
ix 
 

Table of Contents 

List of Figures ....................................................................................................................................  xiii 

List of Tables .....................................................................................................................................  xvi 

List of Abbreviations ........................................................................................................................ xvii 

Perface ............................................................................................................................................... xviii 

Chapter 1 Introduction  

    1.1 Energy Crisis and Global Warming .......................................................................................... 1 

1.2 Historical Background ................................................................................................................ 3 

1.3 Types of fuel cells ........................................................................................................................ 5 

  1.3.1  Alkaline Fuel Cells ................................................................................................................ 5 

  1.3.2  Phosphoric Acid Fuel Cells .................................................................................................. 6 

  1.3.3 Proton Exchange Membrane Fuel Cells .............................................................................. 7 

  1.3.4 Molten Carbonate Fuel Cells ................................................................................................ 9 

  1.3.5 Solid Oxide Fuel Cells .......................................................................................................... 10 

1.4 SOFC Design ............................................................................................................................. 13 

1.5 Key Challenges of SOFCs ......................................................................................................... 15 

1.6 Fluorite Electrolytes .................................................................................................................. 16 

  1.6.1 Stablized ZrO2 ...................................................................................................................... 17 

  1.6.2  Doped Ceria ......................................................................................................................... 18 

  1.6.3 Bi2O3-based Electrolyte........................................................................................................ 19 

1.7 Perovskite Electrolyte ............................................................................................................... 20 

  1.7.1 LaGaO3 based electrolyte .................................................................................................... 21 

  1.7.2  NBT based Electrolyte ........................................................................................................ 22 

       1.7.3  Other Electrolyte ................................................................................................................ 23 

1.8 Scope of thesis ............................................................................................................................ 25 

References ............................................................................................................................................ 26 

Chapter 2   

Experimental Techniques  .................................................................................................................. 39 

2.1 Overview .................................................................................................................................... 39 

2.2 Synthesis Technique .................................................................................................................. 39 

  2.2.1 Solid state reaction synthesis route ..................................................................................... 39 

  2.2.2 Sol-Gel Auto Combustion Synthesis  .................................................................................. 40 

2.2.3 Palletization ............................................................................................................................ 41 



x 
 

 

2.3 Material Characterization Techniques ................................................................................... 42 

  2.3.1 X-Ray Diffraction ................................................................................................................. 43 

  2.3.2 Phase Formation and Crystal Structure Studies by Powder XRD  ................................. 44 

  2.3.3 Field Emission Scanning Electron Microscope ................................................................. 45 

  2.3.4  High-Resolution Transmission Electron Microscopy(HRTEM)…………………...…..45 

  2.3.5 Energy Dispersive X-RAY Spectroscopy(EDX)  ............................................................... 47 

  2.3.6 Thermogrametric Analysis(TGA) ...................................................................................... 48 

  2.3.7  Differential Scanning Calorimetry (DSC)…………………………………………. ...... .48 

  2.3.8 Raman Spectroscopy  ....................................................................................................... 49 

  2.3.9 FTIR Spectroscopy  .......................................................................................................... 50 

  2.3.10 Electrochemical Impedance Spectroscopy (EIS) ..................................................... 50 

      2.3.11 Conductivity Measurement Using EIS  ...................................................................... 53 

    References ........................................................................................................................................ 54 

Chapter 3  

KTaO3 Based Perovskite material for Oxide Ion Electrolyte for SOFCs ...................................... 55 

3.1 Introduction ............................................................................................................................... 55 

3.2 Material Synthesis & Characterization .................................................................................. 55 

3.3 Thermal Study ........................................................................................................................... 56 

3.4 Crystal Structure Study ............................................................................................................ 58 

    3.5  SEM/EDX Study ...................................................................................................................... 60 

3.6  EIS Study .................................................................................................................................. 61 

    3.7  Conclusion ................................................................................................................................ 66 

            References ................................................................................................................................. 67 

Chapter 4 

Doped  BaZrO3 as oxide ion conductor ............................................................................................. 69 

  4.1 Introduction ............................................................................................................................. 69 

4.2 Material Synthesis and Characterization  .............................................................................. 70 

4.3 Result and Discussion ............................................................................................................... 71 

  4.3.1 XRD Study ............................................................................................................................ 71 

      4.3.2 Thermal Study ...................................................................................................................... 77 

  4.3.3  SEM Study ........................................................................................................................... 78 

  4.3.4 TEM Study............................................................................................................................ 79 



xi 
 

      4.3.5  Impedance Study ................................................................................................................. 81 

4.4     Conclusion.............................................................................................................................. 86 

References ............................................................................................................................................ 87 

 

Chapter 5 

Study of SrTiO3 based Pervoskite Material for developing superior oxide-ion electrolyte ......... 89 

5.1 Introduction ............................................................................................................................... 89 

5.2 Material Synthesis and characterization ................................................................................ 89 

5.3 Crystal Structure Study ............................................................................................................ 91 

    5.4  Thermal Study .......................................................................................................................... 94 

5.5 SEM Study  ................................................................................................................................ 95 

5.6 Impedance Study ....................................................................................................................... 96 

5.8 Conclusion ................................................................................................................................. 99 

References .......................................................................................................................................... 100 

Chapter 6 

 Bi & Gd Co-Substituted Zirconia based Oxide Ion Conductor ................................................... 103 

6.1 Introduction ............................................................................................................................. 103 

6.2 Material Synthesis  .................................................................................................................. 105 

6.3 Material Characterization ...................................................................................................... 105 

6.4 Crystal Structure Analysis ..................................................................................................... 106 

    6.5  SEM/EDX Study .................................................................................................................... 109 

6.6  Raman Spectroscopy Analysis .............................................................................................. 111 

6.7  Impedance Study .................................................................................................................... 112 

6.8  Thermal Study ........................................................................................................................ 118 

    6.9  Conclusion .............................................................................................................................. 123 

References ...................................................................................................................................... 125 

Chapter 7  

Summary and Future Scope ............................................................................................................ 131 

7.1 Summary .................................................................................................................................. 131 

7.2 Future Scope  ........................................................................................................................... 134 

  

  



xii 
 

LIST OF FIGURES 

Figure No. Figure description Page No. 

Figure 1.1 Energy Consumption World Wide 2000 to 2018, with a forecast till 

2050* (in extra joules)  

1 

Figure 1.2  Electricity Generation by Source 2 

Figure 1.3 Comparison of efficiencies of conventional power generation & fuel 

cells. 

 

3 

Figure 1.4 Alkaline fuel cell 6 

Figure 1.5 Phosphoric Acid & PEM fuel cell 9 

Figure 1.6 Molten carbonate fuel cell 10 

Figure 1.7 Solid Oxide Fuel Cell 13 

Figure 1.8 Tubular Design of SOFCs 14 

Figure 1.9 Planar Design of SOFCs 14 

Figure 1.10 Fluorite structure 16 

Figure 1.11 Perovskite Structure 20 

Figure 2.1 Solid State Synthesis Route 40 

Figure 2.2 Sol-Gel Auto Combustion 41  

Figure 2.3 Pelletization Steps 42 

Figure 2.4 Characterization techniques used  42 

Figure 2.5 Demonstration for Bragg's Law  43 

Figure 2.6 Interaction of electrons with sample 47 

Figure 2.7 Nyquist Plot for ionic solids 52 

Figure 2.8 Conductivity Test station 53 

Figure 3.1 Thermogravimetric analysis (TGA) curve of KTa0.4Ti0.3Ge0.3O2.7 57 

Figure 3.2 FT-IR spectra of KTa0.4Ti0.3Ge0.3O2.7 57 

Figure 3.3 Powder XRD pattern (a) KTa0.6Ti0.4O2.8  (b) KTa0.6Ge0.4O2.8 and (c) 

KTa0.4Ti0.3Ge0.3O2.7 

 

59 

Figure 3.4 

 

Rietveld refined powder XRD profile of (a) KTa0.6Ti0.4O2.8 

(b) KTa0.6Ge0.4O2.8 and (c) KTa0.4Ti0.3Ge0.3O2.7  

60 



xiii 
 

Figure 3.5 SEM image KTa0.4Ti0.3Ge0.3O2.7 (a) Powder (b) top view of the 

pellet (c) Cross-section of the pallets and (d) Image of EDX 

spectra 

61 

Figure 3.6 Arrhenius plot of (a) various compositions, (b) 

KTa0.4Ti0.3Ge0.3O2.7 in different mediums, (c) comparison of 

existing intermediate temperature Oxide-ion electrolytes in air 

64-65 

Figure 3.7 Cole-Cole plot of KTa0.4Ti0.3Ge0.3O2.7 at 600
o
C. Inset shows the 

plot between 30 kHz to 20Hz frequencies. 

   65 

Figure 3.8 The dielectric constant of KTa0.4Ti0.3Ge0.3O2.7 at different 

temperatures and frequencies. 

   66 

Figure 4.1           Photograph of synthesized powder (off-white colour) & BaZrO3     71 

Figure 4.2 Powder XRD pattern (a) BaZrO3  (b)Ba0.9K0.1Zr0.9Ga0.1O2.9 

(K10G10) (c)Ba0.85K0.15Zr0.85Ga0.15O2.85(K15G15)  

(d) Ba0.8K0.2Zr0.8Ga0.2O2.8 (K20G20) 

(e) Ba0.75K0.25Zr0.75Ga0.25O2.75 (K25G25) 

 

     72 

Figure 3.3 Systematic peak shift of (011) plane of Ba1-xKxZr1-xGaxO3-x 

(x = 0. 0.1, 0.15, 02 and 0.25) samples with doping. 

 

     73 

Figure 4.4(a) Rietveld refined powder XRD profile of  Ba0.9K0.1Zr0.9Ga0.1O2.9      74 

Figure 4.4(b) Rietveld refined powder XRD profile of             

Ba0.85K0.15Zr0.85Ga0.15O2.85 

     75 

Figure 4.4(c) Rietveld refined powder XRD profile of  Ba0.8K0.2Zr0.8Ga0.2O2.8         75 

Figure 4.4(d) Rietveld refined powder XRD profile of  

Ba0.75K0.25Zr0.75Ga0.25O2.75 

        76 

Figure 4.5 Thermogravimetric analysis (TGA) & DSC curve of     

Ba0.8K0.2Zr0.8Ga0.2O2.8 

        78 

Figure 4.6           

 

SEM image Ba0.8K0.2Zr0.8Ga0.2O2.8  (a) Powder (b) top view of the 

pellet (c) Cross-section of the pallets and (d) Image of EDX 

spectra 

        79 

Figure 4.7 (a) & (b) TEM image Powder Ba0.8K0.2Zr0.8Ga0.2O2.8  (c) SAED 

pattern from Ba0.8K0.2Zr0.8Ga0.2O2.8 (d) HRTEM of 

Ba0.8K0.2Zr0.8Ga0.2O2.8 Showing (011) planes (e) Elemental 

mapping of the Ba0.8K0.2Zr0.8Ga0.2O2.8 

     80 

Figure 4.8 Arrhenius plot for different composition of K and Ga substituted 

BaZrO3 i.e. (i) Ba0.9K0.1Zr0.9Ga0.1O2.9 (K10G10) (ii) 

Ba0.85K0.15Zr0.85Ga0.15O2.85 (K15G15) (iii) 

   82 



xiv 
 

Ba0.8K0.2Zr0.8Ga0.2O2.8(K20G20)  (iv) 

Ba0.75K0.25Zr0.75Ga0.25O2.74.(K25G25) 

Figure 4.9 Arrhenius plot of Ba0.8K0.2Zr0.8Ga0.2O2.8 (BKGZO) in different 

medium 

83 

Figure 4.10 comparison of ionic conductivities of existing intermediate 

temperature Oxide-ion electrolytes in the air  

83 

Figure 4.11 Cole-Cole plot of Ba0.8K0.2Zr0.8Ga0.2O2.8 at(a) 400
o
C (b) 500

o
C 85-86 

Figure 5.1 Powder XRD pattern (a) SrTiO3  (b)Sr0.9K0.1Ti0.9Ga0.1O2.9 

(SK10G10) (c) Sr0.85K0.15Ti0.85Ga0.15O2.85  (SK15G15)   

(d) Sr0.8K0.2Ti0.8Ga0.2O2.8 (SK20G20)  

(e) Sr0.75K0.25Ti0.75Ga0.25O2.75 (SK25G25) 

91 

Figure 5.2(a) Rietveld refined powder XRD profile of   Sr0.9K0.1Ti0.9Ga0.1O2.9 92 

Figure 5.2(b) Rietveld refined powder XRD profile of  Sr0.8K0.2Ti0.8Ga0.2O2.8 92 

Figure 5.3 Thermogravimetric analysis (TGA)  of Sr0.8K0.2Ti0.8Ga0.2O2.8 94 

Figure 5.4           

 

SEM image Sr0.8K0.2Ti0.8Ga0.2O2.8  (a) Powder (b) pellet (c) EDX image 

of pallet 

95 

Figure 5.5 Arrhenius plot of Various compositions Sr1-xKxTi1-yGayO3-𝜹 98 

Figure 5.6 Comparison of ionic conductivities of existing intermediate 

Oxide-ion electrolytes in the air 

98 

Figure 6.1 Powder XRD pattern (i)Zr0.6Bi0.2Gd0.2O1.8, 

(ii)Zr0.6Bi0.15Gd0.25O1.8, (iii)Zr0.65Bi0.15Gd0.2O1.825, 

(iv)Zr0.7Bi0.15Gd0.15O1.85, and (v)Zr0.6Bi0.10Gd0.30O1.8 

107 

Figure 6.2 Rietveld refined powder XRD profile of (i)Zr0.6Bi0.2Gd0.2O1.8 

(ii)Zr0.6Bi0.10Gd0.30O1.8 

108 

Figure 6.3 

 

SEM image Zr0.6Bi0.2Gd0.2O1.8 (a) Powder (b) Top view of the 

pellet (c) Cross-section of the pallets and (d) EDX image of pallet 

110 

Figure 6.4 Vacancy mapping through Bi lone pair in cubic fluorite structure 111 

Figure 6.5 Raman spectra of (a) monoclinic ZrO2 and (b) Gd-Bi co-doped 

cubic Zirconia (Zr0.6Bi0.2Gd0.2O1.8) 

112 

Figure 6.6 Arrhenius plot of  various compositions 115 

Figure 6.7 Arrhenius plot of Zr0.6Bi0.2Gd0.2O1.8 (ZBGO) in different medium 116 



xv 
 

Figure 6.8           Cole-Cole plot of Zr0.6Bi0.2Gd0.2O1.8 at 500
o
C 116 

Figure 6.9 Arrhenius plot of comparison of existing intermediate 

temperature Oxide-ion electrolytes in air  

117 

Figure 6.10 Powder XRD pattern of Zr0.6Bi0.2Gd0.2O1.8 heated in hydrogen 

atmosphere up 800
o
C during impedance study  

117 

Figure 6.11 TGA & DSC curves of  Zr0.6Bi0.2Gd0.2O1.8 preheated at 120
o
C 

 

119 

Figure 6.12 FT-IR spectra of  Zr0.6Bi0.2Gd0.2O1.8 preheated at 120
 o
C 119 

Figure 6.13 Dielectric constant of Zr0.6Bi0.2Gd0.2O1.8 at different temperatures 

and frequencies 

 

121 

Figure 6.14 Dielectric loss of Zr0.6Bi0.2Gd0.2O1.8 at different temperatures and 

frequencies 

121 

   

   

   

   

   

 

 

 

 

 

 

 

 

 



xvi 
 

LIST OF TABLES 

Table No. Table description 
Page 

No. 

Table 1.1 Comparison of different types of fuel cells 12 

Table 3.1 Structural parameter of Ta and Ge doped KTaO3       59 

Table 3.2 O
2-

 conductivity (σ) of KTa1-x-yTixGeyO3-α at different 

temperatures 

63 

Table 4.1 Structural parameter of K and Ga doped BaZrO3   76 

Table 4.2 O
2-

 conductivity (σ) of Ba1-xKxZr1-yGayO3-𝜹 at different 

temperatures 

82 

Table 4.3 Activation Energy of Ba1-xKxZr1-yGayO3-𝜹  84 

Table 5.1 Structural parameter of K and Ga doped SrTiO3   93 

Table 5.2 O
2-

 conductivity (σ) of Sr1-xKxTa1-yGayO3-𝜹 at different 

temperatures 

97 

Table 6.1 Structural parameter of Bi and Gd doped ZrO2 109 

Table 6.2 O
2-

 conductivity (σ) of Zr1-x-yBixGdyO2-𝜹 at different 

temperatures 

113 

   

   

   

   

   

   

  

 

 

   

   

   

 


