20 30 40

V 3
4/m

V

I12/mA

(a)

-1

-0.8

-0.6

-0.4

-0.2

0

-50 -40 -30 -20 -10 0 10

V 4
1/m

V

I23/mA

(b)

Fig. 3-21 (a) I12-V34 and (b) I23-V41 plots for the Nb-doped SrTiO3 single crystal at room temperature.
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(e)

Fig. 3-22 ΔVcorr versus ΔT for the Nb-
doped SrTiO3 single crystal at (a) first, (b)
second, (c) third, (d) fourth, and (e) fifth
cycle at room temperature.
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4  β-Co(OH)2 Ca3Co4O9

 
 
4.1  

Bi2Te3 PbTe

400 K 700 K [1] Ca3Co4O9

Ca3Co4O9 CdI2 CoO2 NaCl Ca2CoO3 c

CoO2 Co3+ Co4+

Ca3Co4O9 p [2] ab c

3.8×104 (300 K) [3] CoO2 Ca2CoO3

Ca3Co4O9 973 K 2.9 W m−1 K−1 [4]

Ca3Co4O9 973 K ZT = 0.89  

Ca3Co4O9

ab

(SPS) (HP)

[5–9]

ZT [4,10]

Ca3Co4O9 68% Ca3Co4O9

ZT = 0.4 [11] Ca3Co4O9

XRD

Ca3Co4O9 ZT

SPS HP

[5–9]

Ca3Co4O9

 

(RTGG)

H. Itahara β-Co(OH)2

Ca3Co4O9 [12]

β-Co(OH)2 Ca3Co4O9 CdI2 CoO2 CoO2

[13] H. Itahara 0.5 μm

0.1 μm β-Co(OH)2 CaCO3

Ca3Co4O9 [13]

β-Co(OH)2
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β-Co(OH)2 Ca3Co4O9

 

 

4.2 β-Co(OH)2 CaCO3  
RTGG β-Co(OH)2 CaCO3

β-Co(OH)2

CaCO3  

 

4.2.1  
β-Co(OH)2 0.1 M KOH 500 ml N2

(500 ml min−1) 1 h 7.15 mmol CoCl2·6H2O

25 ml N2 5 min N2

KOH

Fig. 4-1  

CaCO3 15 mm

10 20 ml 2 mm

99.9 mmol CaCO3 50 ml 24 h

353 K Fig. 4-2

 

 

4.2.2  
Fig. 4-3 XRD

β-Co(OH)2 (30-0443) (100) 50.8 nm

[100] FE-SEM Fig. 

4-4 150 nm (Fig. 4-4(a))

6~45 μm (Fig. 4-4(b)) β-Co(OH)2 TEM Fig. 4-5(a) (b)

β-Co(OH)2

(Fig. 4-5(a)) TEM

(Fig. 4-5(b)) Fig. 4-5(b)

(001) (Fig. 

4-5(c)) ab

β-Co(OH)2 ab 150 

nm 6~45 μm  

CaCO3 CaCO3
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XRD Fig. 4-6

CaCO3 (05-0586) 27º Cu Kβ (104)

(104) 67 nm 35 nm

FE-SEM CaCO3

SEM 3~16 μm (Fig. 4-7(a))

(Fig. 4-7(b))

(Fig. 4-7(c)) CaCO3 2 1 μm  

 

4.3 β-Co(OH)2 CaCO3 pH  
β-Co(OH)2

β-Co(OH)2 CaCO3

β-Co(OH)2 pH = 11.4 [14] CaCO3 pH = 11.5 [15]

pH

pH

 

 

4.3.1  
β-Co(OH)2 1.36 mmol CaCO3 1.04 mmol 50 ml

(pH = 7, 8, 9) 10 min

Fig. 4-8  

 

4.3.2  
Fig. 4-9 β-Co(OH)2 CaCO3

1 2 pH = 9 β-Co(OH)2

2 β-Co(OH)2 pH = 7 8

2 pH ≤ 8 β-Co(OH)2

CaCO3 1 2 CaCO3

pH CaCO3

 

β-Co(OH)2 CaCO3 pH

β-Co(OH)2 pH = 7 8

β-Co(OH)2 10−15.7 M3 [16] pH = 6 β-Co(OH)2

pH = 8
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4.4 β-Co(OH)2 CaCO3  
4.2 β-Co(OH)2

β-Co(OH)2 CaCO3

pH = 8

 

 

4.4.1  
Ca3Co4O9

(4.2 ) β-Co(OH)2 27.1 mmol

CaCO3 20.8 mmol

23 ml φ = 15 mm 10

20 ml φ = 2 mm 24 h

353 K 0.2 g 500 MPa 1 min

11.4 mm 0.86~0.89 mm B green 

compact GR B_GR Fig. 4-10  

Ca3Co4O9

(4.2 ) β-Co(OH)2 5.42 mmol CaCO3 4.15 

mmol pH = 8 NH3 400 ml 10 min

(N_GR) N NH3

Fig. 4-11  

Ca3Co4O9

(4.2 ) β-Co(OH)2 6.86 mmol

CaCO3 5.25 mmol 10 min

(M_GR) M (mortar)

Fig. 4-12  

(B_GR, N_GR, M_GR) (500 ml min−1) 10 K min−1 1193 K

8 h (#2000)

10 K min−1 873 K 30 min

Fig. 4-13 B_SB N_SB M_SB SB

sintered body  

 

4.4.2  
c  
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β-Co(OH)2 X

(Fig. 4-14)

X β-Co(OH)2 (30-0443)

CaCO3 (05-0586) β-Co(OH)2 (001) ICDD (Fig. 

4-14) β-Co(OH)2 c β-

Co(OH)2 (Fig. 4-4, 4-5)

B_GR N_GR M_GR c β-Co(OH)2

(00l) f 0.41 0.35

0.24 (Fig. 4-15)

β-Co(OH)2

 

CaCO3 CaCO3

CaCO3

CaCO3 c β-Co(OH)2

CaCO3 Table 4-1

β-Co(OH)2 CaCO3 M_GR

β-Co(OH)2 CaCO3

(MB_GR) β-Co(OH)2 (C_GR) 3

XRD Fig. 4-16 C_GR XRD β-Co(OH)2 (30-

0443) M_GR MB_GR β-Co(OH)2 CaCO3 (05-0586)

β-Co(OH)2 (001) C_GR M_GR

MB_GR CaCO3 β-Co(OH)2 (001)

β-Co(OH)2 (00l) C_GR

(f = 0.61) MB_GR (f = 0.35) M_GR(f = 0.24) (Fig. 4-17)

CaCO3 β-Co(OH)2 CaCO3 β-

Co(OH)2

CaCO3 M_GR MB_GR f β-Co(OH)2

CaCO3 β-Co(OH)2 c  

 

Table 4-1 The experimental condition of the green compacts (M_GR, MB_GR, C_GR) 

Sample Raw material Mixing way 

M_GR β-Co(OH)2 + CaCO3 Mortar and pestle 

MB_GR β-Co(OH)2 + Ball-milled CaCO3 Mortar and pestle 

C_GR β-Co(OH)2 Mortar and pestle 
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β-Co(OH)2 CaCO3  

B_GR N_GR M_GR β-Co(OH)2 CaCO3

Fig. 4-18 B_GR N_GR M_GR FE-

SEM Ca Co

FE-SEM B_GR N_GR M_GR

(Fig. 4-18(a-c)) B_GR

Ca Co (Fig. 4-18(d)) N_GR β-Co(OH)2

CaCO3 14 μm β-Co(OH)2

(Fig. 4-18(e))

M_GR β-Co(OH)2 CaCO3

(Fig. 4-18(f)) M_GR β-Co(OH)2

CaCO3

15 μm  

β-Co(OH)2 CaCO3

B_GR β-Co(OH)2

N_GR

β-Co(OH)2 β-Co(OH)2

6~45 μm

β-Co(OH)2

β-Co(OH)2 CaCO3 15 μm

CaCO3 β-Co(OH)2

 

 

β-Co(OH)2-CaCO3  

(B_GR, N_GR, M_GR)

Ca3Co4O9

[13] Ca3Co4O9

Fig. 4-19 N_GR (β-Co(OH)2-CaCO3) 4.4.1

300 K 380 K

(Fig. 4-19(a))

[17] 420 K 540 K 950 K 990 K

1160 K 1170 K 1200 K

420 K 540 K

Co2+ Co3+ β-Co(OH)2 [18]

Δ = 6.81% β-Co(OH)2 Co3O4 (β-Co(OH)2 

+ 1/6O2 → 1/3Co3O4 + H2O; Δ = 7.39%) 950 K
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Δ = 15.2% Co3O4

CaCO3 Ca0.47CoO2 (1/3Co3O4 + 0.47CaCO3 + 0.59/6O2 → 

Ca0.47CoO2 + 0.47CO2; Δ = 10.2%) CaCO3 (CaCO3 → CaO + CO2; Δ 

= 7.59%) [19] Δ = 

17.8% 990 K 1190 K Δ = −0.467%

Ca3Co4O9 (Ca0.47CoO2 + 0.28CaO + 0.01O2 → 1/4Ca3Co4O9.20; Δ = 

−0.187%) [19,20] Ca3Co4O9

Ca3Co4O9+δ 1173 K

δ = 0.20 [21] 1200 K

Δ = 1.70% Ca3Co4O9.20 Ca3Co2O6 CoO (1/4Ca3Co4O9.20 → 

1/4Ca3Co2O6 +1/2CoO + 0.15O2; Δ = 2.83%) [19,20,22]  

Ca3Co4O9 (Fig. 4-19(b)) 1190 K

1250 K Ca3Co4O9

[20]

β-Co(OH)2 Ca2+ β-Co(OH)2

 

 

(B_SB, N_SB, M_SB)  

B_SB N_SB M_SB Fig. 4-20 B_SB N_SB

M_SB XRD Ca3Co4O9 (21-0139)

M_SB Ca3Co2O6

Fig. 4-21

XRD XRD Fig. 4-21

XRD Ca3Co4O9 (21-0139)

M_SB Ca3Co4O9 Ca3Co2O6

Ca3Co4O9 (00l) Ca3Co4O9

c

f Fig. 4-22

Ca3Co4O9 (00l) f

β-Co(OH)2 (00l) f Fig. 4-15 N_SB

f = 0.71 B_SB f = 0.54 M_SB f = 0.35

B_GR f β-Co(OH)2

Ca3Co4O9 B_SB f

N_SB f  
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Fig. 4-23 SEM SEM

B_SB 1.25 ± 0.27 μm

(Fig. 4-23(d)) (Fig. 4-23(a))

N_SB M_SB 20 μm

(Fig. 4-23(b,c)) N_SB M_SB

0.88 ± 0.25 μm 1.48 ± 0.67 μm (Fig. 

4-22(e,f)) M_SB

M_SB Ca3Co2O6 Ca3Co4O9

N_SB M_SB β-

Co(OH)2 CaCO3 H. Itahara (001)

β-Co(OH)2 (111) Co3O4 CaCO3 Ca2+ Co3O4

(010) CayCoO2 (00l) Ca3Co4O9

[13] CoO2 N_GR

β-Co(OH)2 M_GR (Fig. 4-18(e,f))

N_GR Ca3Co4O9  

B_SB N_SB

Ca3Co4O9 c CoO2 Ca2CoO3

[23] ab c

B_SB Ca3Co4O9 SEM

f SEM N_SB (Fig. 4-23(e))

N_SB f B_SB β-Co(OH)2

CaCO3 Ca3Co4O9

c N_SB β-

Co(OH)2 CaCO3 Ca3Co4O9

Ca3Co4O9 c

 

 

N_SB (B_SB, N_SB)  

XRD N_SB Ca3Co4O9 β-Co(OH)2

Ca2+ Ca3Co4O9

N_SB Table 4-2

Ca/(Ca + Co) Ca3Co4O9
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[Ca2CoO3]0.62CoO2 [23] Ca 43.4 mol% a (Fig. 4-

24(a)) b (Fig. 4-24(b)) Ca3Co4O9

c d (Fig. 4-24(c,d)) Ca 0.00 mol% 1193 K

Co3O4

Ca3Co4O9 Co3O4

Ca-rich Ca3Co2O6 CaO

EDX Ca-rich

XRD SEM N_SB B_SB c

Ca3Co4O9 Co3O4  

 

Table 4-2 Ca content around and in the aggregated particle for N_SB. 

Spot Ca content (mol%) 

a 44.6 

b 44.9 

c 0.00 

d 0.00 

 

N_SB Ca3Co4O9 Co3O4 XRD

B_SB N_SB Ca3Co4O9

(Table 4-3) M_SB Ca3Co2O6

N_SB B_SB 10%

Ca3Co4O9 Co3O4 Ca3Co2O6

4.68 g cm−3 [23] 6.10 g cm−3 [24] 4.49 g cm−3 [25] Ca3Co4O9

Co3O4 Ca3Co2O6  

 [Ca2CoO3]0.62CoO2 → 2.38
9 Co3O4 + 1.24

3 Ca3Co2O6 + 2.9
18O2 (4-1)  

 
4.68 g cm−3 > 2.38

9  × 6.10 g cm−3 + 1.24
3  × 4.49 g cm−3 

 = 3.47 g cm−3 

(4-2)  

Co3O4 Ca3Co2O6 Ca3Co4O9 N_SB

Co3O4 Ca3Co2O6 B_SB
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Table 4-3 The relative density for B_SB and N_SB. 

Sample Relative density(%) 

B_SB 45.9 ± 1.1 

N_SB 55.9 ± 1.5 

 

(B_SB, N_SB)  

Ca3Co4O9 (00l) f

(Fig. 4-25) [9,26–31]

SPS HP

[5–9]

B_SB N_SB f

c Ca3Co4O9 f

 

Fig. 4-26 N_SB

[32] Fig. 4-27

Al2O3

[32,33]

Fig. 4-27

Fig. 4-27

Fig. 4-27 [32,33] β-Co(OH)2 500 MPa

30~100 MPa [33]

 

 

(B_SB, N_SB)  

B_SB N_SB Fig. 4-28 780 K

360 K

TMS Ca3Co4O9 TMS
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[28,34] N_SB B_SB 20 S cm−1

N_SB 10% 0.13

N_SB Ca3Co4O9 Co3O4 Ca3Co2O6

Table 4-4 Ca3Co4O9 Co3O4

Ca3Co2O6 [4,35,36] Ca3Co4O9

ab Ca3Co2O6 c

Co3O4 Ca3Co2O6 Ca3Co4O9

N_SB

B_SB

 

 

Table 4-4 Electrical conductivity of Ca3Co4O9, Ca3Co2O6, and Co3O4 single crystals. 

Material σrt/S cm−1 Ref. 

Ca3Co4O9 (ab-plane) 5.0×102 [4] 

Co3O4 3.2×10−7 [35] 

Ca3Co2O6 (c-axis) 5.4×10−1 [36] 

 

780 K σ780

(Fig. 4-29) [9,11,26–28,31,37,38]

B_SB N_SB

B_SB N_SB 0.54 0.71

 

RTGG

Ca3Co4O9

(Co3O4, 

Ca3Co2O6) f N_SB

 

 

4.5 β-Co(OH)2  

β-Co(OH)2

β-Co(OH)2

β-Co(OH)2

β-Co(OH)2

β-Co(OH)2 β-Co(OH)2
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CaCO3 β-Co(OH)2

c

β-Co(OH)2

OH−

[39] (Fig. 4-30) NaOH

NaOH OH−

NaOH OH−

HMT

(C6H12N4 + 6H2O → 6CH2O + 4NH3) NH3 pH

[40]

HMT β-Co(OH)2

5~7 μm 15 nm [41]

β-Co(OH)2

 

 

4.5.1  

1.0 mmol CoCl2·6H2O 12 mmol 36 mmol 60 mmol HMT 200 ml

363 K 1 h 3 h 5 h

333 K HMT 12 mmol 1 h

Hx_t (x = 1, 3, 5; t = 1, 3, 5) H HMT x

HMT 12 mmol 1 HMT t

Fig. 4-31  

 

4.5.2  

Fig. 4-32 HMT Hx_1 (x = 1, 3, 5)

XRD β-Co(OH)2 (30-0443) HMT

β-Co(OH)2 (001) (101)

β-Co(OH)2

β-Co(OH)2 c Fig. 4-33

H5_t (t = 1, 3, 5) XRD β-Co(OH)2 
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(30-0443) β-Co(OH)2

(001)  

Hx_t (x = 1, 3, 5; t = 1, 3, 5) SEM Fig. 4-34

XRD (001) β-

Co(OH)2 (001)

HMT t 1 h x = 1

x = 3

x = 5

HMT pH

β-

Co(OH)2 H5_1 HMT

pH 4.5.1 CoCl2·6H2O

pH pH Fig. 4-35

0.5 h 1 h pH pH x 

= 1 t = 0 HMT pH

HMT pH

pH β-Co(OH)2

 

Hx_t (x = 3, 5; t = 3, 5) SEM x = 3, 5

H3_5

β-Co(OH)2

1 h  

Table 4-5 Hx_t (x = 1, 3, 5; t = 1, 3, 5) β-Co(OH)2 x = 3 3 h

x = 5 1 h 70% Ca3Co4O9

CaCO3 β-Co(OH)2

H5_1 H5_1

4.12 ± 1.01 μm 140 ± 21 nm 29

CaCO3

 

 

Table 4-5 The β-Co(OH)2 yield on various temperatures and HMT concentrations.  
1 h 3 h 5 h 

×1 40.7%   

×3 53.7% 69.3% 72.2% 

×5 72.7% 69.6% 68.2% 

t x
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4.6 β-Co(OH)2 CaCO3  

H5_1 β-Co(OH)2 70%

CaCO3 Ca3Co4O9

CaCO3 β-Co(OH)2 CaCO3

CaCO3

 

 

4.6.1  

4.5.1 2.5

2.5 mmol CoCl2·6H2O 150 mmol HMT 500 ml

363 K 1 h

CaCO3 x [mmol]

10 min

333 K y_P y β-Co(OH)2 100%

Ca3Co4O9 CaCO3 100

CaCO3 [%] x y Table 4-6  

y_P (y = 85, 95, 100, 105) 0.14~0.20 g 500 MPa 1 min

11.4 mm 0.60~0.86 mm (500 ml min−1) 

10 K min−1 1173 K 8 h

(#2000) 10 K min−1 873 K 30 min

y_SB (y = 85, 95, 100, 105) Fig. 4-36

 

 

Table 4-6 Amount (x) and the ratio (y) of CaCO3. 

x/mmol y 

2.01 105 

1.91 100 

1.82 95 

1.72 90 

1.63 85 

1.53 80 

1.34 70 

 

4.6.2  

H5_1 β-Co(OH)2 70% CaCO3
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CaCO3 70% 70_P

CaCO3 80_P 90_P 100_P XRF Fig. 

4-37 Ca (Ca/(Ca + Co)) y Ca 38.3 

mol% 49.3 mol% Ca3Co4O9 Ca 43.3 mol% y

80~90% Ca Ca3Co4O9  

y = 85 y = 95, 100, 105 y_P (y = 85, 95, 100, 105)

Fig. 4-38 y_SB (y = 85, 95, 100, 105) XRD

Ca3Co4O9 (21-0139) 85_SB

Co3O4 85_SB

Ca3Co4O9 Co β-Co(OH)2 Co3O4

XRF 85_P Ca3Co4O9 Ca

XRD y_P (y = 95, 100, 105) Ca3Co4O9 Ca

XRF

[42] β-Co(OH)2

CaCO3 XRF

 

y_SB (y = 85, 95, 100, 105) (Fig. 4-39)

Co3O4 Co3O4 Ca3Co4O9

y_SB (y = 95, 100, 105) XRD Co3O4

Ca3Co2O6

340 K 85_SB

Co3O4 y_SB (y = 95, 100, 105)

y = 95~105

β-Co(OH)2 70%

CaCO3 Ca3Co4O9

CaCO3 Ca3Co4O9 XRD

Ca3Co4O9 CaCO3

β-Co(OH)2 72.7% 100_P CaCO3 89.6%

β-Co(OH)2 CaCO3 100%

Ca Ca3Co4O9 Ca3Co4O9

y_SB (y = 95, 100, 105)

CaCO3 y = 100  

 

4.7 β-Co(OH)2 Ca3Co4O9

 

CaCO3 Ca3Co4O9
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Ca3Co4O9 100_SB N_SB

4.4  

 

4.7.1  

100_SB 4.6.1 100_P 4.6.1

100_GR N_SB 4.4.1

100_SB N_SB 1173 K

1193 K 1173 K

1173 K  

 

4.7.2  

Fig. 4-40 100_P β-Co(OH)2 SEM

4.6.1 β-Co(OH)2 CaCO3

SEM 7.10 ± 1.44 μm 179 

± 70 nm 4.5.1 H5_1

40  

100_GR N_GR XRD Fig. 4-41

X β-Co(OH)2

(001) (101) β-Co(OH)2 (00l)

f 100_GR f = 0.97 f = 1

(Fig. 4-42) β-Co(OH)2 N_GR f = 0.35 β-Co(OH)2

(Fig. 4-40) c RTGG

Ca3Co4O9 [13] β-

Co(OH)2 β-Co(OH)2

5 [43]

β-Co(OH)2 40

β-Co(OH)2

 

100_GR SEM Fig. 4-43 SEM

(Fig. 4-43(a))

(Fig. 4-43(b)) : Co

: Ca β-Co(OH)2

CaCO3 (Fig. 4-43(c)) (001)

β-Co(OH)2 c

 

100_SB N_SB XRD Fig. 4-44
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Ca3Co4O9 (21-0139)  

(00l) Ca3Co4O9 (00l)

f 100_SB N_SB f = 

0.96 0.71 (Fig. 4-45) f 100_SB f

100_GR (f = 0.97)

c Ca3Co4O9

43.3 ± 0.7%

 

100_SB f Fig. 4-46

[9,26–31] N_SB 100_SB 43.3%

100_SB f  

100_SB SEM Fig. 4-47 SEM

1.37 ± 0.57 μm Ca3Co4O9

N_SB Co3O4 Ca3Co4O9 (Fig. 4-

23(b,e)) 100_SB (Fig. 4-47(a)) 100_SB

β-Co(OH)2 CaCO3 β-Co(OH)2

(Fig. 4-47(b))

 

Fig. 4-48(a) 100_SB N_SB

100_SB β-Co(OH)2

CaCO3 β-Co(OH)2

(Fig. 4-48(b)) [32,44] dpഥ
Rw Hp Hw

(dpഥ /Rw < 1) Hp/Hw dpഥ /Rw

(Fig. 4-48(b) ) (dpഥ /Rw > 1) Hp/Hw

dpഥ /Rw

(Fig. 4-48(b) )

β-Co(OH)2 -CaCO3 β-Co(OH)2 -CaCO3

dpഥ dpഥ /Rw > 1

 

100_SB N_SB Fig. 4-49 360~380 K

TMS TMS [28,34] 100_SB f = 

0.96 N_SB 100_SB (43.3 ± 0.7%)

N_SB (55.9 ± 1.5)
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900 K (Fig. 4-50)

[9,11,26–28,37,38,45] N_SB N_SB [45]

780 K 860 K 100_SB(43.3 ± 0.7%)

48% σ900 = 28.7 S cm−1 100_SB

(σ900 = 36.9 S cm−1) 100_SB

(48%) 5% (f = 0.96)  

 

4.8 Hot-forging Ca3Co4O9  
CaCO3 β-Co(OH)2

Ca3Co4O9

(f = 0.96)

Ca3Co4O9

(HF)

[46]

HF Ca3Co4O9

 

 

4.8.1  

0.2 g 100_P 4.6.1 500 MPa 1 min

6.0~6.1 mm 2.9~3.0 mm 2 HF

0.0 0.4 2.1 5.0 MPa 10 K min−1 1173 

K 1 h (#2000)

10 K min−1 873 K 30 min HF

p HF_p (p = 0.0, 0.4, 2.1, 5.0)

Fig. 4-51  

(#15000) 5 min

5 wt% HNO3 90 s

333 K Fig. 4-52  

Ca3Co4O9 Co

[47,48] 1 M HCl 100 ml N2 HF_p (p = 0.0, 0.4, 2.1, 5.0)

10~12 mg KI 2 g HCl N2

0.015 M Na2S2O3

1 ml 40 ml

0.33 g 5 ml Fig. 
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4-53(a,b)  

 
4.8.2  
HF_p (p = 0.0, 0.4, 2.1, 5.0)  

HF_p XRD Fig. 4-54(a)

Ca3Co4O9 (21-0139) Fig. 4-54(b) (−201)

37º

Ca3Co4O9 (21-0139) Co3O4 (71-0816)

Co3O4 Co3O4 HF_0.4, 

2.1, 5.0 Ca3Co4O9 Co3O4 HF_0.0 Ca3Co4O9  

HF 2.8 mm 1.2 mm

5.8 mm 6.6 mm Ca3Co4O9

Table 4-7 0.0 5.0 MPa

41.0 83.8%  

HF_p XRD Fig. 4-55

X (00l)

c

(00l) f (Table 4-7)

HF_0.0 f = 0.89

f Fig. 4-56 HF_p f

SPS HP HF

Ca3Co4O9 f [9,26–31]

f f = 0.9

90% HF_p

41.0 83.8% f = 0.89 c  

 

Table 4-7 The relative density and the Lotgering factor for HF_p (p = 0.0, 0.4, 2.1, 5.0). 

Sample Relative density (%) f 

HF_0.0 41.0 ± 0.2 0.89 

HF_0.4 61.5 ± 0.3 0.93 

HF_2.1 75.1 ± 0.3 0.95 

HF_5.0 83.8 ± 1.2 0.97 

 

f

Ca3Co4O9 [9,26,28,30]
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[27,29] SPS HP HF

Ca3Co4O9 2.0 μm 0.15 μm

[26] 1 μm 0.2 μm [29] 13 5

SPS HP

f Ca3Co4O9

β-Co(OH)2 40

β-Co(OH)2

Ca3Co4O9

β-Co(OH)2 (500 MPa)

β-Co(OH)2 β-Co(OH)2

c CaCO3

Ca3Co4O9 [13]

Ca3Co4O9  

 

HF_p (p = 0.0, 0.4, 2.1, 5.0)  

Fig. 4-57 HF_p SEM SEM

HF_5.0

(f = 0.97) Table 4-8 Ca3Co4O9

HF_0.0 HF_5.0

100 nm

 

 

Table 4-8 The grain diameter for HF_p (p = 0.0, 0.4, 2.1, 5.0). 

Sample Diameter/μm Thickness/nm 

HF_0.0 2.02 ± 0.71 427 ± 151 

HF_0.4 1.93 ± 0.51 371 ± 185 

HF_2.1 1.82 ± 0.58 230 ± 124 

HF_5.0 2.31 ± 1.13 216 ± 122 

 

HF_p

SEM Fig. 4-58 HF_0.0 SEM (Fig. 4-57(a))
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Ca3Co4O9 Fig. 4-58(b-d)

 

 

HF_p (p = 0.0, 0.4, 2.1, 5.0) Ca3Co4O9 Co  

Co Ca3Co4O9 Ca3Co4O9

[Ca2CoO3]qCoO2 q

q

q = 0.62 (Ca3Co3.92O9+δ) [23,49] Ca3Co4O9 EDX

q = 0.70 (Ca3Co3.64O9+δ) [4] Ca/Co

Ca3Co4O9 Ca/Co Ca3Co3.95O9+δ ~ Ca3Co4.05O9+δ

Ca3Co4O9 [21] Ca3Co4O9

Ca3Co3.92O9+δ [23,49]

Ca3Co4O9 Ca3Co3.92O9+δ Co  

Co

Co KI 2 I2

Na2S2O3 I2 I−

Na2S2O3 Cox+ (x − 2)  

 Cox+ + (x − 2)I− → (x − 2)
2 I2 + Co2+ (4-3)  

 1
2I2 + S2O32− → I− + 1

2S4O62− (4-4)  

 Cox+ + (x − 2)S2O32− → (x − 2)
2 S4O62− + Co2+ (4-5)  

Table 4-9 HF_p (p = 0.0, 0.4, 2.1, 5.0) Co VCo

HF_p Ca3Co3.92O9+δ Ca Co 3 : 3.92

HF_p VCo 3 δ

Ca3Co3.92O9.34 [49] VCo = 3.23 δ = 0.34

HF_p

HCl HF_p

Cox+ I− (4-3)

I2 Co

1 M HCl HF_p KI

HF_p  

Co3O4 HF_p HF_p (p = 0.4, 

2.1, 5.0) XRD (Fig. 4-54(b)) Co3O4

Co3O4 HF_p Co3O4 VCo 2.7 Ca3Co3.92O9.34 VCo 



96 
 

= 3.23 [49] VCo Co HF_p

XRF Table 4-9 HF_p 

(p = 0.0, 0.4, 2.1, 5.0) Ca Co 3 : 4.01 3 : 4.26 3 : 4.26

3 : 4.41 Ca : Co = 3 : 3.92 [49] Co

Co Co3O4

Ca3Co3.92O9+δ VCo HF_p

Co3O4

 

 

Table 4-9 Cobalt valence VCo, oxygen content δ and chemical formula fot HF_p (p = 0.0, 0.4, 2.1, 

5.0). 

Sample V(Co) δ Chemical formula 

from iodometry 

Chemical formula 

from XRF 

HF_0.0 2.98 −0.164 Ca3Co3.92O8.836 Ca3Co4.01±0.04O9+δ 

HF_0.4 2.72 −0.669 Ca3Co3.92O8.331 Ca3Co4.26±0.12O9+δ 

HF_2.1 2.70 −0.708 Ca3Co3.92O8.292 Ca3Co4.26±0.09O9+δ 

HF_5.0 2.77 −0.567 Ca3Co3.92O8.433 Ca3Co4.41±0.08O9+δ 

 

4.9 Hot-forging Ca3Co4O9  
Ca3Co4O9 c

HF_p (p = 0.0, 0.4, 2.1, 5.0) c

 

 

4.9.1  

HF_p (p = 0.0, 0.4, 2.1, 5.0) 900 K

 

 
4.9.2  

 

σM

 

 σM = l
A

1
R

 (4-6)  

l A

A van der Pauw A’
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A’ (4-6)

σM  

σN  

 σN = neμ (4-7)  
n e μ Table 4-10 Ca3Co4O9 ab

c 5 [3] n [cm−3]

300 K n = 4.30×1020 cm−3 

[28] (4-7) ab c 5

(Table 4-10) μ = eτ/m* ab c m*

m* = 12.6m0 [28] ab c

5 (Table 4-10)  

 

Table 4-10 Electrical conductivity σ, mobility μ and relaxation time τ along ab-plane and c-axis of 

Ca3Co4O9 [3,28]  
ab-plane c-axis 

σ/S cm−1 1.76×102 4.65×10−3 

μ/cm2 V−1 s−1 2.56 6.76×10−5 

τ/s 1.84×10−14 4.85×10−19 

 

 

 τ−1 = τimp−1 + τe-ph−1 + τe-e−1 + τgb−1 + τpore−1 (4-8)  
τimp−1 τe-ph−1 τe-e−1 τgb−1

τpore−1

τimp−1 nimp [50]  

 τimp−1  nimp (4-9)  
HF_p (p = 0.0, 0.4, 2.1, 5.0) Ca3Co4O9

τimp−1

[50]  

 τe-ph
ି1 kBT ൬ T

θD
൰4 න 4x4 dx

(ex − 1)

θD/T

0
 (4-10)  

kB θD  

 θD=
ħ(6π2Nv3)1/3

kB
 (4-11)  

ħ N v

τe-ph−1 τe-ph−1 Ca3Co4O9 c
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[50]  

 τe-e
ି1 ൬kBT

EF
൰2

 (4-12)  

EF τe-ph−1

τgb−1

τpore−1

τsize−1 [51]  

 τsize
ି1 3

4
(1 − p) 1

D
 (4-13)  

D p (p = 0: , p = 1: )

τgb−1 τpore−1  

 

HF_p (p = 0.0, 0.4, 2.1, 5.0)  

HF_p Fig. 4-59(a) 380 

K [28,34]

HF HF

HF_5.0

HF_0.0

σM (4-6) HF_5.0 HF_0.0

A

A’ σM (Table 4-11)  

σM τ−1

HF_5.0 HF_0.0

f 0.97 0.89 (Fig. 4-56) c

τe-ph−1 (Table 4-11)

2 μm HF_5.0 HF_0.0

216 nm 427 nm HF_0.0 τgb−1

1 nm 100 nm

τgb−1

(Table 4-11) HF_5.0 HF_0.0

τpore−1

(Table 4-11) HF_p
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Table 4-11 τpore−1

 

 

Table 4-11 Cross-sectional area A, electron-phonon scattering probability τe-ph−1, grain-boundary 

scattering probability τgb−1, and pore-interface scattering probability τpore−1 for HF_p. 

Sample A τe-ph−1 τgb−1 τpore−1 

HF_0.0 Low Slightly high Slightly low High 

HF_0.4     

HF_2.1     

HF_5.0 High Slightly low Slightly high Low 

 

Fig. 4-59(d) HF_p 900 K

[6,9,11,26–28,37,38,45,52–54] [45]

860 K

HF_p HF_5.0

HF_5.0

HF_0.0

 

HF_5.0 HF_0.0

τpore−1 Fig. 4-60 c

τe-ph−1 τpore−1

c HF_5.0

83.8% HF_0.0 41.0% HF_p

c HF_p

HF_5.0 HF_0.0 c

HF_5.0 HF_0.0

HF_p

HF_5.0 c (Fig. 4-56)

τe-ph−1 HF_5.0 τe-ph−1

HF_0.0 c (Fig. 4-56) HF_5.0

HF_0.0 τe-ph−1

τpore−1 τpore−1

40% c τe-ph−1

τpore−1 c
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HF_0.0

HF_5.0

80%

 

 

HF_p (p = 0.0, 0.4, 2.1, 5.0)  

Fig. 4-59(b) HF_p

HF_p

120 μV K−1 (300 K) 180 μV K−1 (900 K)

HF_p Effective-medium-theory [5,55]

Ca3Co4O9 Ca3Co4O9

Ca3Co4O9

HF_p Table 4-8

[56] HF_p

 

Fig. 4-59(e) 900 K

Ca3Co4O9 [6,9,11,26–

28,37,38,45,52–54] [45] 860 K [11]

Fig. 4-56 c

c Ca3Co4O9

ab (300 K) c

2.14 [3]  

Ca3Co4O9

Mott i

[57]  

 Si = π2kB
2 T

3e
∂ lnσi

∂ε
ฬ
ε=EF

 (4-14)  

σi i

[51]  

 σi =
e2τvFℵi

12π3ħ
 (4-15)  

vF ℵi i (4-15) (4-14)
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 Si = π2kB
2 T

3e
∂ lnℵi

∂ε
ฬ
ε=EF

 (4-16)  

Ca3Co4O9 kc

[58] kb

kc b c

b ab

 

HF_p

c

(Fig. 4-61) 1~8 μm 160~185 μV K−1

[5,7,26,29,45,59,60]

10 μm

150μV K−1 [26] Ca3Co4O9

1~8 μm

HF_p

 

 

HF_p (p = 0.0, 0.4, 2.1, 5.0)  

HF_p (p = 0.0, 0.4, 2.1, 5.0) (S2σ) Fig. 4-59(c)

(380 K)

HF_0.0 HF_5.0

HF_p

(Fig. 4-59(b))

(Fig. 4-59(a))

HF_5.0 900 K 400 μW m−1 K−2  

900 K

(Fig. 4-59(f)) [6,9,11,26–28,37,38,45,52–54]

[45] 860 K HF_p

HF_5.0

HF_0.0
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Ca3Co4O9 c HF_5.0 HF_2.1

c c

 (Table 4-12) HF_0.4 HF_0.0

c

40~60%

Ca3Co4O9 ab c 2 [3]

(Table 4-22)

Table 4-12 HF_5.0 HF_2.1 c

HF_0.4 HF_0.0  

 

Table 4-12 Significant factors involving electrical conductivity, Seebeck coefficient, and power 

factor of HF_p.  
HF_0.0 HF_0.4 HF_2.1 HF_5.0 

σ Density Density Orientation Orientation 
S Orientation Orientation Orientation Orientation 

PF Density Density Orientation Orientation 
 

HF_p (p = 0.0, 0.4, 2.1, 5.0) ZT 

HF_p

HF_p Fig. 4-62 Ca3Co4O9

[6,11,28,37,38,52–54]

92% [28]

HF_p

(Fig. 4-62) HF_0.4 HF_0.0

1 W m−1 K−1  

κ 900 K

HF_p ZT ZT900 Fig. 4-63

[6,11,28,37,38,52–54] HF_0.0 ZT900 3

HF_0.0

HF_p ZT [11]

HF_p ZT [11] Ca3Co4O9

ZT
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HF_0.4 HF_2.1 HF_5.0 90%

ZT ZT 60~85%

 

 

4.10  

4 β-Co(OH)2 RTGG

Ca3Co4O9 β-Co(OH)2

Ca3Co4O9

 

β-Co(OH)2 150 nm 6~45 μm

Ca3Co4O9 β-Co(OH)2 CaCO3

β-Co(OH)2 -CaCO3

f = 0.71

Co3O4

 

β-Co(OH)2

β-Co(OH)2 β-Co(OH)2

CaCO3

f = 0.97 (f = 1) β-Co(OH)2 40

Ca3Co4O9 f = 0.96

43.3%  

(HF)

β-Co(OH)2 -CaCO3 (p = 0.0, 0.4, 2.1, 5.0 MPa)

Ca3Co4O9 41.0

83.8% f = 0.89 c

Ca3Co4O9

c

HF_5.0

HF_p
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HF_5.0 HF_2.1

HF_p ZT HF_0.4 HF_2.1 HF_5.0

90% ZT

60~85% Ca3Co4O9 ZT  
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Fig. 4-1 A flow chart of the heterogeneous precipitation of nano-sized β-Co(OH)2 particles.

0.1 M KOH aq. 500 ml

N2 Bubbling

Filtering

Vacuum Drying

Powder

At r.t. overnight

With methanol denatured with ethanolWashing

Deionized water 25 ml
CoCl2·6H2O 7.15 mmolAt a flow rate of 500 ml min−1

at r.t. for 1 h
N2 Bubbling At r.t. for 5 min

Fig. 4-2 A flow chart of the ball milling of CaCO3 powder.

CaCO3 99.9 mmol
Methanol denatured with methanol 50 ml
ZrO2 ball (φ = 15 mm) 10 balls
ZrO2 ball (φ = 2 mm) about 20 ml

Ball Milling

Drying

Powder

At 353 K

For 24 h
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Fig. 4-3 An XRD pattern of the powder synthesized by the heterogeneous precipitation method.

(a)

Fig. 4-4 FE-SEM images of the powder synthesized by the heterogeneous precipitation method
at (a) high and (b) low magnifications.

20 20 μm220 mμμμμμμμμμμμμμμμμμμμμμμμμm

(b)

100 nm



111

Fig. 4-5 (a,b) TEM images of the powder synthesized by the heterogeneous precipitation method,
and (c) a FFT pattern of the corresponding area in (b).
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Fig. 4-6 XRD patterns of CaCO3 before and after ball milling.
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1 1 μmμμμμ

(c)

(a)

20 20 μmμμμμ

(b)

10 0 μmμμμμ

Fig. 4-7 FE-SEM images of the CaCO3 powder (a) before and (b) after ball milling at low and
(c) high magnifications.

Fig. 4-8 A flow chart of the ultrasonicated dispersion of nano-sized β-Co(OH)2 and CaCO3
powder in NH3 solution with pH = 7, 8, or 9.

Stirring Under ultrasonic dispersion at r.t. for 10 min

Suspension

Nano-sized β-Co(OH)2 1.36 mmol or ball-milled CaCO3 1.04 mmol
NH3 solution (pH = 7, 8, or 9) 50 ml



113

pH 7 pH 8 pH 9

pH 7 pH 8 pH 9 pH 7 pH 8 pH 9

Fig. 4-9 Photographs of suspensions (pH = 7, 8, 9) containing (top) β-Co(OH)2 or (bottom)
CaCO3 powder. The suspensions was stirred under ultrasonic dispersion (left) 1 day and
(right) 2 days ago.

pH 7 pH 8 pH 9
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Fig. 4-10 A flow chart of the ball milling of nano-sized β-Co(OH)2 and CaCO3 powder, and the
fabrication of the green compact.

Ball Milliing

Nano-sized β-Co(OH)2 27.1 mmol
CaCO3 20.8 mmol
Methanol denatured with methanol 23 ml
ZrO2 ball (φ = 15 mm) 10 balls
ZrO2 ball (φ = 2 mm) about 20 ml

For 24 h

Drying At 353 K

B_GR

Pressing Under uniaxial pressure of 500 MPa for 1 min

Fig. 4-11 A flow chart of the mixing of nano-sized β-Co(OH)2 and CaCO3 powder by ultrasonic
dispersion in NH3 solution, and the fabrication of the green compact.

Stirring Under ultrasonic dispersion at r.t. for 10 min

N_GR

Nano-sized β-Co(OH)2 5.42 mmol
Ball-milled CaCO3 4.15 mmol
NH3 solution (pH = 8) 400 ml

Filtering

Vacuum Drying At r.t. overnight

Pressing Under uniaxial pressure of 500 MPa for 1 min

With methanol denatured with ethanol
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Fig. 4-12 A flow chart of the mixing of nano-sized β-Co(OH)2 and CaCO3 powder using a
mortar and a pestle, and the fabrication of the green compact.

Mixing

β-Co(OH)2 6.86 mmol
CaCO3 5.25 mmol

For 10 min

M_GR

Pressing Under uniaxial pressure of 500 MPa for 1 min

B_GR, N_GR, or M_GR

B_SB, N_SB, or M_SB

Sintering At 1193 K with a heating rate of 10 K min−1 for 8 h 
with flowing O2 (500 ml min−1), then natural cooling

Polishing

Annealing

Using an abrasive paper (#2000)

At 873 K with a heating rate of 10 K min−1 for 30 min 
in air, then natural cooling

Fig. 4-13 A flow chart for the sintering process from B_GR, N_GR, and M_GR.
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Fig. 4-15 Lotgering factors (f) for (00l) of β-
Co(OH)2 in B_GR, N_GR, and M_GR.

Fig. 4-14 XRD patterns of B_GR, N_GR,
and M_GR.
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Fig. 4-16 XRD patterns of C_GR, M_GR,
and MB_GR.
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Fig. 4-17 Lotgering factors (f) for (00l) of β-
Co(OH)2 in C_GR, M_GR, and MB_GR.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4-18 FE-SEM images of a fractured surface of (a) B_GR, (b) N_GR, and (c) M_GR.
(d-f) EDX elemental mappings of the corresponding images.
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Fig. 4-19 TG and DTA curves (a) in air and (b) with flowing O2 for β-Co(OH)2-CaCO3 powder
mixed under ultrasonicated dispersion in pH = 8 solution.
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Fig. 4-21 XRD patterns of B_SB, N_SB, and
M_SB. For the measurements of the ceramics,
the main surface was irradiated with X-ray as
shown in the inset.
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Fig. 4-20 XRD patterns of the powder, in which B_SB, N_SB, and M_SB were pulverized by a
mortar and a pestle.
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Fig. 4-22 Lotgering factors (f) for (00l) of
Ca3Co4O9 in B_SB, N_SB, and M_SB. Left bar
graphs represent the f value of the green
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Fig. 4-23 FE-SEM images of a fractured surface of (a,d) B_SB, (b,e) N_SB, and (c,f) M_SB.
The images were observed at (a-c) low and (d-f) high magnifications.

20 20 μmμμμμ

1 1 μmμμ

50 50 μmμ20 20 μmμμμ

1 1 μmμμ 1 1 μmμμ

(a) (b) (c)

(d) (e) (f)

Fig. 4-24 FE-SEM images of a fractured surface of N_SB. EDX analysis was performed at the
red circle (a) around the aggregated particle and (b-d) in the aggregated particle.

(a) (b)

(c) (d)
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Fig. 4-25 Relationship between the relative density and the Lotgering factor (f) for (00l) of
Ca3Co4O9. Previous data for Ca3Co4O9 ceramics taken from literature are also plotted for
comparison [9,26-31].

Fig. 4-26 A photographs of a top surface of N_SB.
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Fig. 4-28 Temperature dependence of the in-plane electrical
conductivity (σ) of B_SB and N_SB from room temperature to 780 K.

Fig. 4-27 Qualitative results from experiments with hard, soft, and medium hardness Al2O3
granules compacted uniaxially after irregular die filling. The upper set of graphs show density
across the diameter of the green compact, whereas the lower set of illustrations are schematics
showing the appearance of the sintered pellets [32,33].
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Fig. 4-29 Relationship between the relative density and the electrical conductivity (σ780) at 780
K. Previous data for the Ca3Co4O9 ceramics taken from literature are also plotted in this figure
for comparison [9,11,26-28,31,37,38].
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Fig. 4-30 Saturation and supersaturation curves and states of chemical solution [40].
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Fig. 4-32 XRD patterns of H1_1, H3_1, and H5_1.
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Fig. 4-33 XRD patterns of H5_1, H5_3, and H5_5.

Fig. 4-31 A flow chart of the homogeneous precipitation of micron-sized β-Co(OH)2 particles.

CoCl2·6H2O 1.0 mmol
HMT 12, 36, or 60 mmol
Deionized water 200 ml

Drying At 333 K in air

H1_1, H3_1, H3_3, H3_5, H5_1, H5_3, or H5_5

Stirring At 363 K for 1, 3, or 5 h

Filtering With deionized water
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Fig. 4-35 The pH versus time for HMT solution (c = 0.06, 0.18, 0.30 M).
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Fig. 4-36 A flow chart for the fabrication of the green compact with various CaCO3 contents
and the sintering process.

y_SB

Pressing Under uniaxial pressure of 500 MPa for 1 min

Sintering At 1173 K with a heating rate of 10 K min−1 for 8 h 
with flowing O2 (500 ml min−1), then natural cooling

Polish

Anneal At 873 K with a heating rate of 10 K min−1 for 30 min in air, 
then natural cooling

Using an abrasive paper (#2000)

CoCl2·6H2O 2.5 mmol
HMT 150 mmol
Deionized water 500 ml

Drying At 333 K in air

Stirring At 363 K for 1 h

Filtering

Stirring Under ultrasonication at r.t. for 10 min

Ball-milled CaCO3 x [mmol]

Cooling Down to about r.t. in ice water

With deionized water

y_P
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Fig. 4-37 Ca content versus y for y_P (y = 70, 80, 90, 100).
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Fig. 4-38 XRD patterns of powder, in which y_SB (y = 85, 95, 100, 105)
were pulverized by a mortar and a pestle.
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Fig. 4-39 Temperature dependence of the in-plane electrical conductivity (σ)
of y_SB (y = 85, 95, 100, 105) from room temperature to 900 K.
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Fig. 4-40 FE-SEM images of β-Co(OH)2 powder using scale-up homogeneous
precipitation at (a) low and (b) high magnifications.
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Fig. 4-41 XRD patterns of 100_GR and N_GR for a comparison.
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Fig. 4-42 Lotgering factors (f) for (00l) of β-Co(OH)2 in
100_GR and N_GR for a comparison.
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Fig. 4-43 FE-SEM images of a fractured surface of 100_GR at (a) low and
(b) high magnifications. (c) An EDX elemental mapping of a fractured
surface of 100_GR (red: Co, blue: Ca).
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Fig. 4-44 XRD patterns of 100_SB and N_SB. For
the measurement of the ceramics, its main surface
was irradiated with X-ray as shown in the inset.
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graph represents the f value of the green compact.
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Fig. 4-46 Relationship between the relative density and the Lotgering factor (f)
for (00l) of Ca3Co4O9. Previous data for Ca3Co4O9 ceramics taken from
literature are also plotted in this figure for comparison [9,26-31].

Fig. 4-47 FE-SEM images of a fractured surface of 100_SB at (a) low and
(b) high magnifications.
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Fig. 4-48 (a) A photograph of a top surface of 100_SB. (b) Sliding friction between a stationary
powder compact and a moving wall [32,44].
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Fig. 4-49 Temperature dependence of the in-
plane electrical conductivity (σ) of 100_SB
and N_SB for a comparison from room
temperature to 900 K.
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Fig. 4-50 Relationship between the relative
density and the electrical conductivity (σ900) at
900 K. Previous data for the Ca3Co4O9
ceramics taken from literature are also plotted
in this figure for comparison [9,11,26-
28,37,38,45].
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Fig. 4-51 A flow chart for the fabrication of textured Ca3Co4O9 ceramics with controlled relative
density using hot-forging.

HF_0.0, HF_0.4, HF_2.1, HF_5.0

Hot-forging At 1173 K with a heating rate of 10 K min−1 for 1 h under uniaxial 
pressure of 0.0, 0.4, 2.1, or 5.0 MPa in air, then natural cooling

Polish

Anneal At 873 K with a heating rate of 10 K min−1 for 30 min in air, 
then natural cooling

Using an abrasive paper (#2000)

Micron-sized β-Co(OH)2-CaCO3 powder 0.2 g

Pressing Under uniaxial pressure of 500 MPa for 1 min

Fig. 4-52 A flow chart for the acid etching to observe the polished surface of the ceramics.

HF_0.0, HF_0.4, HF_2.1, HF_5.0

Polish

Drying At 333 K in air

Using an abrasive paper (#15000)

A piece of HF_p (p = 0.0, 0.4, 2.1, 5.0)

Ultrasonication In distilled water for 5 min

Soaking In 5 wt% HNO3 solution for 90 s

Washing With distilled water
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Fig. 4-54 (a) XRD patterns of powder, in which HF_0.0, HF_0.4,
HF_2.1, and HF_5.0 were pulverized by a mortar and a pestle and
(b) magnified (-201) diffraction peaks.
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Fig. 4-53 A flow chart for (a) iodometry in order to determine the cobalt valence and the oxygen
content in HF_p (p = 0.0, 0.4, 2.1, 5.0) and (b) the preparation of the starch solution.

Colorless solution

HF_p (p = 0.0, 0.4, 2.1, 5.0) 
powder 10~12 mg

Titration With 0.015 M Na2S2O3 aq. 
and starch solution 1 ml

1 M HCl aq. 100 ml

N2 Bubbling At r.t. for 10 min

KI 2 g

(a)

Starch solution

Potato starch 0.33 g
Distilled water 5 ml

At boiling 
temperature

Distilled water 40 ml

Boiling

(b)

Stirring
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Fig. 4-55 XRD patterns of HF_0.0, HF_0.4, HF_2.1, and HF_5.0. For the
measurement of the ceramics, its main surface was irradiated with X-ray as
shown in the inset.
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Fig. 4-56 Relationship between the relative density and the Lotgering factor
(f) for (00l) of Ca3Co4O9. Previous data for Ca3Co4O9 ceramics taken from
literature are also plotted in this figure for comparison [9,26-31].
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Fig. 4-57 FE-SEM images of a fractured surface of HF_p; (a) p = 0.0, (b) 0.4, (c) 2.1, and (d) 5.0.
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Fig. 4-58 FE-SEM images of a polished surface of HF_p; (a) p = 0.0, (b) 0.4, (c) 2.1, and (d) 5.0.
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Fig. 4-59 Temperature dependence of (a) the in-plane electrical conductivity (σ), (b) the Seebeck
coefficient, and (c) the power factor of HF_p (p = 0.0, 0.4, 2.1, and 5.0) from room temperature to 900
K, and relationship between the relative density and (d) the electrical conductivity (σ900), (e) the
Seebeck coefficient (S900), and (f) the power factor (S2σ900) at 900 K. Previous data for the Ca3Co4O9
ceramics taken from the literature [6,9,11,26-28,37,38,45,52-54] are also plotted in (d–f) for comparison.

0

20

40

60

80

100

120

140

160

300 400 500 600 700 800 900

HF_5.0
HF_2.1

HF_0.4
HF_0.0

/S
 c

m
 -1

T/K

TMS

(a)

120

140

160

180

200

300 400 500 600 700 800 900

HF_5.0
HF_2.1
HF_0.4
HF_0.0

S/
μV

 K
 -1

T/K

(b)

0

100

200

300

400

500

300 400 500 600 700 800 900

HF_5.0
HF_2.1
HF_0.4
HF_0.0

S 
2

/μ
W

 m
 -1  

K 
2

T/K

(c)

0

50

100

150

0 20 40 60 80 100

[26]
[27]
[28]

[9]
[11]

[37]
[38]
[45]
[52]

[6]

[53]
[54]
HF_5.0
HF_2.1
HF_0.4
HF_0.0

90
0/S

 c
m

 -1

Relative density (%)

* [45] at 860 K

(d)

0

50

100

150

200

250

0 20 40 60 80 100

[26]
[27]
[28]

[9]
[11]

[37]
[38]
[45]
[52]

[6]

[53]
[54]
HF_5.0
HF_2.1
HF_0.4
HF_0.0

S 90
0/μ

V 
K -1

Relative density (%)

* [45] at 860 K

(e)

0

100

200

300

400

500

0 20 40 60 80 100

[26]
[27]
[28]

[9]
[11]

[37]
[38]
[45]
[52]

[6]

[53]
[54]
HF_5.0
HF_2.1
HF_0.4
HF_0.0

S
 2

90
0/μ

W
 m

 -1
 K

 -2

Relative density (%)

* [45] at 860 K

(f)



139

Fig. 4-60 Relative density and c-axis orientation dependence of electron-phonon
scattering probability τe-ph

−1 and pore interface scattering probability τpore
−1.
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Fig. 4-61 Relationship between the grain size and the in-plane Seebeck
coefficient (S900) at 900 K. Previous data for the Ca3Co4O9 ceramics taken from
the literature [5,7,26,29,45,59,60] are also plotted for comparison.
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Fig. 4-62 Relationship between the relative density and the in-plane
thermal conductivity (κ900) at 900 K [6,11,28,37,38,52-54].

Fig. 4-63 Relationship between the relative density and ZT (ZT900) at
900 K [6,11,28,37,38,52-54].
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5  CayCoO2

 
 
5.1  

CoO2

Bi2Te3 PbTe [1] NaxCoO2

Ca3Co4O9 [2,3] CayCoO2

923 K [4]

Table 5-1

[5–7] Ca0.33CoO2 Ca3Co4O9 σ 3

S Ca3Co4O9

S2σ κ Ca3Co4O9 NaxCoO2 CayCoO2 ZT 0.025

1 σ S κ

ZT NaxCoO2-δ 800 K ZT = 1.2

CayCoO2 CayCoO2

 

 

Table 5-1 Thermoelectric properties for NaxCoO2-δ, Ca0.33CoO2, and Ca3Co4O9 single crystals at 

room temperature [5–7].  
NaxCoO2−δ Ca0.33CoO2 Ca3Co4O9 

σ/S cm−1 3.4×103 1.36×103 5.0×102 

S/μV K−1 83 81.2 125 

S2σ/10−4 W m−1 K−2 23.8 9.0 7.8 

κ/W m−1 K−1 19.0 11 3.5 

ZT 0.03 0.025 0.82 

 

CayCoO2 CdI2 CoO2 Ca2+ [8] CoO2 Co

3 4 Ca2+ 0.26 ≤ y ≤ 0.50 (Fig. 5-1(a))[9]

NaxCoO2 Ca3Co4O9 CoO2 Na+ Ca2CoO3

(Fig. 5-1(b,c))[10,11]

CayCoO2 NaxCoO2

[6,9]

Y. 

Miyazaki CaCO3 Co3O4 CayCoO2 (y = 0.47)

CayCoO2 923 K 20 h

15
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[8] c

CayCoO2

CazCo1−z(OH)2 CayCoO2

 

Y. Miyazaki

CayCoO2

[12–14]  

H. Itahara

β-Co(OH)2 CaCO3

c β-Co(OH)2 1193 K

c Ca3Co4O9 [15] β-Co(OH)2

Ca3Co4O9 CdI2 CoO2 (Fig. 5-1(c,d)) [11,16] β-

Co(OH)2 Co3O4 CoO2 CayCoO2

Ca3Co4O9 CayCoO2 CoO2 Ca3Co4O9

[15] CazCo1−z(OH)2

CayCoO2

 

 

5.2 CazCo1−z(OH)2  
CazCo1−z(OH)2 Ca(OH)2 β-Co(OH)2 brucite

114 pm 79 pm [17]

10−5.3 mol3 L−3 [18] 10−15.7 mol3 L−3 [19]

F. Delorme Ca2+ Co2+

NaOH CazCo1−z(OH)2 [20] Ca

z = 0.12 NaOH

pH 3 13.5 pH = 7.5 12.5

pH [20] β-Co(OH)2

pH = 7.5 Ca2+

CayCoO2 (0.26 ≤ y ≤ 0.50) CazCo1−z(OH)2 Ca 0.21 ≤ z ≤ 0.33

Ca  

[21,22]

pH CazCo1−z(OH)2 Ca

NaOH KOH Ca

CazCo1−z(OH)2 CayCoO2
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5.3 NaOH pH CazCo1−z(OH)2  
pH = 12.65 NaOH Ca/Co CazCo1−z(OH)2

Ca/Co = 3.0 z CazCo1−z(OH)2

Ca/Co = 3.0 z pH

 

 

5.3.1  
pH = 12.6 12.7 12.8 12.9 NaOH  100 ml N2 (500 ml min−1)

20 min 5 ml CoCl2·6H2O 1.43 mmol

CaCl2·2H2O 4.28 mmol NaOH 15 min

N126 N127 N128 N129 Fig. 5-2  

 
5.3.2  

Fig. 5-3 N126 N127 N128 N129 XRD Fig. 5-3(a) brucite

β-Co(OH)2 (89-8616) XRD N129

Ca(OH)2 (44-1481) β-Co(OH)2 Ca(OH)2

10−15.7 mol3 L−3 [19] 10−5.3 mol3 L−3 [18] β-Co(OH)2 pH

Ca(OH)2 pH Ca/Co = 3.0 NaOH

pH 12.8 Ca(OH)2 12.9 Ca(OH)2

XRD scan speed 1º min−1 Fig. 5-3(b) (100)

β-Co(OH)2 ICDD

Ca2+ : 114 pm [17] β-Co(OH)2 Co2+ : 79 pm 

[17] pH Ca2+

 

CazCo1−z(OH)2 N126 N127 N128 XRF Ca

(= Ca/(Ca + Co)) 4 β-Co(OH)2 -CaCO3 Ca

XRF 4.6

CazCo1−z(OH)2 Ca XRF EDX Ca

18.37 ± 2.60 19.88 ± 1.13mol% XRF
Table 5-2 N126 N127 N128 5

pH Ca

Fig. 5-3(b) (100) pH  
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Table 5-2 Ca content in N126, N127, and N128 estimated from XRF. 

Sample Ca content (mol%) 

N126 13.40  2.61 

N127 16.81  1.39 

N128 23.96  2.39 

 

N126 N127 N128 N129 SEM Fig. 5-4 200 nm

NaOH

[Co2+][OH−]2 Table 5-3 pH = 

12.6~12.9 [Co2+][OH−]2 β-Co(OH)2 Ksp (= 10−15.7 

mol3 L−3 = 2.00×10−16 [19])

 

 

Table 5-3 Calculated value of [Co2+][OH−]2 in NaOH solution (pH = 12.6~12.9) to which the 

metal-ion solution is just added. 

pH [Co2+][OH−]2/ mol3 L−3 

12.9 9.02×10−5 

12.8 5.69×10−5 

12.7 3.59×10−5 

12.6 2.27×10−5 

 

NaOH pH 12.8 CazCo1−z(OH)2 z

pH = 12.8 NaOH

N128_2 XRD N128 CazCo1−z(OH)2

N128_2 CazCo1−z(OH)2 Ca(OH)2 (Fig. 5-5) N128_2

Ca (= Ca/(Ca + Co)) XRF Table 5-4 Ca(OH)2

N128_2 Ca N128  

 

Table 5-4 Ca content in N128 and N128_2 estimated from XRF. 

Sample Ca content (mol%) 

N128 23.96  2.39 

N128_2 63.86  3.08 

 

1 NaOH

2 NaOH pH
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pH (1)pH (2)

2 pH Fig. 5-6

pH Si-O

H+ pH

Na+ H+ Si-O

pH Na+

1 Li+ 1/2 K+ 1/5 [23] KOH

pH

CazCo1−z(OH)2  

 

5.4 KOH pH CazCo1−z(OH)2  
NaOH pH

KOH z CazCo1−z(OH)2

 
 

5.4.1  
pH = 12.6 12.7 12.8 12.9 KOH  100 ml N2 (500 ml min−1)

60 min 5 ml CoCl2·6H2O 1.43 mmol CaCl2·2H2O 

4.28 mmol KOH 15 min

K126

K127 K128 K129 Fig. 5-7  

 
5.4.2  

K126 K127 K128 K129 XRD Fig. 5-8 brucite

β-Co(OH)2 (89-8616) CazCo1−z(OH)2

K129 Ca(OH)2 (44-1481) pH = 

12.9 CazCo1−z(OH)2 Ca(OH)2 Fig. 5-8(b)

KOH pH Ca (100)

 

K126 K127 K128 Ca XRF

Table 5-5 Ca (= Ca/(Ca + Co))

Ca CazCo1−z(OH)2 pH

Ca pH = 12.8 z  
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Table 5-5 Ca content in K126, K127, and K128 estimated from XRF. 

Sample Ca content (mol%) 

K126 14.78  3.34 

K127 20.53  1.42 

K128 22.84  1.91 

 

K126 K127 K128 K129 FT-IR Fig. 5-9

3630 cm−1 brucite O-H

[24,25] 3400 cm−1 brucite

pre-hydrotalcite

brucite OH O-H ν(OH)

[24–26] Pre-hydrotalcite brucite pre-

hydrotalcite brucite Pre-hydrotalcite brucite OH−

[27] CazCo1−z(OH)2

1630 cm−1

H-O-H H2O

[25,26,28] 1450 cm−1 870 cm−1

CO32− K129 XRD

CO32−

[25,29,30] 600 cm−1 brucite M( )-O

M-O-H [24,31,32]  

SEM Fig. 5-10 K126

K127 K128 K129 101 ± 34 nm 103 ± 17 nm 91 ± 29 nm

98 ± 20 nm Ca(OH)2 K129 SEM

XRD Ca(OH)2 CazCo1−z(OH)2

Ca(OH)2  

NaOH pH = 12.8 CazCo1−z(OH)2

z pH = 12.8 NaOH

Ca(OH)2 CazCo1−z(OH)2 (Fig. 5-5) NaOH pH

KOH pH pH = 

12.8 KOH 3 3

5.9 5

K128_2 K128_3 K128_4 XRD

β-Co(OH)2 (89-8616)

CazCo1−z(OH)2  (Fig. 5-11) XRF K128

K128_2 K128_3 K128_4 Ca (= Ca/(Ca + Co)) Table 5-6
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K+ pH

pH z CazCo1−z(OH)2

 

 

Table 5-6 Ca content in K128, K128_2, K128_3, and K128_4 estimated from XRF. 

Sample Ca content (mol%) 

K128 22.84  1.91 

K128_2 22.27  0.93 

K128_3 21.28  0.72 

K128_4 22.58  0.82 

Av. 22.24  0.59 

 

5.5  
β-Co(OH)2 Ca(OH)2 298.15 K ΔsolHº 23.1 

kJmol−1 [33,34] −16.7 kJmol−1 [33] β-Co(OH)2 ΔsolHº

ΔfHº  

 Co(OH)2 → Co2+ (aq) + 2OH− (aq) (5-1)  

 
ΔsolHº(Co(OH)2) = ΔfHº(Co2+) + 2ΔfHº(OH−) − ΔfHº(Co(OH)2) 

= −59 kJ mol−1 + 2 × −230 kJ mol−1 + 542 kJ mol−1 = 23.1 kJ mol−1 
(5-2)  

ΔsolHº β-Co(OH)2 Ca(OH)2

β-Co(OH)2 Ca(OH)2

β-Co(OH)2 Ca2+

Ca  

 

5.5.1  
pH = 12.6 12.7 12.8 KOH  100 ml N2 (500 ml min−1) 338 K

60 min KOH 338 K 5 ml

CoCl2·6H2O 1.43 mmol CaCl2·2H2O 4.28 mmol 15 min

K126H K127H K128H Fig. 5-12  

 
5.5.2  

338 K K126H K127H K128H XRD Fig. 

5-13 β-Co(OH)2 (89-8616)

CazCo1−z(OH)2 pH = 12.7 K127H K128H

Ca(OH)2 (44-1481) CaCO3 pH = 12.9 Ca(OH)2
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338 K pH = 12.7 Ca(OH)2 Ca(OH)2

 

K126H K127H K128H FT-IR Fig. 5-14

3630 cm−1 brucite O-H

[24,25] 3400 cm−1 O-H ν(OH)

brucite OH [24–26] 1630 cm−1 H-O-

H H2O [25,26,28] 1450 

cm−1 870 cm−1 CO32−

K126H XRD CO32−

[25,29,30] K127H K128H XRD

CaCO3 CaCO3 K127H K128H 1450 cm−1

K126H

[35] 600 cm−1 brucite

M-O M-O-H [24,31,32]  

CazCo1−z(OH)2 K126H XRF Table 5-

7 Ca (= Ca/(Ca + Co))

pH = 12.6 K126 z  

 

Table 5-7 Ca content in K126H and K126 as a comparison estimated from XRF. 

Sample Ca content (mol%) 

K126H 11.82  2.00 

K126 14.78  3.34 

 

XRD brucite d100 Ca(OH)2

CazCo1−z(OH)2 z Fig. 5-15 scan 

speed 5º min−1 XRD K126H K127H K128H K126 K127 K128 K129

d100 pH CazCo1−z(OH)2 d100 pH

d100 Co2+ Ca2+

pH

d100 Ca(OH)2 Ca2+ OH− pH

Ca(OH)2 β-Co(OH)2 Ca2+ d100

Ca(OH)2 d100

β-Co(OH)2

β-Co(OH)2 OH−

pre-hydrotalcite (α ) brucite (β )

[24] α β 338 K
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pre-hydrotalcite

Ca2+ Co2+

pre-hydrotalcite Ca2+  

338 K K126H K127H K128H SEM Fig. 5-

16 200 nm K127H K128H

Ca(OH)2  

 

5.6  CazCo1−z(OH)2  
2

[12,36] 5.4 pH = 12.8 KOH

z = 0.22 CazCo1−z(OH)2

 

 

5.6.1  
5.4 K128 CazCo1−z(OH)2 (z = 0.22) 0.1 g

O2 (500 ml min−1) 373~923 K 5 h 20 K min−1

O2 973 K 373 K

373 K CazCo1−z(OH)2 (z = 0.22)

Fig. 5-17

Air A A373 A473 A573 A673 A773 A873 A923

O2 O373 O473 O573 O673 O773 O873 O923 O973

 

 

5.6.2  
XRD Fig. 5-18 Fig. 5-18(a)

Fig. 5-18(b) O2

373 K brucite 473 K brucite

CoOOH brucite

c (Fig. 5-19) 573 K 20º

CoOOH 37º Co3O4

Co3O4 773 K

Ca0.47CoO2 923 K
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373 K CoOOH

473 K 573 K Co3O4

773 K

Ca0.47CoO2

O2 373 K

Co 2 brucite O2 Co 3

CoOOH O2

CazCo1−z(OH)2 (z = 0.22) Co2+ Co3+  

CazCo1−z(OH)2 O2

Ca0.47CoO2 Ca0.47CoO2 CayCoO2

CayCoO2 Ca  (y) 0.26 0.50

[9] y CoO2 Co (Co3+/4+)

d010 y d010

[9]  

CayCoO2 y 0.26 CazCo1−z(OH)2 (z = 0.22) y 

= 0.28 CayCoO2

CayCoO2 Co3O4

Co2+ Co4+ Co CayCoO2

Ca2+ y = 0.28 Co Co3O4

O2 Co3O4

O973 XRD O923 Co3O4

CazCo1−z(OH)2 CayCoO2

973 K  

FT-IR Fig. 5-20 Fig. 5-20(a,b)

Fig. 5-20(c,d) O2 A373

CazCo1−z(OH)2 (z = 0.22) XRD

A473 brucite O-H

3630 cm−1 [24,25] pre-hydrotalcite OH

3400 cm−1 [24–26]

660 cm−1 570 cm−1 Co3O4 Co2+(Td

)-O Co3+(Oh )-O (Fig. 5-20(b)) [37]

brucite Co3O4 XRD

A473 CoOOH FT-IR CoOOH

Co3O4 A473

CoOOH Co3O4 A573 XRD

Co3O4 FT-IR
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A873 635 cm−1 600 cm−1

Co-O(out-of-plane) Co-O(in-plane) (Fig. 5-20(b)) [38]

CoO2 XRD CoO2

CayCoO2 Co-O O2 Fig. 5-20(c,d)

O473 Co3O4 Co-O O873 CayCoO2

Co-O O973 CayCoO2 Co3O4

O973 XRD CayCoO2 Co3O4

FT-IR XRD

973 K Co3O4  

CazCo1−z(OH)2 (z = 0.22) TG-DTA Fig. 5-21

Co Ca

β-Co(OH)2 Ca(OH)2 (Ca : 22mol%)

Fig. 5-21(a) β-Co(OH)2 Ca(OH)2 300~370 K

β-Co(OH)2 Ca(OH)2

[39] 410 K 540 K 670 K

Co2+ Co3+ β-Co(OH)2

[40]

Δ = 11.2% β-Co(OH)2 Co3O4 (β-Co(OH)2 + 1/6O2 → 1/3Co3O4 + 

H2O; Δ = 11.1%) (Δ = 4.83%) Ca(OH)2

(Ca(OH)2 → CaO + H2O; Δ = 4.45%) [41] Table 5-8 β-Co(OH)2 Co3O4

Ca(OH)2 CaO

CazCo1−z(OH)2 (z = 0.22)

430 K 540 K 650 K (Fig. 5-21(b))

β-Co(OH)2 Ca(OH)2

CazCo1−z(OH)2 β-Co(OH)2 Ca(OH)2 Co2+

Ca2+  

 

Table 5-8 Weight loss for a β-Co(OH)2 + Ca(OH)2 mixture by TG-DTA analysis. 

Reaction 
Experimental weight 

loss (wt%) 
Theoretical weight loss 

(wt%) 

β- 2 2 3 4 2
1 1Co(OH) O Co O H O
6 3

 11.2 11.1 

2 2Ca(OH) CaO H O 4.83 4.45 

 

brucite CazCo1−z(OH)2 (z = 0.22)

373 K Co2+ Co3+ brucite CoOOH
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Ca2+ 473 K 673 K OH− brucite

Co3O4 773 K CayCoO2

Co3O4 Co3O4 CayCoO2

 

 
5.7  CazCo1−z(OH)2  

CazCo1−z(OH)2 (z = 0.22) CayCoO2 Co3O4

Ca CayCoO2 (y = 0.28)

CayCoO2 Co 3.4 Co4+

Co3+ Co4+ Co4+

CayCoO2 Co3O4 CazCo1−z(OH)2

CayCoO2

CazCo1−z(OH)2 (z = 0.22) Co3O4

Co2+(Td)-O Co3+(Oh)-O CayCoO2

Co2+ Co3+ Co3O4

CayCoO2 Co3O4

CayCoO2  

 

5.7.1  
CazCo1−z(OH)2 (z = 0.22) O2 (1 L min−1) 923 K 5 h 5 20 K min−1

Fig. 5-22

O O5 O20 O-rapid  

 
5.7.2  

XRD Fig. 5-23 Ca0.47CoO2 (79-

6652) Co3O4 (80-1541) CayCoO2 0.26 ≤ y ≤ 

0.50 (010) Ca

CayCoO2

CayCoO2 (010) 100% Co3O4 (311)  

XRD CayCoO2 Co3O4

Co3O4

(5.7) O2 1 L min−1 5.6

500 ml min−1 20 K min−1 923 K O923 (5.7)

1 L min−1 20 K min−1 923 K O20 XRD

1 L min−1 O20 Co3O4 CayCoO2

500 ml min−1 O923 Co3O4 100%
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O2 500 ml min−1

1 L min−1 Co3+ Co4+ CayCoO2

 

Fig. 5-23 O2 1 L min−1 CayCoO2

Co2+ Co3+

Co3O4 CayCoO2 Co3O4 Co2+ Co3+ Co4+

CayCoO2  

 

5.8  
CayCoO2

CazCo1−z(OH)2 (z = 0.22)

CazCo1−z(OH)2 (z = 0.22)

CazCo1−z(OH)2 (z = 0.22)

CazCo1−z(OH)2 (z = 0.22)

 

 

5.8.1  
pH = 12.8 KOH CazCo1−z(OH)2 (z = 0.22) (5.4 )

1 2 3

150 MPa 0.1 g

6.0~6.1 mm 2.0 mm 5 K min−1

473 K 1 h

CA 2D_CA 3M_CA Fig. 5-24  

 

5.8.2  
CazCo1−z(OH)2 (z = 0.22) 2 3

Fig. 5-25 CazCo1−z(OH)2 2

β-Co(OH)2

CazCo1−z(OH)2 (z = 0.22)

XRD (Fig. 5-26) 1

2 β-Co(OH)2 (89-8616)

Ca(OH)2 (44-1481)

brucite CazCo1−z(OH)2 3

β-Co(OH)2 CoOOH (07-0169)

3 OH−
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FT-IR FT-IR Fig. 5-27

CazCo1−z(OH)2 1 3 3600 

cm−1 brucite O-H [24,25]

500 cm−1 M-O M-O-H [24,31,32]

Co3+(Oh)-O [37]

CazCo1−z(OH)2 (z = 0.22) Co-O-H

Co(Oh)-O-Co(Oh) Ca CoOOH

 

2D_CA 3M_CA Fig. 5-28(a,b) 2D_CA

3M_CA 2D_CA 473 K

3M_CA

 

 

5.9  CazCo1−z(OH)2 CayCoO2  
CazCo1−z(OH)2 (z = 0.22) 3 CoOOH

CazCo1−z(OH)2 (z = 0.22) 3

Ca CoOOH

CazCo1−z(OH)2 (z = 0.22) 3 XRD (Fig. 5-26) FT-IR

(Fig. 5-27) CazCo1−z(OH)2 (z = 0.22) (5.6

) XRD (Fig. 5-18) FT-IR (Fig. 5-20)

3 373 K~473 K 5 h

373 K

 

 

5.9.1  
CazCo1−z(OH)2 (z = 0.22) O2 (1 L min−1) 20 K min−1 373 K 5 

h 100 150 200 300 400 500 MPa 1 min

0.14~0.16 g 11.3~11.4 

mm 0.65~0.89 mm 5 K min−1 473 K

1 h O2 (1 L min−1) 923 K 5 h

100CE 150CE 200CE 300CE

400CE 500CE Fig. 5-29  
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5.9.2  
Fig. 5-30 XRD CazCo1−z(OH)2 

(z = 0.22) 3 XRD

3 20º

CoOOH (89-8616)

Fig. 5-31 FT-IR CazCo1−z(OH)2 (z = 0.22)

3 FT-IR

3600 cm−1 brucite O-H [24,25]

Co3+(Oh)-O [37] XRD FT-IR

373 K 5 h

 

150CE 500CE Fig. 5-32

Fig. 5-33

500 MPa

373 K CoOOH (Fig. 5-19)

CayCoO2

500 MPa  

Fig. 5-34 Fig. 5-35 150 MPa 500 MPa

SEM

(Fig. 5-34(a,b), Fig. 5-35(a,b))

SEM

 

150CE 500CE XRD 150CE

500CE 500CE

X XRD Fig. 5-36

Ca0.47CoO2 (79-6652) Co3O4 (80-1541) Ca0.47CoO2
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Ca Co (3 4) CayCoO2

500CE XRD CayCoO2 (0l0)

CayCoO2 b

CoO2

 

β-Co(OH)2 RTGG Ca3Co4O9

Fig. 5-37 β-Co(OH)2 (001) Co3O4 (111)

CayCoO2 (010) Ca3Co4O9 (001)

[15] [15] CayCoO2 ICDD 

PDF Fig. 5-37(c)  (001) (010)

CazCo1−z(OH)2 (z = 0.22)

CazCo1−z(OH)2 (z = 0.22) (Ca0.22Co0.76)O6 373 K

CoO6

CaO6 Ca2+ CoO6

b CayCoO2

 

373 K CoOOH

c

XRD (003)

(Fig. 5-30)

XRD

CazCo1−z(OH)2 (z = 0.22) 500 MPa

XRD (Fig. 5-38) XRD

X

(001) (011) (001)

CazCo1−z(OH)2 (z = 0.22)

c CoOOH

c

b CayCoO2  

150CE 500CE Fig. 5-39 Fig. 5-40

(Fig. 5-39(a,b), Fig. 5-

40(a,b)) SEM

150CE

500CE 83 ± 24 nm 88 ± 16 nm
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CayCoO2

ac

b

Co3O4

CayCoO2 Co3O4

Fig. 5-41 500CE EDX  ( : Co : Ca)

Co Ca

CazCo1−z(OH)2

90 nm CayCoO2 Co3O4

(Fig. 5-42)  

 

5.10 CayCoO2 y  
CazCo1−z(OH)2 (z = 0.22)

CayCoO2 CayCoO2 Co3O4

CayCoO2  

 

5.10.1  
500CE 3 5.9.1 500CE_1

500CE_2 500CE_3 (100 ml min−1) 1173 K

 

 

5.10.2  
CayCoO2 Ca3Co4O9 Co3O4  

  
2 3 4

3 4 9.20 3 4 2

Ca CoO Co O
3 9 4 6 11.6

Ca Co O Co O O
3 9 18

y b
b y yy  (5-3)  

Ca3Co4O9 Ca3Co4O9+δ [42] 1173 K

Ca3Co4O9.20 [43] y b

Fig. 5-43 500CE_1~3 TG

3 TG 1173 K

3 400 K

Δ = 0.947%, 0.979%, 1.02%

(Δ = 0.976%, 0.725%, 

0.836%) 400 K 670 K 923 K
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CayCoO2

CayCoO2

Ca Na NaxCoO2

[44] (Δ = 0.677%, 0.574%, 0.713%) 923 K 1173 

K CayCoO2 Ca3Co4O9.20 (5-3)

y = 0.456 

± 0.009 b = 0.200 ± 0.010

Ca = Ca/(Ca + Co) CazCo1−z(OH)2 z 22.2 mol%

Co3O4 (= Co3O4/(Ca0.456 ± 0.009CoO2 + Co3O4) 16.7 ± 0.7 mol%

 

500CE 500CE 90 nm

CayCoO2 y 0.456

500CE Co3O4 16.7 mol% CayCoO2 Co3O4

CayCoO2 b

923 K 20 h

15 [8] 5 h

 

 

5.11 CayCoO2  
5.9 CayCoO2 500CE

 

 

5.11.1  
500CE van der Pauw

600 K  

 

5.11.2  
Fig. 5-44 570 K

CayCoO2 (y = 0.47) 15 S cm−1 

[8] (y ~ 0.5) 0.048 S cm−1 [45]

0.182 S cm−1

[8,45] Co3O4 10−6 S cm−1 [46] CayCoO2

500CE
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Co3O4

Co3O4 500CE

923 K

 

500CE Fig. 5-45

p 167 

μV K−1 239 μV K−1 CayCoO2

(y = 0.47) 145 μV K−1 (300 K) [8] (y ~ 0.5)

77 μV K−1 (580 K) [45]

Co3+/4+

Co4+

[1] 500CE CayCoO2 y 0.456

Ca Co4+ 500CE

Co4+  

500CE

500CE CayCoO2

[47,48] CayCoO2 Co3O4

[47] Co3O4 500CE

CayCoO2

 

[49]

50 nm

(Ca2.6Bi0.4)Co4O9 500 nm 1.2

[50] 500CE 100 nm CayCoO2

Co3O4

 

 

5.12  
NaOH pH = 12.6 12.7 12.8 12.9 pH 

= 12.8 CazCo1−z(OH)2 pH = 12.9 Ca(OH)2 CazCo1−z(OH)2

pH = 12.6 12.8 Ca pH = 12.8 Ca
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CazCo1−z(OH)2 pH NaOH

pH pH pH = 12.8 NaOH

CazCo1−z(OH)2 Ca(OH)2  

KOH

CazCo1−z(OH)2 pH = 12.8 Ca z = 0.2224  0.0059

CazCo1−z(OH)2 Ca(OH)2 β-Co(OH)2

CazCo1−z(OH)2

Ca Ca

α β

α Ca  

pH = 12.8 KOH

373 K CazCo1−z(OH)2 (z = 0.222) Co2+ Co3+ CoOOH

Ca2+ 573 K 673 K OH−

Co3O4 773 K CayCoO2

CazCo1−z(OH)2 (z = 0.222)

Co2+ Ca2+ TG-DTA  

373 K CazCo1−z(OH)2 (z = 0.222)

923 K

b CayCoO2 Co3O4

Ca Co

CayCoO2 Co3O4 500CE

CayCoO2 y = 0.456 ± 0.009 Co3O4 16.7 ± 0.7 mol%  

500CE 570 K

923 K 5 h
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Fig. 5-1 Crystal structure of (a) CayCoO2 (y = 0.47) [8], (b) NaxCoO2 (x = 0.74) [10], (c)
Ca3Co4O9 [11], and (d) β-Co(OH)2 [15]. The blue, pale-blue, red, yellow, and orange balls
represent Co, Ca, O, Na, and H ions, respectively.
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Fig. 5-2 A flow chart of the reverse co-precipitation method using NaOH as a precipitating agent.

pH = 12.6, 12.7, 12.8, or 12.9
NaOH aq. 100 ml

N2 Bubbling

Filtering

Vacuum Drying

N126, N127, N128, N129

At r.t. overnight

With ethanolWashing

Deionized water 5 ml
CoCl2·6H2O 1.43 mmol
CaCl2·2H2O 4.28 mmolAt a flow rate of 500 ml min−1

at r.t. over 20 min
N2 Bubbling At r.t. for 5 min

Fig. 5-3 XRD patterns of the powder samples synthesized by the reverse co-precipitation
method using NaOH solution with pH = 12.6, 12.7, 12.8, or 12.9 (denoted as N10 pH).
The patterns were measured at a scan speed of (a) 10º min−1 and (b) 1º min−1.
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Fig. 5-4 FE-SEM images of (a) N126, (b) N127, (c) N128, and (d) N129.
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Fig. 5-5 XRD patterns of the powder samples synthesized by the reverse
co-precipitation method using NaOH solution with pH = 12.8 prepared
at first and second time (denoted as N128 and N128_2, respectively).
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Si

O

Cation (Na+, H+, etc.)

Fig. 5-6 A schematic illustration of a pH electrode surface immersed in alkaline solution.

pH = 12.6, 12.7, 12.8, or 12.9
KOH aq. 100 ml

N2 Bubbling

Filtering

Vacuum Drying

K126, K127, K128, or K129

At r.t. overnight

With ethanolWashing

Deionized water 5 ml
CoCl2·6H2O 1.43 mmol
CaCl2·2H2O 4.28 mmolAt a flow rate of 500 ml min−1

at r.t. for 60 min
N2 Bubbling At r.t. for 5 min

Fig. 5-7 A flow chart of the reverse co-precipitation using KOH as a precipitating agent.
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Fig. 5-8 (a) XRD patterns of the powder samples synthesized by the reverse co-precipitation
method using KOH solution with pH = 12.6, 12.7, 12.8, or 12.9 (denoted as K10 pH). (b) The
magnified patterns around the (100) diffraction peak.

Fig. 5-9 FT-IR spectra of the powder samples synthesized by the reverse co-
precipitation method using KOH solution with pH = 12.6, 12.7, 12.8, or
12.9 (denoted as K10 pH).
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Fig. 5-10 FE-SEM images of the powder samples synthesized by the reverse co-precipitation
method using KOH solution with pH = (a) 12.6, (b) 12.7, (c) 12.8, or (d) 12.9.
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Fig. 5-11 XRD patterns of the powder samples synthesized by the reverse co-
precipitation method using KOH solution with pH = 12.8 prepared at first, second, third,
fourth time (denoted as K128, K128_2, K128_3, and K128_4, respectively).
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Fig. 5-12 A flow chart of the reverse co-precipitation method using KOH solution with
pH = 12.6, 12.7, or 12.8 under an elevated temperature of 338 K.

Fig. 5-13 XRD patterns of the powder samples
synthesized by the reverse co-precipitation method
using KOH solution with pH = 12.6, 12.7, or 12.8
at 338 K (denoted as K10 pH + H).

pH = 12.6, 12.7, or 12.8
KOH aq. 100 ml

N2 Bubbling

Filtering

Vacuum Drying

K126H, K127H, or K128H

At r.t. overnight

With ethanolWashing

Deionized water 5 ml
CoCl2·6H2O 1.43 mmol
CaCl2·2H2O 4.28 mmolAt a flow rate of 500 ml min−1

at 338 K for 60 min
N2 Bubbling At r.t. for 5 min
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Fig. 5-14 FT-IR spectra of the powder samples
synthesized by the reverse co-precipitation method
using KOH solution with pH = 12.6, 12.7, or 12.8
at 338 K (denoted as K10 pH + H).
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Fig. 5-15 Dependence of d100 of CazCo1−z(OH)2 on the pH value of KOH
solution and the processing temperature for the reverse co-precipitation method.
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Fig. 5-16 FE-SEM images of
the powder samples synthesized
by the reverse co-precipitation
method using KOH solution
with pH = (a) 12.6, (b) 12.7, or
(c) 12.8 at 338 K.
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Fig. 5-17 A flow chart for the heating treatment of CazCo1−z(OH)2 (z = 0.22).

CazCo1−z(OH)2 (z = 0.22) 0.1 g

Heat Treatment

Air: AT/K, O2: OT/K

In air or O2 flowing (500 ml min−1) at 373~973 K for 5 h, 
then natural cooling
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Fig. 5-18 XRD patterns of the powder samples prepared by heating the CazCo1−z(OH)2 (z = 0.22)
precursor at a temperature T = 373~973 K under (a) air (AT/K) or (b) O2 flow (OT/K). The XRD
patterns of the unheated precursor are also shown.
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Fig. 5-19 Crystal structure of CoOOH. The blue, red, and
orange balls represent Co, O, and H ions, respectively.
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Fig. 5-20 FT-IR spectra of the powder samples prepared by heating the CazCo1−z(OH)2 (z = 0.22)
precursor at a temperature T = 373~973 K under (a,b) air (AT/K) or (c,d) O2 flow (OT/K). The
FT-IR spectra of the unheated precursor are also shown.
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Fig. 5-21 TG and DTA curves for (a) a β-Co(OH)2 + Ca(OH)2
mixture and (b) CazCo1−z(OH)2 (z = 0.22) measured under O2 flow.
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Fig. 5-22 A flow chart for the heating treatment of CazCo1−z(OH)2 (z = 0.22)
with varying heating rate.

CazCo1−z(OH)2 (z = 0.22) 0.1 g

Heat Treatment

O5, O20, O-rapid

In O2 flowing (1 L min−1) at 923 K for 5 h with heating rate 
of 5 or 20 K min−1 or rapid heating, then natural cooling

Fig. 5-23 XRD patterns of the powder samples prepared by heating the
CazCo1−z(OH)2 (z = 0.22) precursor with a heating rate of 5 or 20 K min−1

or rapid heating (denoted as O5, O20, and O-rapid, respectively). The
XRD pattern of O923 (flowing rate: 500 ml min−1) is also shown.
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Fig. 5-24 A flow chart for the calcination process of the green compacts prepared from
CazCo1−z(OH)2 powder stored for 2 days or about 3 months after synthesis.

CazCo1−z(OH)2 (z = 0.22) (after 2 days or about 3 months) 0.1 g

Calcination

2D_CA, 3M_CA

At 473 K for 1 h with a heating rate of 5 K min−1 in 
air, then natural cooling

Pressing Under uniaxial pressure of 150 MPa for 1 min

Fig. 5-25 The color change for CazCo1−z(OH)2 powder: (a) just after synthesis
and (b) after aging for several months.

(a) (b)
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Fig. 5-26 XRD patterns of the CazCo1−z(OH)2
(z = 0.22) powder stored for 1 day or about 3
months after synthesis.
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Fig. 5-27 FT-IR spectra of the CazCo1−z(OH)2
powder stored for 1 day or about 3 months
after synthesis.
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Fig. 5-28 Photographs of the ceramic prepared by heating the green compact at
473 K. The green compact was prepared from the CazCo1−z(OH)2 (z = 0.22)
powder stored for (a) 2 days or (b) about 3 months after synthesis.
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CazCo1-z(OH)2 (z = 0.22)

Pressing Under uniaxial pressure of 100, 150, 200, 300, 400 or 
500 MPa for 1 min

Calcination At 473 K for 1 h with a heating rate of 5 K min−1 in air, 
then natural cooling

150CE, 500CE

Calcination At 373 K for 5 h with a heating rate of 20 K min−1

with flowing O2 (1 L min−1), then natural cooling

Sintering At 923 K with a rapid heating for 5 h with flowing O2 
(1 L min−1), then natural cooling

Fig. 5-29 A flow chart for the sintering process of the ceramics prepared from the CazCo1−z(OH)2
powder heat-treated at 373 K under O2 flow.

Fig. 5-30 Comparison of XRD patterns of
CazCo1−z(OH)2 calcined at 373 K under O2 flow
or stored for about 3 months after synthesis.
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Fig. 5-31 FT-IR spectra of the CazCo1−z(OH)2
powders calcined at 373 K under O2 flow or
stored for about 3 months after synthesis.
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Fig. 5-32 Photographs of surface of (a) 150CE and (b) 500CE.
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Fig. 5-33 Volume density of the green compacts and the
sintered pellets as a function of the compacting pressure.
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Fig. 5-34 FE-SEM images of (a,b) top surface and (c,d) fractured surface of 150CE before
sintering at (a,c) high and (b,d) low magnifications.
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Fig. 5-35 FE-SEM images of (a,b) top surface and (c,d) fractured surface of 500CE before
sintering at (a,c) high and (b,d) low magnifications.
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Fig. 5-36 XRD patterns of bulk 500CE, and the pulverized powder of 150CE and 500CE. For the
measurement of bulk 500CE, the main surface was irradiated with X-ray as shown in the inset.
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Fig. 5-37 Schematic representation for the crystal structures of (a) CdI2-type β-Co(OH)2, (b)
spinel-type Co3O4, (c) β-NaxCoO2-type CayCoO2, (d) misfit-layer-structured Ca3Co4O9 with
topotaxial relationship with one another [15].
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Fig. 5-38 XRD patterns of the powder and green compact of CazCo1−z(OH)2 (z = 0.22). For the
measurement of the pellet, the main surface was irradiated with X-ray as shown in the inset.

Fig. 5-39 FE-SEM images of (a,b) top surface and (c,d) fractured surface of 150CE at
(a,c) high and (b,d) low magnifications.
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Fig. 5-40 FE-SEM images of (a,b) top surface and (c,d) fractured surface of 500CE at
(a,c) high and (b,d) low magnifications.
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Fig. 5-41 An EDX elemental mapping
image of fractured surface of 500CE
(red: Co, blue: Ca).

Size: about 90 nm
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Fig. 5-42 A schematic illustration of the
nanocomposite from CayCoO2 and Co3O4
in 500CE.
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Fig. 5-43 TG curves measured for three different sintered pellets, which were fabricated in the
same manner and pulverized with pestle prior to the measurements.
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Fig. 5-44 Temperature dependence of in-plane
electrical conductivity (σ) of 500CE.
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Fig. 5-45 Temperature dependence of in-plane
Seebeck coefficient (S) of 500CE. The error
bars represent the standard deviation of 10
repeated measurements on the same sample.
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