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Fig. 1-1 Visualisation of computational modeling techniques shown over length 

and time scales that they apply to [6]. 
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Fig. 1-2 Diffusion mechanism of ions. 
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Fig. 1-3 Schematic picture of ion conduction in a solid. 
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Fig. 1-4 Schematic model of the working mechanism of Lithium ion 

battery. 

 

Li3xLa(2/3) x (1/3) 2xTiO3 10-3 S cm-1

0.40 eV [17, 18]

Thangadurai Weppner

Li6BaLa2Ta2O12 22 ˚C 4×10-5 S cm-1 0.40 eV

[19]

Fig. 1-6

[20]
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Fig. 1-5 Ionic conductivity of various lithium ion conductor [20]. 
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1-4-1.  

 

LiCoO2 Co

LiCoO2

 

 

a.  

3 LiMn2O4 [21]

LiCoO2

 (Co, Cr, 

Al, Ni, Fe etc.)  

[22-24] LiMyMn2-yO4 (M = Co, 

Cr, Ni, Fe etc.) 5 V  [25-34]

LiNi0.5Mn1.5O4 Mn3+ 5 V

 [30-34]

 

Li4/3Ti5/3O4

0.1%

Li4/3Ti5/3O4 1.5 

V vs. Li+/Li

 [35-38]  
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Li4/3Ti5/3O4 Li+ Ti4+ Ti d

d0

10-13 S cm-1 [39]

Chen

Li Mg Li4–xMgxTi5O12 Ti Ti3+ (d1)

10-2 S cm-1 [39] 

Yi

Li Ti O  (Mg2+ Ni3+

Al3+ Cr3+ Co3+ Fe3+ Mn3+ Ga3+ Zr4+ Mo4+ V5+ Ta5+ F- Br-) 

Li4/3Ti5/3O4 [40]  (Table 1-1 [39, 

41-51] ) 
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Table 1-1 Electrochemical performance of Li4Ti5O12 doped by cation or 

anion.[40] 

 

 
 

Mg2+ [39] 

Li4-xMgxTi5O12 Li3.75Mg0.25Ti5O12 17C

63 mA h g-1 C/2 135 mA h g-1 50%

 

Ni3+ [41] 

0.01 – 2 V 0.1C Li1.3Ni0.1Ti1.6O4 Li1.33Ti1.67O4

Ni LTO

 

Al3+ [42] 

Li4Ti5O12 0.5, 1, 2C 3C

Al Li4Ti5O12  

0.1Al 0.2Al 3C  

0.1Al  

Cr3+ [43] 

Li Cr

Li1.10Ti1.20Cr0.7O4 50

 

Co3+, 

Ni3+. Cr3+, 

Mn3+ [44] 

Li3.967Mn0.1Ti4.933O12 1.0 – 3.0 V

Cr3+, Mn3+ Ni3+ Li4Ti5O12 Co3+

 

Li3.967Mn0.1Ti4.933O12 30

Cr3+ Li4Ti5O12

 

Mg2+. 

Ca3+, 

Co3+, Al3+ 

[45] 

Al3+ Mg2+ Li4Ti5O12 Co3+, 

Ga3+ Al3+ Li4Ti5O12

Ga3+

Co3+ Mg2+

Li4Ti5O12  

Zr4+ [46] 

Li4Ti5O12 0.5C 1.0C

0.5C 1.0C
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Li4Ti4.9Zr0.1O12  

Mo4+ [47] 

Ti4+ Mo4+

 

V5+ [48] 

Li4Ti4.9V0.1O12 0.0 – 2.0 V 130

229 mA h g-1

Li4Ti4.9V0.1O12

 

Ta5+ [49] 

Li4Ti4.9Ta0.05O12

Li4Ti5O12 Li4Ti4.95Ta0.05O12 Li4Ti5O12

~1 × 10-3 ~3 × 10-5 S 

cm-1  

Br- [50] 

Li4Ti5O11.8Br0.2  (172 mAhg-1) 

0.5C 50 150.2mAhg-1

Li4Ti5O11.8Br0.2  

Al3+, F- 

[51] 

Li4Ti5O12 Al3+ F- 2.5 – 0.5 

V Al3+ Li4Ti5O12

F-

Al3+, F- F-

Al3+  
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1-5.  

2

 

 (PEFC)

 (PAFC)  

(MCFC)  (SOFC) Table 1-2 [52, 53]  
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Table 1-2 Summary of component of fuel cells [52, 53]. 
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1-5-1.  (SOFC) 

 (SOFC) 

 (800  1000 ˚C) 

 [54-56] Ni

 (500  

700 ˚C) 

SOFC Fig. 1-6  

 

 
Fig. 1-6 Schematic model of solid oxide fuel cells. 
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a.  

SOFC

2  [57-69] (1) 

( ) 

 (Fig. 1-7(a)) (2) 

/  (Fig. 

1-7(b)) 2

/

 (MIEC) 

SOFC

 

 

     

Fig. 1-7 The Schematic models of (a) the surface path and (b) the bulk 

path commonly used to discuss electrode kinetics on SOFC 

cathodes. 
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b.  

MIEC

Fig. 1-8

Ruddlesden-Popper  (RP, A2BO4+δ)  (AA’B2O5+δ) 

Fig. 1-9  [70-72]  

 

      

Fig. 1-8 Crystal structures of (a) Ruddlesden-Popper-type and (b) double 

perovskite-type materials. 
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Fig. 1-9 Arrhenius plots of measured oxygen tracer diffusivity for different oxide 

cathodes: La0.8Sr0.2MnO3-δ (LSM, ref. 70), La0.5Sr0.5CoO3-δ (LSC05, ref. 70), 

La0.8Sr0.2CoO3-δ (LSC08, ref. 70), GaBaCo2O5+δ (GBCO, ref. 71), La2Ni2O4+δ (LNO, 

ref. 72). 
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(1) Ruddlesden-Popper  

K2NiF4 La2-xBaxCuO4

 [73] La2NiO4+δ La2CoO4+δ Pr2NiO4+δ SOFC

La2NiO4+δ in situ

423 – 1073 K  ( I4/mmm) 

 [74]  

K2NiF4

 (i.e. )  (i.e. ) 

 (Krӧger-Vink

)  (Krӧger-Vink

)  – 

RP

DO

 

iiOVO ODVDD  (1-18) 

DV Di

 

La2-xSrxCuO4-δ a-b c

[75]  

La2NiO4+δ [76, 77]

La2NiO4+δ Pr2NiO4+δ

La2CoO4+δ a-b

[78-81] Pr2NiO4+δ

[76, 80]

 (0.49 eV (δ = 0.025) 0.64 eV (δ = 0.20) 

)

D T  

Tk
EODD

B

m
ii exp  (1-19) 

[Oi] Di Em
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kB [73]

δ ≈ 0.02

NiO6 (Ni, Co)O6

 
 

(2)  

AA’B2O5+δ (A = A’ = 

B = Co, Mn) SOFC

[71, 82-104] LnBaCo2O5+δ (Ln = ) 

500 ˚C 50 – 300 S cm-1

[93]

 

LnBaCo2O5+δ Ba (1.42 Å) Ln (0.985 – 1.16 Å) 

BaO LnO c

 (…, LnO, CoO2, BaO, CoO2, LnO,. …) LnO δ 

= 0.5 b  

(Fig. 1-8) Ln/Ba

Seymour  [105]

Ln = La LaBaCo2O5+δ 623 K

La Ba 873 K La Ba

[106, 107]  

GdBaCo2O5.5 (GBCO) Parfitt [108] Hermet [109]
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Gd-O Co-O

 (Fig. 1-10)

LnBaCo2O5+δ (Pr, Gd) LnO

X  [102, 110]  

Parfitt [108] A GBCO

A

1/3

 (Gd0.5Ba0.5MnO3-δ

GdBaMn2O5+δ) 

[111]  

 

 

 
Fig. 1-10 (a) Calculated oxygen density profiles showing the oxygen migration 

pathways for (a) ordered and (b) disordered GdBaCo2O5.5 for δ = 0.5 at 900 K. 
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1-6.  

 ( ) 

 

 

 

 

 (Monte Carlo method, 

MC)  (molecular dynamics method, MD)  

 
1-6-1.  
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( ) MC
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MC ) 

 ( MC ) 

MC

 

MC

1990  [112-118]
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van de Walle 2002

Alloy Theoretic Automated Toolkit 

(ATAT) [119] MC

 

2000

LixCoO2

[120] LixFePO4 Li/

[121] La2/3TiO3 La/ [122]

Mayer

MC

Gopal O/

/Ce3+/Ce4+ [123]

MC

O/ /Y/Zr  [124]

Grope  [125]  (Y, Sm, Sc) 

 

 
1-6-2.  

 (MD) 

[126-133]

 ( )  

MC MC

MD

MC  (

) MD  ( )  
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8

 (FP) MD MD 2

102 – 103

106 – 107

 

MD

MD

 

MD

 [134] [135-139]  [140, 141]  [142]

[143]  [144] Li3V2(PO4)3 [145]

MD Li2EDC EC Li

[146-148] Li

 [149]  

SOFC MD 0

LnBaCo2O5+δ (Ln = La [150], Y [150], Gd [108, 

150], Pr [151]) Ruddlesden-Popper La2NiO4+δ [78, 79] Pr2NiO4+δ [80] La2CoO4+δ 

[81] La2-xSrxCoO4±δ [152]

 (YSZ) 

[153-157]  

 



 27 

1-7.  

0

1-3

 ( ) 1-3 0

 –  

( 2 ) Li4/3Ti5/3O4

( 3 ) GdBaCo2O5+δ

/ ( 4 ) 

Table 

1-3  
 

Table 1-3 Sammary of present aspects of study and length scale. 

  

(  – ) 

( ) 

 

(  – ) 

( ) 

 

(Static) 

 

( ) ( 2 ) 

 ( 3 ) 

  

(Dynamics) 

DFT  (NEB ) 

 ( 2 ) 

 ( 4 ) 
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Li4/3Ti5/3O4

GdBaCo2O5+δ (Ba0.5Sr0.5)(Co1-xFex)O3-δ

6

 

1

 

2 Li(4 2x)MgxTi(5 x)/3O4

 

3 SOFC

GdBaCo2O5+δ

/

/

 

4 SOFC

(Ba0.5Sr0.5)(Co1-xFex)O3-δ

 

5 2 – 4  
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2 Li(4 2x)MgxTi(5 x)/3O4  

2-1.  

1-4-1.a Li4/3Ti5/3O4 Li

 (1.5 V 

vs. Li+/Li) [1-4]

Li4/3Ti5/3O4

1-4-1.a Table 1-1  

[5-16]

LiMn2O4 Mn

Co3+ Cr3+ Li+ 1

[17] Li4/3Ti5/3O4 Li+

[18, 19]  

Li4/3Ti5/3O4 Mg Li

Li4/3Ti5/3O4

Mg  (0.1% )

DFT

 

2-2 Li4/3Ti5/3O4

2-3 Li4/3Ti5/3O4

2-4

2-5-1 2-5-2

2-3 2-6 2-5-2

2-3
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2-2. Li4/3Ti5/3O4  

Li4/3Ti5/3O4 Fig. 2-1(a) Li4/3Ti5/3O4

Fd-3m (Li)tet[Li1/3Ti5/3]octO4 32e

(fcc) 1/8

8a 16d

1:5

(16c )

Soubeyroux

Li

[20] 8a 16c

Fig. 2-1(b)

8a Li 16c 3

LiMn2O4 8a – 16c – 8a

NMR  [21]  [22]

8a – 16c – 8a Li LiMn2O4 [23] Li4Ti5O12 [24]

 

8a – 16c – 8a Li Fig. 2-2

16d

16d Li/Ti 16d

Li/Ti Li  

Li4/3Ti5/3O4 Mg2+ LiMg1/2Ti3/2O4 Li+/Ti4+

1 3  ( P4332) 

Dalton  [25] LiMg1/2Ti3/2O4

Fig. 2-3 Mg2+ 8c

(Li1/2Mg1/2)tet[Li1/2Ti3/2]octO4

4a 12d 2
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Fig. 2-1 (a) Crystal structure of spinel-type Li4/3Ti5/3O4. It belongs to cubic 

symmetry with cation distribution (Li)tet[Li1/3Ti5/3]octO4 (subscripts tet and oct 

indicate tetrahedral and octahedral cation site, respectively). Cations at 8a and 16d 

sites form tetrahedra (brighter) and octahedra (darker) with oxide ion, 

respectively. (b) Three-dimensional diffusion network of spinel-type Li4/3Ti5/3O4. 

16c-vacancy sites served as migration pathways for Li ions at 8a sites. 

 

8a site: LiO4 

 Li+ 16c vacancy site 

LiO6 

TiO6 
16d site: 

(a) 

(b) 
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Fig. 2-2 Structure of octahedral 16d site which adjacent to 8a – 16c – 8a diffusion 

path in spinel-type Li4/3Ti5/3O4. 

 

 
 

 

Fig. 2-3 Crystal structure of superstructure spinel-type LiMg1/2Ti3/2O4. 

  

4b site: LiO6 12d site: TiO6 

4a vacancy site 

12d vacancy site 

LiO6 

TiO6 
16d site: 

8a site: LiO4 

16c vacancy site 
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2-3.  

1-3
 

 
2-3-1.  

8a Li

(DFT) Vienna ab initio simulation package(VASP) [26][27]

 ( 5 a ) 

 (GGA-PBE) [28][29] projector-augmented wave (PAW) 

 [30] 400 eV k-point k-point

5000

16d Li+/Ti4+

8[(Li+)tet[Ti4+]octO4]+ (tet oct ) (Li+/Ti4+

2-6-1 ) 

 [31]

Nudged elastic band (NEB)  

(NEB 5 d ) 

Li+ Fig. 2-4

8a

 (Fig. 

2-1(b)) [21-24] 8a – 16c – 8a

Fig. 2-5 16c

Li4/3Ti5/3O4

Li+ O2-

Li+-O2-

Li+ 8a
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Li+-O2-

16c

16c Li

16c

Li4/3Ti5/3O4  

 

 

Fig. 2-4 The calculated trajectory of Li+ between two adjacent 8a sites in 

spinel-type Li4/3Ti5/3O4.  

 

16c site 

Bottle neck site 
8a site 

8a site 
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 Fig. 2-5 Energy profile of Li+ jump calculated by first-principles DFT in the 

Li4/3Ti5/3O4. 

 
  



 44 

Mg Li – Ti – O

Li+/Mg2+/Ti4+ 3

Ewald

Li+

Fig. 2-4

 [25] Mg2+ (

2-5-1 ) (Li1 xMgx)tet[Li(1+x)/3Ti(5

x)/3]octO4 +(1+x) +(7-x)/2

Li+ +1 (Li1 xMgx)tet[Li(1+x)/3Ti(5

x)/3]octO4 x Fig. 2-6(a)

Fig. 2-5

16c Li+

48f

8a – 16c – 48f – 16c – 8a

Fig. 2-6(b) 8a – 16c – 8a

Li+

8a – 16c – 8a

Fig. 2-6(c) Mg x
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Fig. 2-6 (a) Calculated energy profiles for Li+ jump in the spinel 

(Li1-xMgx)tet[Li(1+x)/3Ti(5-x)/3]octO4. Average charges were assigned for the tetrahedral 

and octahedral sites represented as +(1+x) and +(7-x)/2, respectively, and (b) 

Comparison of calculated energy profiles between 8a – 16c – 48f – 16c – 8a and 8a 

– 16c – 8a mechanism. (c) The energy difference between maximum and minimum 

ones, or energy barrier, as a function of composition x. 
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2-3-2.  

Li

Li

Li  

 

 

Li4Ti5O12 → Li(4 2y)Ti5O12 y + yLi2O 

2-3-1

Li2O

Li-O

Mg

Li4/3Ti5/3O4 0 x

(Mg

) 

Fig. 2-1 4 4 4

Li O

Fig. 2-7 Mg

Fig. 2-6 Fig. 2-7 x = 0.3

 

Li4/3Ti5/3O4 Mg
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Fig. 2-7 The calculated results on defect formation energy as a function of 

composition x in Li(4-2x)MgxTi(5-x)/3O4. We set the vacancy formation energy as zero 

for non-Mg doped sample. 
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2-4.  

2-4-1.  

Li(4 2x)MgxTi(5 x)/3O4

Table 2-1  (4MgCO3 Mg(OH)2

3H2O) 800 ˚C 40

700 ˚C

24 900 ˚C 24

1500 kg/cm2 1000 ˚C 72

Fig. 2-8  

 

Table 2-1 Sintering materials 

Reagents Formula Purity [%] Producer 

Lithium carbonate Li2CO3 99.99 
Kojundo Chemical 

Lab. Co, Ltd. 

Magnesium oxide 

(Basic) 

4MgCO3

Mg(OH)2

3H2O 

99.9 
Soekawa Chemicals 

Industries, Ltd. 

Titanium oxide 

(Anatase type) 
TiO2 99.98 

Soekawa Chemicals 

Industries, Ltd. 
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Fig. 2-8 Flow chart of synthetic procedure of sample. 
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2-4-2. X  

X (X'pertProAlpha-1 

(PANalytical)) 

RIETAN-2000

[32] Table 2-2  

 

Table 2-2 Condition of powder X-ray analysis 

Target 

Voltage 

Current 

Start and end angle 

Step size 

Time per step 

Divergence slit 

Cu 

45 kV 

40 mA 

10 120  

0.02° 

180 s 

1/4° 

 

2-4-3.  

VMP3  (BioLoig) 

AC

Table 2-3  

 

Table 2-3 Condition of AC impedance measurement 

Range of frequency 

Range of temperature 

5 Hz  500 kHz 

40 ˚C  200 ˚C 
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2-5.  

2-5-1.  

Fig. 2-9 Li(4 2x)MgxTi(5 x)/3O4 XRD

Izquierdo TiO2 ( ) 

 [33] x

x = 0.3

Li+/Ti4+  P4332  

2θ ~ 30°  (220) Mg

(220)

Mg2+ Li+ Mg2+

LiMg0.5Ti1.5O4 Dalton  [25]

2θ = 10 – 120
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Fig. 2-9 Powder XRD patterns of obtained solid-solutions, Li(4-2x)MgxTi(5-x)/3O4. 

Additional peaks marked by the asterisks belong to superstructure-type spinel (s.g. 

P4332). 

2θ/deg. 
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XRD

Table 2-4

x = 0, 0.5 XRD

Fig. 2-10 Li(4 2x)MgxTi(5 x)/3O4

Li+ Mg2+ Debye – Waller

1.0

Rwp S 12% 1.8 Fig. 2-10

Table 2-5 – Table 2-7 x = 0.3

P4332

Li+/Ti4+ P4332 x = 0.3

Mg2+ Ti4+

Li+

 (x > 0.3) Ti4+ 4b

12d x = 0, 

0.5 Deschanvres  [31] Dalton  [25]

Fig. 2-11  (P4332) x = 0.3

 ( P4332

0.1 vol.%) Mg

0.67 vol.% Li4/3Ti5/3O4

Li+ Fig. 2-12

Mg

0.67 vol.%

0.5% Mg Li(4

2x)MgxTi(5 x)/3O4 Li  
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Fig. 2-10 The final observed, calculated, and difference profiles with Rietveld 

refinement for composition (a) x = 0 and (b) x = 0.5 in Li(4-2x)MgxTi(5-x)/3O4. 
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Table 2-4 The results of crystal structure analysis by using Rietveld 

analysis in Li(4-2x)MgxTi(5-x)/3O4 (0  x  0.5). 

Composition x 0 0.1 0.2 0.3 0.4 0.5 

Rwp/% 10.91 10.60 10.48 11.18 11.08 11.06 

Rp/% 8.33 8.17 7.94 8.58 8.10 8.26 

Re/% 6.46 6.44 6.27 6.42 6.47 6.35 

S= Rwp/ Re 1.69 1.65 1.67 1.74 1.71 1.74 

 

Table 2-5 The results of crystal structure analysis by using Rietveld 

analysis in Li(4-2x)MgxTi(5-x)/3O4:  (0  x  0.5). 

Phase 1: Spinel Li(4-2x)/3MgxTi(5-x)/3O4, space group:  (cubic) 

Composition x 0 0.1 0.2 0.3 0.4 0.5 

Lattice parameter a/Å 8.3620(8) 8.3649(7) 8.3666(9) 8.3703(2) 

Molar fraction/% 95.92 96.39 100 48.20  

8a Li1 g 1(-) 0.916(-) 0.826(4) 0.74(2) 
Mg1 g - 0.084(4) 0.174(-) 0.26(-) 

x 0 0 0 0 
y 0 0 0 0 
z 0 0 0 0 

Li1 B/Å2 1(-) 1(-) 1(-) 1(-) 
Mg1 B/Å2 - 1(-) 1(-) 1(-) 

16d Li2 g 0.17(-) 0.176(-) 0.187(-) 0.20(-) 
Mg2 g - 0.008(-) 0.013(-) 0.02(-) 
Ti g 0.83(-) 0.817(-) 0.8(-) 0.78(-) 

x 0.625 0.625 0.625 0.625 
y 0.625 0.625 0.625 0.625 
z 0.625 0.625 0.625 0.625 

Li2 B/Å2 1(-) 1(-) 1(-) 1(-) 
Mg2 B/Å2  - 1(-) 1(-) 1(-) 
Ti B/Å2 0.95(2) 0.93(2) 0.91(2) 0.61(9) 

32e O g 1 1 1 1 
x 0.3881(1) 0.3877(1) 0.3873(1) 0.3875(7) 
y 0.3881(-) 0.3877(-) 0.3873(-) 0.3875(-) 
z 0.3881(-) 0.3877(-) 0.3873(-) 0.3875(-) 
B/Å2 0.97(5) 1.06(4) 1.09(5) 0.8(2) 
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Table 2-6 The results of crystal structure analysis by using Rietveld 

analysis in Li(4-2x)/3MgxTi(5-x)/3O4: P42/mnm (0  x  0.5). 

Phase 2: Anatase TiO2, space group: P42/mnm (rectangular) 

Composition x 0 0.1 0.2 0.3 0.4 0.5 

Lattice parameter 
a=b, 

c/Å 

4.5957(6), 

2.9589(-) 

4.5944(6), 

2.9589(-)  
 

  

Molar fraction/% 4.08 3.61 

2a Ti g 1(-) 1(-) 
x 0 0 
y 0 0 
z 0 0 
B/Å2 1.7(5) 2.2(5) 

4f O g 1(-) 1(-) 
x 0.311(4) 0.298(5) 
y 0.311(-) 0.298(-) 
z 0 0 
B/Å2 1.3(8) 3(1) 
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Table 2-7 The results of crystal structure analysis by using Rietveld 

analysis in Li(4-2x)/3MgxTi(5-x)/3O4: P4332 (0  x  0.5). 

Phase 3: superstructured spinel Li(4-2x)/3MgxTi(5-x)/3O4: space group: P4332 (cubic) 

Composition x 0 0.1 0.2 0.3 0.4 0.5 

Lattice parameter a /Å 8.3731(1) 8.3792(9) 8.3806(9) 

Molar fraction/% 51.80  100 100 

8c Li1 g 0.8(-) 0.61(-) 0.55(-) 
Mg1 g 0.2(-) 0.39(-) 0.45(-) 

x 0 0 0 
y 0 0 0 
z 0 0 0 

Li1 B/Å2 1(-) 1(-) 1(-) 
Mg1 B/Å2 1(-) 1(-) 1(-) 

4b Li2 g 0.8(1) 0.92(2) 0.89(2) 
Mg2 g 0(-) 0.01(-) 0.11(-) 
Ti1 g 0.1(-) 0.07(-) 0(-) 

x 0.625 0.625 0.625 
y 0.625 0.625 0.625 
z 0.625 0.625 0.625 

Li2 B/Å2 1(-) 1(-) 1(-) 
Mg2 B/Å2 1(-) 1(-) 1(-) 
Ti B/Å2 0.72(-) 0.79(-) 0.76(-) 

12d Ti2 g 1(-) 1(-) 1(-) 
x 0.125 0.125 0.125 
y 0.3694(2) 0.3695(1) 0.3689(1) 
z 0.8806(-) 0.8805(-) 0.8812(-) 
B/Å2 0.72(8) 0.79(2) 0.76(2) 

8c O1 g 1(-) 1(-) 1(-) 
x 0.3905(8) 0.3893(3) 0.3888(3) 
y 0.3905(-) 0.3893(-) 0.3888(-) 
z 0.3905(-) 0.3893(-) 0.3888(-) 
B/Å2 0.5(2) 0.66(5) 0.78(5) 

24e O2 g 1(-) 1(-) 1(-) 
x 0.1242(8) 0.1275(3) 0.1225(3) 
y 0.1454(9) 0.1430(4) 0.1457(3) 
z 0.8588(7) 0.8592(3) 0.8588(3) 

  B/Å2    0.5(-) 0.66(-) 0.78(-) 

In composition x = 0.3, I assumed that the composition of Phase 1 and 3 were both 

equivalent expressed as Li3.4/3Mg0.3Ti4.7/3O4. 
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Fig. 2-11 Variation of cubic-lattice parameters of two spinel phases,  and 

P4332 as a function of composition x in Li(4-2x)MgxTi(5-x)/3O4. 
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Fig. 2-12 Relation between activation energy of Li+ jump and modulus of 

volume change in spinel Li4/3Ti5/3O4. 
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2-5-2.  

Li4/3Ti5/3O4 (313 K 333 K 353 K) Li(4 2x)MgxTi(5 x)/3O4 (x = 0 0.1 0.2 at 

373K) AC Fig. 2-13(a) (b)

RC

100 pF

Fig. 2-14 Mg

Li4/3Ti5/3O4 Hayashi  [34] Prosini  [35] Takai  [36]
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298 K  Fig. 2-15
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Fig. 2-13 AC impedance plots of (a) Li4/3Ti5/3O4 (313 K, 333 K, 353 K), (b) 

Li1-xMgx[Li(1+x)/3Ti(5-x)/3]O4 (x = 0, 0.1, 0.2 at 373 K). The semicircles at high 

frequency side were ascribed to the ionic conduction at bulk and grain boundary. 
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Fig. 2-14 Temperature dependence of ionic conductivity in Li(4-2x)MgxTi(5-x)/3O4. (0  
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 Fig. 2-15 The ionic conductivity at 298 K and activation energy calculated by the 

slope of Arrhenius plots as a function of composition x in Li(4-2x)MgxTi(5-x)/3O4. 
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2-6.  

2-6-1. Li+/Ti4+  

2-3

16d Li+/Ti4+

(Li+)tet[Ti3.5+
2]octO4 16d Li+/Ti4+

Fig. 2-2 Li+ 8a – 16c – 8a

16d Fig. 2-16(a) ~ (g) 7

(a) 16d Ti4+  (L0)  (b) 

16d Li+  (L1) (b) Li+

( 3  (c) (L2-o)  (d) (L2-m)  (e) 

(L2-p) ) (f) Li+  (Li+/Ti4+

Li+ 4a

Li+/Ti4+ ) (L3) (g) 

8a Li+ Mg2+ 2-3

Fig. 2-17 L1

L2-o 0.37 eV 0.38 

eV L2-o 8a

L2-o Li+/Ti4+

8a Fig. 2-18 16d

LiO6  (Fig. 2-18(a)) LiO6

 (Fig. 2-18(b)) 
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(a)                    (b)                     (c) 

     
 

(d)                    (e)                     (f) 

     
 

(g) 

         
Fig. 2-16 Structure model of 16d Li+/Ti4+ sites which adjacent to 8a – 16c – 8a Li+ 

diffusion path in spinel-type Li4/3Ti5/3O4. 8a – 16c – 8a Li+ diffusion path is 

surrounded by (a) six Ti4+ (L0), (b) five Ti4+ and one Li+ (L1), (c) four Ti4+ and two 

Li+ (L2-o), (d) four Ti4+ and two Li+ (L2-m), (e) four Ti4+ and two Li+ (L2-p), (f) 

three Ti4+ and three Li+ (L3), (g) six Ti4+ and one Mg2+ in adjacent 8a site (L0M1). 
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Fig. 2-17 Calculated energy profile of Li+ jump by first-principles DFT in the (a) 

L0, (b) L1, (c) L2-o, (d) L2-m, (e) L2-p, (f) L3, (g) L0M1 model of Li4/3Ti5/3O4. 
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(a) 

 
(b) 

 

Fig. 2-18 Structure of 8a – 16c – 8a Li+ diffusion path surrounded by L2-o type 

configuration of 16d Li+/Ti4+ sites in spinel-type Li4/3Ti5/3O4. (a) Vertex of 

tetrahedral 8a site  
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12d

 

Li+/Ti4+  
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Fig. 2-19 (a) The calculated Li+ diffusion pathways between two adjacent 8a sites in 

spinel-type Li4/3Ti5/3O4. (b) Schematic picture of perpendicular length from Li+ to 

line between two adjacent 8a sites in spinel-type Li4/3Ti5/3O4. (c) Relationship 

between activation energies and distance between actual 8a – 16c – 8a Li diffusion 

paths and linear 8a – 16c – 8a paths. 
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2-6-2.  

0.4 < x ≤ 0.5

[37]  ( ) Li4/3Ti5/3O4

Mg Li

Fig. 2-20 Mg

Mg

Mg Li Mg

Mg

Li Fig. 2-20

Li

Li

( ) 

(Li, Na, La)TiO3  

[38-41] Mg x 8a – 16c – 8a

Li (

) [37] Li Mg 8a

Li – Li Li

[37] 
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Fig. 2-20 Picture of Li+ diffusion path in spinel Li4/3Ti5/3O4, where black spheres 

are Mg2+ ion, green spheres are Li+ ion, shredded Li clusters are surrounded by 

red square indicate. 

 
  



 72 
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Li Li
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Fig. 2-21 Variation of net amount of Li ions which consist of the largest cluster 

connected by nearest neighboring Li ions (solid symbol). Hatched line indicates 

nominal concentration of Li ions at tetrahedral sites of the spinel. 
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3

GdBaCo2O5+δ  

3-1.  

GdBaCo2O5+δ (GBCO) 

 (i.e. )

SOFC  

[1-10] Fig. 

3-1  [11-14] GBCO S cm-1 [1, 2]

La0.8Sr0.2MnO3-δ ( 800 ˚C ~100 S cm-1 [15]) 

Fig. 3-2 k*

D* [3] Adler  [16] /

k*D* ~10-14

GBCO Gd (1.063 Å) Ba (1.42 Å) 0

Fig. 3-3 GdO BaO c

 (. . ., GdO, CoO2, BaO, CoO2, GdO,. . .) δ = 0.5

b GBCO δ < 

0.45  ( P4/mmm) 0.45 ≤ δ ≤ 0.6  (

Pmmm) [17] 450 – 500 °C

(Fig. 3-4) [18, 19] PrBaCo2O5+δ (PBCO) 

500 ˚C /  – 

Streule  [20, 21]

GBCO

Tarancón GBCO

[18, 22]

 

Parfitt GBCO A

 [23] Burriel
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PBCO

 [24]

GBCO /

X  

GBCO

/

DFT

DFT >104

 

 

 
Fig. 3-1 Arrhenius plots of measured oxygen tracer diffusivity for different oxide 

cathodes: La0.8Sr0.2MnO3-δ (LSM, ref. 12), La0.5Sr0.5CoO3-δ (LSC05, ref. 12), 

La0.8Sr0.2CoO3-δ (LSC08, ref. 12), GaBaCo2O5+δ (GBCO, ref. 13), La2Ni2O4+δ (LNO, 

ref. 14). 
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Fig. 3-2 Arrhenius plot of the oxygen tracer diffusion and surface exchange 

coefficients obtained for GdBaCo2O5+δ ceramics at P(O2) ~0.2 bar. 
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Fig. 3-3 (a) Crystal structure of GdBaCo2O5.5. Black spheres, white spheres and 

white polyhedra indicate Ba, Gd and polyhedral Co, respectively. (b) 

Oxygen/vacancy arrangement in the GdO plane for GdBaCo2O5.5. White spheres, 

grey spheres and grey dotted squares indicate Gd, oxygen and oxygen vacancies, 

respectively. 

 

: Gd 

: Ba 

: Co 

(a) 

(b) 



 81 

 

Fig. 3-4 Thermal evolution of the cubic lattice parameters. 
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3-2.  

GdBaCo2O5+δ  (ABO3) 24 24 24

 (41472 / ) MC
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150 /
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Vienna Ab-initio Simulation Package (VASP) [27, 28] GdBaCo2O5+δ
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GGA-PBE + U [29, 30] (Gd: U = 6.9 eV [31] Co: U = 6.0 eV [32]) PAW
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/ E
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 84 

3-3.  

3-3-1. DFT  

GdBaCo2O5+δ [36, 37] Table 3-1 Co 3

CoO5 Fig. 3-5(c)  (IS) 

CoO6 370 K  (LS) 

370 K  (HS)

 

GdBaCo2O5.5

Table 3-2 DFT-GGA

 (PBE 1% [38]) Fig. 3-5(a) 

Co  (DOS)  (b) 

up down DOS

1.2 Å

Co 0 3/2 μB

Bader

Co +0.13 +3.17

Gd Ba O

+3 +2 -2 Co +3

d 6 Fig. 3-5(c)

 (LS)  (IS)  (HS) 

0 +2/2 +4/2 μB

Co LS HS  

GdBaCo2O5.5 - 370 K

DFT

DOS Co

DFT GGA-PBE+U

DFT  
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Table 3-1 Reported electronic structure of cobalt ions in pyramidal CoO5 

and octahedral CoO6 for GBCO. 

 Pyramidal Octahedral Ref. 

Valence +3 +3 

Spin state IS 
T ≤ 370 K LS 

[36, 37] 
T ≥ 370 K HS 

Band gap Insulator 
LS: Insulator 

HS: Metallic 
[37] 

 

 

Table 3-2 Comparison of experimental and calculated lattice parameters for the 

GdBaCo2O5.5 superstructure. 

 

 

 

 

 

  

Lattice constant Exp. [Å] [37] This work [Å] 

a 3.88 3.838 

b/2 3.915 3.926 

c/2 3.771 3.838 
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Fig. 3-5 (a) Partial density of states (PDOS) and (b) total difference of electron spin 

orientation (net spin) for cobalt ions in octahedral and pyramidal sites. The 

expected net spin for low-spin (LS), intermediate-spin (IS) and high-spin (HS) 

configurations are 0, 2 and 4, respectively, in octahedral and pyramidal CoO6(5) 

sites. 
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Fig. 3-5 (c) Crystal field diagram of d orbital in octahedral and pyramidal sites for 

Co3+ in GdBaCo2O5.5. 
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3-3-2.  
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DFT /
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E(X) X δ = 

0.5 (GdBaCo2O5.5) / Fig. 3-3

DFT

Fig. 3-6 (b) DFT

0.069 ECI

/ DFT
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Fig. 3-6 (a) The formation energies for 150 types of oxygen/vacancy configurations 

with various compositions (δ) calculated by DFT (open circles) and by the cluster 

expansion formalism with fitted ECI values (crosses). (b) Relation between 

energies calculated from ab initio DFT and energies calculated from CE fitting for 

150 different oxygen/vacancy configurations. The cross-validation score is 0.069.  
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3-3-3.  
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1200 K  (δ = 0.5) 
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Fig. 3-7 (Top) Oxygen content 5+δ as a function of the chemical potential of oxygen 

for GdBaCo2O5+δ at temperatures between 500 and 1500 K. (Bottom) 

Magnification of the top figure centred around an oxygen content of 5.5. 
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MC δ = 0.5 /
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Fig. 3-8 Evolution of the internal energy as a function of temperature as calculated 

by canonical MC at δ = 0.5 (circles). The specific heat at constant volume is also 

plotted (triangles).  
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GdO BaO
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Fig. 3-9 Changes in oxygen occupancy in the GdO plane (circles), BaO plane 

(squares) and CoO2 plane (triangles) with respect to temperature at δ = 0.5. 
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Fig. 3-10 Oxygen/vacancy configuration of oxygen sites in the GdO plane at (a) 300 

K and (b) 1500 K for δ = 0.5. Light grey circles and dark grey circles indicate Gd 

and O, respectively. 

 
  

(a) 

(b) 



 97 

3-4.  

GBCO

/ 1200 K δ = 0.5

GdO b

1230 K δ = 0.5

600 K

CoO2

GdO – CoO2

/  

 

  



 98 

 

[1] A. A. Tarancón, A. Morata, G. Dezanneau, S.J. Skinner, J.A. Kilner, S. Estrade, F. 

Hernández-Ramírez, F. Peiró, J.R. Morante, J. Power Sources, 174 (2007) 255-263. 

[2] K. Zhang, L. Ge, R. Ran, Z. Shao, S. Liu, Acta Materialia, 56 (2008) 4876–4889. 

[3] A. Tarancón, S. J. Skinner, R. J. Chater, F. Hernández-Ramíreza, J. A. Kilner, J. 

Mater. Chem., 17 (2007) 3175–3181. 

[4] A. Chang, S. J. Skinner, J. A. Kilner, Solid State Ionics, 177 (2006) 2009–2011. 

[5] M. Burriel, M. Casas-Cabanas, J. Zapata, H. Tan, J. Verbeeck, C. Solı´s, J. Roqueta, 

S. J. Skinner, J. A. Kilner, G. Van Tendeloo, J. Santiso, Chem. Mater., 22 (2010) 

5512–5520. 

[6] J.-H. Kim, F. Prado, A. Manthiram, J. Electrochem. Soc., 155 (2008) B1023-B1028. 

[7] A.A. Taskin, A.N. Lavrov, Y. Ando, Appl. Phys. Lett., 86 (2005) 091910. 

[8] A. Tarancón, D. Marrero-López, J. Peña-Martínez, J. C. Ruiz-Morales, P. Núñez, 

Solid State Ionics, 179 (2008) 611-618. 

[9] M.-B. Choia, S.-Y. Jeona, J.-S. Leea, H.-J. Hwangb, S.-J. Song, J. Power Sources, 

195 (2010) 1059-1064. 

[10] D.S. Tsvetkov, V.V. Sereda, A.Yu. Zuev, Solid State Ionics, 192 (2011) 215-219. 

[11] A. Chroneos, B. Yildiz, A. Tarancón, D. Parfitt, J. A. Kilner, Energy Environ. Sci., 4 

(2011) 2744-2789. 

[12] F. Mauvy, J. M. Bassat, E. Boehm, P. Dordor, J. C. Grenier, J. P. Loup, J. Eur. 

Ceram. Soc., 24 (2004) 1265. 

[13] A. Tarancón, S. J. Skinner, R. J. Chater, F. Hernández-Ramíreza, J. A. Kilner, J. 

Mater. Chem., 17 (2007) 3175–3181. 

[14] R. Sayers, R. A. De Souza, J. A. Kilner, S. J. Skinner, Solid State Ionics, 181 (2010) 

386. 

[15] E.O. Ahlgren, F.W. Poulsen, Solid State Ionics, 86–88 (1996) 1173. 

[16] S. B. Adler, J. A. Lane and B. C. H. Steele, J. Electrochem. Soc., 143 (1996) 3554. 

[17] A.A. Taskin, A.N. Lavrov, Y. Ando, Phys. Rev. B, 71 (2005) 134414. 

[18] A. Tarancón, D. Marrero-López, J. Peña-Martínez, J. C. Ruiz-Morales, P. Núñez, 

Solid State Ionics, 179 (2008) 611-618. 



 99 

[19] E. Chavez, M. Mueller, L. Mogni, A. Caneiro, J. Phys.: Conf. Ser., 167 (2009) 

012043. 

[20] S. Streule, A. Podlensyak, D. Sheptyakov, E. Pomjakushina, M. Stingaciu, K. 

Conder, M. Medarde, M.V. Patrakeev, I.A. Leonidov, V.L. Kozhevnikov, J. Mesot, 

Phys. Rev. B, 73 (2006) 94203. 

[21] S. Streule, A. Podlensyak, E. Pomjakushina, K. Conder, D. Sheptyakov, M. 

Medarde, J. Mesot, Physica B, 378 380 (2006) 539. 

[22] A. Tarancón, S. J. Skinner, R. J. Chater, F. Hernández-Ramíreza, J. A. Kilner, J. 

Mater. Chem., 17 (2007) 3175–3181. 

[23] D. Parfitt, A. Chroneos, A. Tarancón, J.A. Kilner, J. Mater. Chem., 21 (2011) 

2183-2186.  

[24] M. Burriel, J. Peña-Martínez, R. J. Chater, S. Fearn, A. V. Berenov, S. J. Skinner, 

J.A. Kilner, Chem. Mater., 24 (2012) 613-621. 

[25] G. Ceder, A. van der Ven, C. Marianetti, D. Morgan, Modelling Simul. Mater. Sci. 

Engi., 8 (2000) 311-321. 

[26] D. De Fontaine, Solid State Phys., 47 (1994) 33-176. 

[27] G. Kresse, J. Furthmuller, Phys. Rev. B, 54 (1996) 11169-11186. 

[28] G. Kresse, J. Furthmuller,Comput. Mater. Sci., 6 (1996) 15-50. 

[29] J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J. Sing, 

C. Fiolhais, Phys. Rev. B46 (1992) 6671. 

[30] J. P. Perdew, Y. Wang, Phys. Rev. B45 (1992) 13244. 

[31] Y. B. Losovyj, D. Wooten, J. C. Santana, J. M. An, K. D. Belashchenko, N. Lozova, 

J. Petrosky, A. Sokolov, J. Tang, W. Wang, N. Arulsamy, P. A. Dowben, J. Phys.: 

Condens. Matter,21 (2009) 045602.  

[32] F. Zhou, M. Cococcioni, C. A. Marianetti, D. Morgan, G. Ceder, Phys. Rev. B, 70 

(2004) 235121. 

[33] P. E. Blochl, Phys. Rev. B, 50 (1994) 17953. 

[34] A. van de Walle, M. Asta, G. Ceder, Calphad, 26 (2002) 539-553. 

[35] A. van de Walle, Calphad, 33 (2009) 266-278. 

[36] C. Frontera, M. Respaud, J.L. Garcia-Munoz, A. Llobet, A.E. Carrillo, A. Caneiro, 

J.M. Broto, Physica B, 346–347 (2004) 246–249. 



 100 

[37] C. Frontera, J. L. Garcia Munoz, A. Llobet, and M. A. G. Aranda, Phys. Rev. B, 65 

(2002) 180405. 

[38] J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuseria, L. A. 

Constantin, X. Zhou, K. Burke, Phys. Rev. Lett., 100 (2008) 136406. 

[39] D. D. Khalyavin, Phys. Rev. B, 72 (2005) 134408. 

[40] D. D. Khalyavin, D. N. Argyriou, U. Amann, A. A. Yaremchenko, V. V. Kharton, 

Phys. Rev. B,75(2007) 134407. 

[41] I. Ohnuma, Y. Fujita, H. Mitsui, K. Ishikawa, R. Kainuma, K. Ishida, Acta 

Mater.,48 (2000) 3113-3123. 

[42] A. van de Walle and M. Asta, Modelling Simul. Mater. Sci. Eng., 10 (2002) 

521-538. 

 

  



 101 

4 (Ba0.5Sr0.5)(Co1-xFex)O2.5
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 [5, 6] Ba/Sr

(Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ A
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(Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ 3
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Fig. 4-1 Crystal structure of Pnma space group (Ba0.5Sr0.5)(Co0.8Fe0.2)O2.33-δ from 

ref. [6]. Where the yellow/green spheres indicate either a Sr or Ba ion, the blue 

octahedra are Co or Fe ions and the small partially red spheres indicate sites 

partially occupied by oxygen ions. 
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4-2.  

4-2-1.  

Yang [16] 1273 K Ba-Sr-Co-Fe

 (Fig. 4-2) BSF BSCF

BSC Sr6Co5O15

Ovenstone Pechini BSC

800 ˚C [17]

Boulahya (Ba0.5Sr0.5)CoO2.5

[18] BaSrCo2O5.00(5)

BSC  (δ = 0.5)

3 (Ba1-xSrx)(Co1-yFey)O2.5  (BSC BSF BSCF) 

 

 

 
Fig. 4-2 Schematic phase map of the BSCF system calcined at 1273 K in air from 

ref. [16]. The square symbols represent the cubic phase, the triangles represent 

multi-phase compounds. The compositions investigated in this study are indicated 

by a cross in a circle. 
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 (Fig. 4-3) Sr Ba Sr-O Ba-O

 (Fig. 4-3) A Ba/Sr d  

SrBa

Ba

SrSr
Srd         (4-1) 

Ba-O Sr Sr-O

Sr BSC BSF BSCF d = 0, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5

MD d = 0 Ba-O Sr-O

Ba Sr d 

= 0.5 A Sr Ba

d = 0.2 A

Sr-O 80% Sr 20% Ba Ba-O 20% Sr 80%

Ba  

BSCF Co/Fe B A

O@Ba-O O@Sr-O O@TM-O2 3 /

 

 



 106 

 
Fig. 4-3 Unit cell for the fully ordered perovskite Ba0.5Sr0.5Co0.8Fe0.2O2.5 (primitive 

unit cell). The three oxygen/vacancy sites were assigned as O@Ba-O plane, 

O@Sr-O plane and O@TM-O2 plane according to the A-site order. 
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4-2-2.  

Born [24]

Ewald [25] Buckingham

[26] Buckingham 10.5 Å

 

i ij ij

ij

ij

ij
ij

ij

ji
L r

Cr
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r
qq

E 6
0

exp
4       (4-2) 

rij i j qi qj ε0

Buckingham

Table 4-1  

 

Table 4-1 Buckingham interionic potential parameters. 

Interaction Aij/ eV ρij/ Å Cij/ eV Å6 Reference 

O2-–O2- 22764.3 0.149 43.0 [27-30] 

Ba2+–O2- 1214.4 0.3522 0 [30] 

Sr2+–O2- 774.2 0.3538 0 [28] 

Co3+–O2- 1329.82 0.3087 0 [27, 28, 30] 

Fe3+–O2- 1156.36 0.3299 0 [27] 
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4-2-3.  

BFGS GULP [31]

 (MD) 

A2B2O5 10 10 8 7200

1 fs 50 000  

(50 ps)  (NPT) 

BSC BSF

2000 K BSCF 2000 K

1773 K Fig. 4-4

MD  

 

Fig. 4-4 Configurational energy and temperature for BSCF (d = 0.5) at 500 K as a 

function of time after 50 ps equilibration by MD simulation. 
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4-3.  

4-3-1.  

BSC BSF BSCF Table 4-2 BSC

BSF BSCF [17, 18, 

37] 500 K MD d = 0.5 ( ) 

BSC BSCF

15.9% 14.1% BSF 3.3% BSC BSCF

Buckingham Co-O

Buckingham

Co-O

LaCoO3 Co BaTiO3 Ref. 27, 

28, 30 Co-O  [40, 41] Table 4-3

Table 4-1 d

 

BSC BSF

BSF BSC BSC

BSF

BSCF

2.31 – 2.74  [4-6, 42-46] Kotomin

Mastrikov Merkle Kuklja

BSF  (3.92 Å) BSC  (3.90 Å) 

 [10-12, 47] DFT BSC

BSF BSC BSF

 

Ba0.5Sr0.5CoO2.5  Ba0.5Sr0.5CoO2.5-x + (x/2)O2, 

Ba0.5Sr0.5FeO2.5  Ba0.5Sr0.5FeO2.5-x + (x/2)O2. 

Ba0.5Sr0.5CoO2.5-x Ba0.5Sr0.5FeO2.5-x x = 1/8

DFT Vienna ab initio simulation package 

(VASP) [48, 49]  (GGA-PBE) [50] 

 (PAW) [51] 500 eV 3 3 3 
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Monkhorst-Pack k-point 2 2 2

x = 1/8

ABO3 ap (= ) 

Table 4-2 x = 0 Ba0.5Sr0.5CoO2.5

Ba0.5Sr0.5FeO2.5 BSC 3.92(2) Å BSF

3.98(3) Å x = 1/8 BSC 3.95(1) Å BSF 4.02(2) Å

MD  

(Table 4-2) Fig. 4-5 BSC 0.6 – 2.0 

eV BSF 2.9 – 3.8 eV BSC BSF

BSC BSF 2

Kotomon Mastrikov

Merkle DFT BSC (1.21 eV) 

BSF (2.22 eV) [10, 11, 47]

2

BSC BSF

BSC BSF
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Table 4-2 Comparison of computationally and experimentally determined lattice 

parameters for BSC, BSF and BSCF. Two computational methods were used for 

static lattice and MD simulations, as described in section 2. MD simulations were 

performed in the NPT ensemble at 500 K for 50 ps. 

Ba0.5Sr0.5CoO3-δ (BSC) a/ Å b/ Å c/ Å Volume/ Å3 

Boulahya et al. (exp.) [18] 3.990 3.990 3.990 63.503 

Present static lattice simulation (δ = 0.5) 3.766 3.766 3.766 53.397 

Present MD simulation (δ = 0.5) 3.770 3.773 3.781 53.782 

Present DFT calculation (δ = 0.5) 3.92(6) 3.94(7) 3.91(7) 60(1) 

Present DFT calculation (δ = 0.625) 3.96(6) 4.02(7) 3.88(7) 61.7(5) 

 

Ba0.5Sr0.5FeO3-δ (BSF) a/ Å b/ Å c/ Å Volume/ Å3 

Ovenstone et al. (exp.) [17] 3.931 3.931 3.931 60.757 

Present static lattice simulation (δ = 0.5) 3.887 3.887 3.887 58.730 

Present MD simulation (δ = 0.5) 3.875 3.876 3.888 58.393 

Present DFT calculation (δ = 0.5) 3.96(4) 3.98(8) 3.99(8) 63(2) 

Present DFT calculation (δ = 0.625) 3.98(2) 4.13(3) 3.97(2) 65.2(7) 

 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) a/ Å b/ Å c/ Å Volume/ Å3 

Koster and Mertins (exp.) [37] 3.983 3.983 3.983 63.187 

Ovenstone et al. (exp.) [17] 3.986 3.986 3.986 63.340 

Wei et al. (exp.) [38] 3.988 3.988 3.988 63.402 

McIntosh et al. (exp) [39] 4.03211(4) 4.03211(4) 4.03211(4) 65.5537 

Present static lattice simulation 3.786 3.786 3.786 54.278 

Present MD simulation 3.797 3.800 3.800 54.817 
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Table 4-3 Comparison of Buckingham pair potentials for Co3+–O2- in BSC.  

 

 
Fig. 4-5 Oxygen vacancy formation energies for BSC and BSF with oxygen vacancy 

in 5 different sites. 
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BSC BSF BSCF d

 (Fig. 4-6)

 [8, 9] Ba Sr

Ba/Sr c

Ba/Sr

 

 

   

 

Fig. 4-6 Configurational energies for (a) BSC, (b) BSF and (c) BSCF as a function 

of Ba/Sr disorder parameter d. Energies were averaged during 50 ps of production 

run after equilibration at 1200 K by MD simulations. 
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4-3-2.  
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Fig. 4-7 Calculated pseudo cubic lattice parameter ap (= 3 V ) for Ba/Sr ordered 

and disordered (a) BSC, (b) BSF and (c) BSCF. (d) Phase transition temperature as 

a function of Ba/Sr disorder parameter, d. 
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Fig. 4-8 Calculated oxygen occupancies of the three oxygen sites defined in Fig. 1 

for Ba/Sr ordered (d = 0) (a) BSC, (b) BSF and (c) BSCF.  
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/

 

 
Fig. 4-9 Mean square displacements (MSDs) of ions in BSCF as a function of time 

at 2000 K.  
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Fig. 4-10 Arrhenius plot of the calculated oxygen diffusion coefficients, D, for (a) 

Ba/Sr ordered (d = 0) BSC, BSF and BSCF, (b) BSC at various d, and (c) BSCF at d 

= 0, 0.5, with reported plots by Bucher et al. [4] and Berenov et al. [59]. 
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Fig. 4-11 Relationship between the Ba/Sr disorder parameter, d, and (a) the 

diffusion coefficient, D, at 1200 K and (b) the oxygen diffusion activation energy. 

 

 
Fig. 4-12 Trajectories of oxygen atoms (red) in MD simulations for BSCF with 

ordered (d = 0, left panel) and disordered (d = 0.5, right panel) Ba/Sr arrangement 

at 1200 K.  Both the figures were viewed along c-axis.  Note that three oxygen 

planes, Ba-O, Sr-O, and TM-O2 planes, are included.  (See Fig. 4-3.) 
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Fig. 4-13 Calculated oxygen occupancies of the three oxygen sites defined in Fig. 1 

for (a) BSC, (b) BSF and (c) BSCF as a function of the Ba/Sr disorder parameter, d. 

Dotted line indicates an oxygen occupancy of 5/6, above which the oxygen/vacancy 

arrangements become fully disordered.  
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Fig. 4-14 Ba/Sr BSCF 
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Fig. 4-14 Calculated oxygen density isosurfaces, which show the positions of the 

atoms at all simulation time steps, for (a) Ba/Sr disordered BSCF (d = 0.5) at 1200 

K, ordered BSF (d = 0) at (b) 1200 K and (c) 1773 K and (d) ordered BSC (d = 0) at 

1773 K, showing the oxygen migration pathways. 
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Fig. 4-15 Relationship between the oxygen occupancy in the O@Ba-O plane and 

(a) the diffusion coefficients and (b) the activation energy for BSC, BSF and BSCF.  
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Table 5-1 Table 5-2  

 

Table 5-1 Sammary of advantage and disadvantage of each simulations. 

    

    

 
 

  
 

Table 5-2 Sammary of advantage and disadvantage of Monte Carlo method and 

molecular dynamics simulations. 
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Fig. 5-1 Schematic description of repulsion effect working on the electrons 
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Fig. 5-2 The concept of NEB method. 
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Fig. 5-3 Microscopic state with respect to time. 

 

 

Fig. 5-4 Statistical ensemble (Ensemble of analogous system). 
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Fig. 5-5 The region where the particle k can move in 1 step. 
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Fig. 5-6 Percolation for square lattice.  
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Table 5-3 Threshold of the site percolation for various lattice. 

 pc 

 0.697043 

 0.5927462 

 0.5 

 0.4301 

 0.311608 

BCC 0.245691 

FCC 0.199236 
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