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Abstract
Solid oxide fuel cells (SOFCs) are widely viewed as promising energy conversion devices
because of their high efficiency, low pollutant emissions, and excellent fuel flexibility at high
operating temperatures (>1000 oC). These benefits notwithstanding, the high operating temperature
leads to a number of problems, including high cost, electrode sintering, interface reactions between
cell components, and material compatibility challenges. In efforts to overcome these issues, recent
research has been directed toward developing intermediate temperature SOFCs (IT-SOFCs) operating
from 500 to 700 oC to reduce fabrication costs, improve long-term performance, and extend the
variety of material selections. However, there are major obstacles to the practical use of IT-SOFCs,
including poor oxide-ion conductivity and poor catalytic activity of the conventional cathodes tracing
from the reduced temperature. The development of a highly stable cathode material with both high
oxide-ion conductivity and electrocatalytic activity thus could be an important step toward the
commercialization of IT-SOFCs.
Furthermore, the most attractive feature of SOFCs is fuel flexibility, which offers the possibility
of direct utilization of hydrocarbons. However, the conventional anode for an SOFC, a composite
consisting of nickel and yttria-stabilized-zirconia (YSZ), is easily deactivated by carbon formation
when it is exposed to hydrocarbon fuels and vulnerable to sulfur poisoning. Consequently, alternative
anode materials should be proposed to replace the Ni-based materials, focusing on achieving better
sulfur tolerance and coking resistance.

This dissertation mainly focuses on the development of novel materials to resolve the fatal
drawbacks of conventional SOFC electrodes (cathode and anode). These materials can be offered as a
promising SOFC cathode and anode material with highly stable and remarkable power output.
I started with basic principle and theory of overall solid oxide fuel cell in chapter 1 and then
described the experimental procedure for electrochemical and thermodynamic properties in chapter 2.
Finally my research papers studying cathode and anode materials for IT-SOFC are presented as
following,

1. High performance SOFC cathode prepared by infiltration of Lan+1NinO3n+1 (n = 1, 2, and 3)
in porous YSZ
2. The electrochemical and thermodynamic characterization of PrBaCo2-xFexO5+ (x = 0, 0.5,
and 1) infiltrated into yttria-stabilized zirconia scaffold as cathodes for solid oxide fuel cells
3. Chemical compatibility, redox behavior, and electrochemical performance of Nd1-xSrxCoO3

cathodes based on Ce1.9Gd0.1O1.95 for intermediate-temperature solid oxide fuel cells
4

4. Electrochemical properties of an ordered perovskite LaBaCo2O5+-Ce0.9Gd0.1O2-composite
cathode with strontium doping for intermediate-temperature solid oxide fuel cells
5. Highly efficient and robust cathode materials for low-temperature solid oxide fuel cells:
PrBa0.5Sr0.5Co2-xFexO5+
6. The effect of calcium doping on improvement of performance and durability in layered
perovskite cathode for intermediate-temperature solid oxide fuel cells
7. Highly Efficient and Redox Stable Layered Perovskite Ceramic Anode for SOFC:
PrBaMn2O5

5

Contents
Abstract -------------------------------------------------------------------------------------------- 4
Contents -------------------------------------------------------------------------------------------- 6
List of Figures ------------------------------------------------------------------------------------------------- 9
List of Tables -------------------------------------------------------------------------------------------------- 15

Chapter 1.

Introduction

1.1

Research Objective ---------------------------------------------------------------------------------- 16

1.2

Scope of the Thesis ---------------------------------------------------------------------------------- 17

1.3

General Introduction -------------------------------------------------------------------------------- 18
1.3.1

The Basis of Fuel Cell ------------------------------------------------------------------- 18

1.3.2

Basic Operating Principle of SOFCs -------------------------------------------------- 19

1.3.3

The Advantages and Disadvantages of SOFCs ---------------------------------------20

1.4

Theoretical Background ---------------------------------------------------------------------------- 21
1.4.1

The thermodynamic potential of SOFCs ---------------------------------------------- 21

1.4.2

Fuel cell performance -------------------------------------------------------------------- 24

1.4.3

Fuel cell Efficiency ----------------------------------------------------------------------- 26

1.4.4

Fundamental Principle of Electrochemical Reaction Mechanisms ---------------- 29

1.4.5

Charge and Mass Transport Process --------------------------------------------------- 31

1.5

Materials in solid oxide fuel cells ----------------------------------------------------------------- 36
1.5.1

Status of Electrolyte ---------------------------------------------------------------------- 36

1.5.2

Status of Cathode ------------------------------------------------------------------------- 38

1.5.3

Status of Anode --------------------------------------------------------------------------- 43

References -------------------------------------------------------------------------------------------------------- 45

Chapter 2.

Experimental

2.1

Material synthesis ---------------------------------------------------------------------------------- 52

2.2

Cell Fabrication ------------------------------------------------------------------------------------ 52

2.3

Basic Characterizations --------------------------------------------------------------------------- 53
2.3.1. Structural Analysis ------------------------------------------------------------------------------- 53
2.3.2. Iodometric Titration and Thermal Analysis --------------------------------------------------- 54
2.3.3. Electrical and Electrochemical Analysis -------------------------------------------------------54
2.3.4. Redox property and Oxygen non-stoichiometric Analysis -------------------------------- --55

References ---------------------------------------------------------------------------------------------------------56

6

Chapter 3.

High performance SOFC cathode prepared by infiltration of Lan+1NinO3n+1
(n = 1, 2, and 3) in porous YSZ

3.1

Introduction ------------------------------------------------------------------------------------------- 57

3.2

Experimental ------------------------------------------------------------------------------------------ 59

3.3

Results and discussions------------------------------------------------------------------------------ 61

3.4

Conclusion -------------------------------------------------------------------------------------------- 66

References ----------------------------------------------------------------------------------------------------- 68

Chapter 4.

The electrochemical and thermodynamic characterization of PrBaCo2-xFexO5+
(x = 0, 0.5, and 1) infiltrated into yttria-stabilized zirconia scaffold as cathodes for
SOFCs

4.1

Introduction ------------------------------------------------------------------------------------------- 71

4.2

Experimental ------------------------------------------------------------------------------------------ 73

4.3

Results and discussions------------------------------------------------------------------------------ 75

4.4

Conclusion -------------------------------------------------------------------------------------------- 86

References ----------------------------------------------------------------------------------------------------- 88

Chapter 5.

Chemical compatibility, redox behavior, and electrochemical performance of
Nd1-xSrxCoO3- cathodes based on Ce1.9Gd0.1O1.95 for IT-SOFCs

5.1

Introduction ------------------------------------------------------------------------------------------- 91

5.2

Experimental ------------------------------------------------------------------------------------------ 92

5.3

Results and discussions------------------------------------------------------------------------------ 94

5.4

Conclusion ------------------------------------------------------------------------------------------- 102

References --------------------------------------------------------------------------------------------------- 103

Chapter 6.

Electrochemical properties of an ordered perovskite LaBaCo2O5+-Ce0.9Gd0.1O2-
composite cathode with strontium doping for IT-SOFCs

6.1

Introduction ----------------------------------------------------------------------------------------- 106

6.2

Experimental ---------------------------------------------------------------------------------------- 107

6.3

Results and discussions----------------------------------------------------------------------------- 109

6.4

Conclusion ------------------------------------------------------------------------------------------- 114

References --------------------------------------------------------------------------------------------------- 116
7

Chapter 7.

Highly efficient and robust cathode materials for low-temperature solid oxide
fuel cells: PrBa0.5Sr0.5Co2-xFexO5+

7.1

Introduction ------------------------------------------------------------------------------------------ 119

7.2

Experimental ---------------------------------------------------------------------------------------- 120

7.3

Results and discussions----------------------------------------------------------------------------- 122

7.4

Conclusion ------------------------------------------------------------------------------------------- 144

References ----------------------------------------------------------------------------------------------------145

Chapter 8.

The effect of calcium doping on improvement of performance and durability in
layered perovskite cathode for intermediate-temperature solid oxide fuel cells

8.1

Introduction ----------------------------------------------------------------------------------------- 148

8.2

Experimental ---------------------------------------------------------------------------------------- 149

8.3

Results and discussions----------------------------------------------------------------------------- 150

8.4

Conclusion ------------------------------------------------------------------------------------------- 157

References --------------------------------------------------------------------------------------------------- 158

Chapter 9. Highly Efficient and Redox Stable Layered Perovskite Ceramic Anode for SOFC:
PrBaMn2O5+
9.1

Introduction ----------------------------------------------------------------------------------------- 161

9.2

Experimental ---------------------------------------------------------------------------------------- 162

9.3

Results and discussions----------------------------------------------------------------------------- 164

9.4

Conclusion ------------------------------------------------------------------------------------------- 171

References --------------------------------------------------------------------------------------------------- 172

List of Publications ---------------------------------------------------------------------------------------------174
Acknowledgements ---------------------------------------------------------------------------------------------176

8

List of Figures
Figure 1.1 Various types of fuel cells
Figure 1.2 Schematic illustration of SOFC operation.
Figure 1.3

Schematic of fuel cell i-V curve

Figure 1.4

Schematic image of electrochemical reaction at triple phase boundary (TPB)

Figure 1.5 Temperature dependence of ionic conductivity of various electrolyte.
Figure 1.6 The crystal structure of Lan+1NinO3n+1 (n = 1, 2, and 3).
Figure 1.7 Crystal structure of a simple perovskite oxide.
Figure 1.8 Crystal structure of a double perovskite oxide.
Figure 2.1 Schemitic image of coulometric titration device
Figure 3.1 The crystal structure of the Ruddlesden-Popper phase, Lan+1NinO3n+1 (n = 1, 2, and 3).
Figure 3.2 A schematic diagram showing single cell testing assembly.
Figure 3.3 X-ray diffraction pattern for Lan+1NinO3n+1 –YSZ (n = 1, 2, and 3) composites via
infiltration process calcined at 850 oC.
Figure 3.4

Scanning electron micrographs of the cross section view of tri-layer single cell (NiOYSZ/YSZ/Lan+1NinO3n+1–YSZ).

Figure 3.5 The microstructure of the (a) YSZ matrix and (b) La2NiO4-YSZ, (c) La3Ni2O7-YSZ, (d)
La3Ni2O7-YSZ composites with infiltrated Lan+1NinO3n+1(45wt%) calcined at 850oC.
Figure 3.6

Electrical conductivity data for Lan+1NinO3n+1–YSZ (n = 1, 2, and 3) composites as a
function of temperature in air.

Figure 3.7 The impedance spectra of the symmetric cell (Lan+1NinO3n+1–YSZ/YSZ/Lan+1NinO3n+1–
YSZ) measured under open-circuit condition at 750 oC.
Figure 3.8 I-V curves and corresponding power density curves of single cell (Ni-YSZ
/YSZ/Lan+1NinO3n+1–YSZ) in various temperatures.
Figure 3.9 Impedance spectra of the single cell (Ni-YSZ/YSZ/Lan+1NinO3n+1–YSZ) measured under
800 mV using as fuel and ambient air as oxidant at 750 oC.
Figure 4.1 The crystal structure of PrBaCo2O5+
Figure 4.2 The X-ray diffraction for PrBaCo2-xFexO5+-YSZ composites (x = 0, 0.5, and 1) formed
by infiltration method after sintered at 1023, 1073, and 1123 K in air.
Figure 4.3

SEM images showing the microstructure of the composites formed by infiltration
method after calcined at 1023 K in air : (a) Cross-sectional of tri-layer cell before cell
test and PrBaCo2-xFexO5+-YSZ composites (b) x = 0, (c) x = 0.5, and (d) x = 1.0.

Figure 4.4

Thermogravimetric data of PrBaCo2-xFexO5+xandshowing a variation of
oxygen content as a function of temperature in air.
9

Figure 4.5

Electrical conductivity data for PrBaCo2-xFexO5+-YSZ (x = 0, 0.5, and 1) composites as
a function of temperature in air.

Figure 4.6 The electrical conductivity of PBCO-YSZ composite at (○) 923 K, (□) 973 K, and (△)
1023 K and the electrical conductivity of PBCF-YSZ composite at (●) 923 K, (■) 973 K,
and (▲) 1023 K in different oxygen partial pressures
Figure 4.7 Oxygen non-stoichiometry of PBCO-YSZ composite composites at (○) 923 K, (□) 973
K, and (△) 1023 K and PBCF-YSZ composite at (●) 923 K, (■) 973 K, and (▲) 1023 K
by coulometric titration.
Figure 4.8

Partial molar enthalpy of oxidation (ΔH) of the PBCF-YSZ composites (●) and the
PBCO-YSZ composites (○) composites at 973 K.

Figure 4.9 Partial molar entropy of oxidation (ΔS) of the PBCF-YSZ composites (●) and the
PBCO-YSZ composites (○) composites at 973 K.
Figure

4.10

Typical

impedance

spectra

of

the

symmetrical

cell

(PrBaCo2-xFexO5+-

YSZ/YSZ/PrBaCo2-xFexO5+-YSZ) measured under open-circuit condition at 973 K in
air.
Figure 4.11 I-V curves and corresponding power density curves of single cell (Ni-YSZ/YSZ/PrBaCo2xFexO5+-YSZ)

Figure 4.12

in various temperatures.

Impedance spectra of the single cell (Ni-YSZ/YSZ/PrBaCo2-xFexO5+-YSZ) measured
under 800 mV using H2 (3% H2O) as fuel and ambient air as oxidant in temperature
range of 873-1023 K.

Figure 5.1 (a) XRD patterns of Nd1-xSrxCoO3- (x = 0.3, 0.4, 0.5, 0.6, and 0.7) powders sintered at
1150 oC for 4 h in air. (b) Observed and calculated XRD patterns and the difference
between them for Nd1-xSrxCoO3-(x = 0.3) sample.
Figure 5.2 XRD patterns for Nd1-xSrxCoO3- (x=0.3, 0.4, 0.5, 0.6, and 0.7) and GDC mixtures
calcined at 900 oC for 4 h in air.
Figure 5.3 The cross sectional SEM images of Nd1-xSrxCoO3- cathodes/GDC electrolyte interface:
(a) NSC (x=0.3)-GDC/GDC; (b) NSC (x=0.4)-GDC/GDC; (c) NSC (x=0.5)-GDC/GDC;
(d) NSC (x=0.6)-GDC/GDC; (e) NSC (x=0.7)-GDC/GDC.
Figure 5.4 Thermogravimetric data of Nd1-xSrxCoO3- (x=0.3, 0.4, 0.5, 0.6, and 0.7) as a function of
temperature in air.
Figure 5.5

Electrical conductivity of Nd1-xSrxCoO3- (x=0.3, 0.4, 0.5, 0.6, and 0.7) as a function of
temperature in air.

Figure 5.6 The electrical conductivity of Nd1-xSrxCoO3- (x=0.3, 0.5, and 0.7) at 700 oC in different
oxygen partial pressures.
10

Figure 5.7

Oxygen non-stoichiometry of Nd1-xSrxCoO3- (x=0.3, 0.5, and 0.7) at 700 oC by
coulometric titration.

Figure 5.8

(a) Impedance spectra of NSC-GDC cathode on GDC electrolyte in symmetrical cell
measured at 700 oC under OCV condition. (b) Temperature dependence of the NSCGDC cathode polarization conductance by Arrhenius plots.

Figure 5.9

I-V curves and corresponding power density curves for cell NSC-GDC/GDC/Ni-GDC
using H2 as fuel and ambient air as oxidant in the temperature range of 500-700 oC.

Figure 6.1 (a) XRD patterns of LaBa0.5Sr0.5Co2O5+ powder sintered in the temperature range of at
900-1100 oC for 12 h (b) Observed and calculated XRD patterns and the difference
between them for LBSCO at 1000 oC.
Figure 6.2 XRD patterns of LaBa0.5Sr0.5Co2O5+ and GDC mixtures calcined at 1000 oC.
Figure 6.3 The cross sectional SEM images of (a) tri-layer single cell with the configuration of
LaBa0.5Sr0.5Co2O5+-40GDC cathode/GDC electrolyte/NiO-GDC anode (b) the surface
morphology of LaBa0.5Sr0.5Co2O5+ -40GDC cathode after sintered at 1000 oC.
Figure 6.4 (a) Temperature dependence of the electrical conductivity with LaBa0.5Sr0.5Co2O5+ (b)
Thermogravimetric data of LaBa0.5Sr0.5Co2O5+ as a function of temperature in air.
Figure 6.5

(a) Impedance spectra and fitted Nyquist plots with various GDC composition of
LaBa0.5Sr0.5Co2O5+-GDC cathode on GDC electrolyte in symmetrical cell measured at
600 oC under OCV condition. (b) Arrhenius plot of the polarization resistance of
LaBa0.5Sr0.5Co2O5+-GDC cathode composite.

Figure 6.6

I-V curves and corresponding power density curves for cell (a) LaBaCo2O5+40GDC/GDC/Ni-GDC and (b) LaBa0.5Sr0.5Co2O5+-40GDC/GDC/Ni-GDC in the
temperature ranges of 500-650 oC

Figure 7.1 (a) A bright-field (BF) TEM image and an electron diffraction (ED) pattern obtained
from an as-synthesized PrBa0.5Sr0.5Co2-xFexO5+sample. (b) A high-resolution TEM
image of a grain in (a). (c) A BF-TEM image and an ED pattern of the sample annealed
at 700 oC for 600 hours. (d) A high-resolution TEM image of a grain after annealing.
Figure 7.2 (a) Electrical conductivities of PrBa0.5Sr0.5Co2-xFexO5+ (x = 0, 0.5, and 1.0) measured at
700 oC in different p(O2). (b) Oxygen non-stoichiometry of PrBa0.5Sr0.5Co1.5Fe0.5O5+
and Ba0.5Sr0.5Co0.8Fe0.2O3- as a function of p(O2) at 700 oC.
Figure 7.3 (a) Arrhenius plot of reciprocal ASR for PrBa0.5Sr0.5Co2-xFexO5+-GDC (x = 0, 0.5, and
1.0) cathode. The inset shows the ASR of PBSCF05-GDC cathode measured at 600 oC
in air under open-circuit conditions. (b) I-V curves and the corresponding power
densities of test cells with PBSCF05-GDC cathode using humidified H2 (3% H2O) as
11

the fuel and ambient air as the oxidant at 500~650 oC. (c) Peak power densities of cells
with LnBa0.5Sr0.5Co1.5Fe0.5O5+-GDC (Ln = Pr and Nd) cathode. (d) Short term stability
measurement for a test cell, Ni-GDC | GDC | PBSCF05-GDC, at a constant cell voltage
of 0.6 V at 550 oC.
Figure 7.4

DFT calculations for elucidating the most probable elementary pathway for the ORR on
the PBSCFO (a) Schematic illustration of PBSCFO with a pore channel labeled with a
round box on the (010) plane. (b) A proposed mechanism for the surface ORR and the
bulk diffusion via the pore channels in PrBa0.5Sr0.5Co2-xFexO5+ (010).

Figure 7.5 X-ray diffraction (XRD) patterns of Fe-doped LnBa0.5Sr0.5Co2-xFexO5+ (Ln = Pr and Nd)
samples.
Figure 7.6 (a) In situ X-ray diffraction (XRD) patterns of PrBa0.5Sr0.5Co1.5Fe0.5O5+ from 30 oC to
700 oC. (b) The Rietveld refinement of PrBa0.5Sr0.5Co1.5Fe0.5O5+ at 600 oC. The unit cell
volume slightly increases with increasing temperature (see Table 7.2), but crystal
structure remains with P4/mmm.
Figure 7.7 Typical microstructure (SEM images) (a) a cross sectional view of a tri-layer single cell,
(b-d) PrBa0.5Sr0.5Co2-xFexO5+(x = 0, 0.5, and 1.0)-GDC cathodes. (e-g) NdBa0.5Sr0.5Co2xFexO5+(x

= 0, 0.5, and 1.0)-GDC cathodes.

Figure 7.8 Energy dispersive spectroscopy (EDS) spectrum and elemental mapping of the
PrBa0.5Sr0.5Co1.5Fe0.5O5+particle annealed at 700 oC for 600 hours. (a) Scanning TEM
(STEM) high-angle annular dark-field (HAADF) image. (b) EDS spectrum showing the
elements present in the sample. (c-h) Elemental mapping of Pr, Ba, Sr, Co, Fe, and O,
respectively. The scale bar is 100 nm.
Figure 7.9 The oxygen nonstoichiometry of the (a) PrBa0.5Sr0.5Co2-xFexO5+and (b) NdBa0.5Sr0.5Co2xFexO5+

Figure 7.10 Temperature dependence of total conductivity of (a) PrBa0.5Sr0.5Co2-xFexO5+ and (b)
NdBa0.5Sr0.5Co2-xFexO5+ in air.
Figure 7.11 The oxygen nonstoichiometries and total conductivities as measured in a wide range of
oxygen partial pressure p(O2) at 700 oC. (a,c) PrBa0.5Sr0.5Co2-xFexO5+ and b,d)
NdBa0.5Sr0.5Co2-xFexO5+.
Figure 7.12 (a) The area specific resistance (ASR) and Arrhenius plots of the cathode polarization
the area specific resistance (ASR) of NdBa0.5Sr0.5Co1.5Fe0.5O5+-GDC under open-circuit
conditions at 600

o

C. (b) Arrhenius plots of 1/ASR and activation energy of

NdBa0.5Sr0.5Co2-xFexO5+-GDC.

12

Figure

7.13

Some

typical

impedance

spactra

of

PrBaCo2O5+(PBCO)

-

GDC,

PrBaCo1.5Fe0.5O5+(PBCF05) - GDC, PrBa0.5Sr0.5Co2O5+(PBSCO05) - GDC, and
PrBa0.5Sr0.5Co1.5Fe0.5O5+(PBSCF05) - GDC acquired under open-circuit conditions at
600 oC
Figure 7.14 I-V curves and the corresponding power densities of test cells with different cathodes.
Figure 7.15 The bulk structure of PrBa0.5Sr0.5Co1.5Fe0.5O6.0 (PBSCFO6.0; Pr4Ba2Sr2Co6Fe2O24).
Figure 7.16 Top views of various bulk structures based on the perfect Pr16Ba8Sr8Co24Fe8O96 bulk
model.
Figure 7.17 Side and top views of the Pr16Ba8Sr8Co24Fe8O88 (010) surface model.
Figure 7.18 Top and side views of the Pr16Ba8Sr8Co24Fe8O88 surface model with various active sites
for the adsorption of atomic oxygen species.
Figure 8.1 (a) X-ray diffraction patterns of PBSCO (Ca = 0) and PBSCaCO (Ca = 0.25) powder
sintered at 1100 oC for 12 h in air (b) Rietveld refinement of XRD patterns for PBSCO
and PBSCaCO from 2θ = 20 to 100 o. (c) XRD patterns of PBSCaCO and GDC mixture
sintered at 1000oC for 4h in air. (d) In situ XRD patterns of PBSCaCO in the
temperature range between room temperature and 800 oC in air
Figure 8.2

Cross-sectional scanning electron microscope image of (a) PBSCaCO-GDC/GDC/NiOGDC single cell (b) PBSCO-GDC composite, and (c) PBSCaCO-GDC composite.

Figure 8.3 (a) Electrical conductivity of PBSCO and PBSCaCO in air as function of temperature. (b)
Variation in oxygen contents with temperature in air for PBSCO and PBSCaCO samples
Figure 8.4 (a) Oxygen non-stoichiometry of PBSCO and PBSCaCO samples as a function of pO2 at
700 oC. (b) pO2 dependence of the electrical conductivity of PBSCO and PBSCaCO at
700 oC.
Figure 8.5

(a) Impedance spectra of PBSCO-GDC and PBSCaCO-GDC composite on GDC
electrolyte in symmetrical cell measured under OCV condition. (b) Temperature
dependence of polarization resistance for of PBSCO-GDC and PBSCaCO-GDC
composite cathodes measured at various temperatures by Arrhenius plots.

Figure 8.6 I-V curves and corresponding power density curves of a single cell for (a) PBSCO-GDC
and (b) PBSCaCO-GDC composite cathodes in various temperatures
Figure 8.7

Short term stability test of PBSCO and PBSCaCO under a constant voltage load of 0.6 V
at 550 oC.

Figure 9.1

A cross sectional view of the (PBMO/LDC/LSGM/PBSCF-GDC) single cell is provided.
The thickness of the electrolyte is about 300 μm.

Figure 9.2

A schematic representation of A-site ordered structure of PrBaMn2O5+δ perovskite
derived from disordered Pr0.5Ba0.5MnO3-δ, showing MnO2 square sublattice is
13

sandwiched between two rock salt layers, PrO and BaO layers, along the c axis.
Figure 9.3.

(a) The X-ray diffraction (XRD) pattern of disordered PBMO sintered in air is refined
using the Rietveld analysis based on the cubic lattice geometry of space group Pm-3m
the lattice parameter is a = b = c = 3.897 Å . (b) The XRD pattern of ordered PBMO is
refined using the Rietveld analysis based on the tetragonal lattice geometry of space
group P4/mmm and lattice parameter is a = b = 3.918 Å and c = 7.837 Å , indicating
ordering PrO/BaO layers along the c-axis direction.

Figure 9.4

(a) Bright field (BF) TEM. (b) High-resolution (HR) TEM image and corresponding
fast-Fourier transformed (FFT) pattern. (c) High angle annular dark field (HAADF)
scanning TEM (STEM) image of Pr0.5Ba0.5MnO3 and its atomic arrangement viewed at
[100] direction. (d) BF-TEM image. (e) HR-TEM image and corresponding FFT pattern,
(f) HAADF STEM image of A-site ordered PrBaMn2O5 and its atomic arrangement
aligned along [100] direction.

Figure 9.5 (a) Temperature dependence of total conductivity of PBMO in air and humidified 5% H2.
(b) Oxygen non-stoichiometry of PBMO as a function of p(O2) at 650, 700, and 750 oC.
Figure 9.6

I-V curves and the corresponding power densities of PBMO scaffold without catalysts
in H2.

Figure 9.7 I-V curves and the corresponding power densities of PBMO with 15 wt % PBMO
catalyst in humidified H2.
Figure 9.8 I-V curves and the corresponding power densities of PBMO with 15 wt % PBMO
catalyst in humidified C3H8 and CH4.
Figure 9.9 The current-voltage characteristics and the corresponding power densities of PBMO with
15 wt % PBMO catalyst are investigated in various ppm H2S-contaminated H2 at (a) 850
and (b) 800 oC.
Figure 9.10

Short term stability for a PBMO with PBMO catalyst under a constant current load of
1.0 A cm-2 at 700 oC in H2.

14

List of Tables
Table 1.1

Summary of Transport processes relevant to charge transport

Table 5.1

Space group and structure parameters of Nd1-xSrxCoO3- oxides

Table 6.1

Fitting result of LBSCO-GDC composite with different weight ratio between LBSCO and
GDC

Table 7.1

Space group and lattice parameters

Table 7.2

Lattice parameters of PrBa0.5Sr0.5Co2-xFexO5+at various temperatures (500, 550, and 600
o

C)

Table 7.3

Summary of oxygen-vacancy formation energies (EOV) of the bulk structure of the bulk
structure of PrBa0.5Sr0.5Co1.5Fe0.5O6.0 (PBSCFO6.0; Pr4Ba2Sr2Co6Fe2O24).

Table 7.4 Summary of adsorption energies of atomic oxygen species on the surface in the unit of eV.

15

Chapter 1.

1.1

Introduction

Research Objective

There are main challenges of conventional cathode and anode of SOFC. First, the major issue of
cathode part is suffering from the high operating temperature. To make SOFC technology
commercialized, the working temperature should be further reduced so that much less expensive
materials may be used for other cell components and balance of plant. However, low operating
temperature can cause rapidly increasing polarization loss at the cathode as temperature is reduced,
which greatly decreases the energy efficiency. Second, outstanding merit of SOFC is cost-effective of
utilization of a wide variety of fuels such as hydrocarbons, coal gas and gasified biomass.
Unfortunately, the major obstacle to fuel flexibility is deactivation by carbon buildup and sulfur
poisoning of the state-of-the-art Ni-YSZ (yttria-stabilized-zirconia) anode materials from the
hydrocarbon fuels. Therefore, my research mainly focuses on the development of novel cathode and
anode materials with high electrocatalytic activity and durability to overcome the drawbacks of
electrode.

1. To develop a new cathode material for IT-SOFC to overcome the main drawback of low electrocatalytic activity of cathodes stemming at lower operating temperature.
2. To enhance the electrochemically reactive sites in cathode, the infiltration process is used to
fabricate the composite electrode.
3. To discover new cathode materials with various structures.
4. To figure out improve the oxygen reduction reaction activity and stability of cathode materials
by A and B site modifications.
5. To explore highly active and redox stable new anode materials with layered perovskite structure.
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1.2. Scope of the Thesis
Chapter 1 provides basic operating principle and general theoretical fundamentals for
understanding how SOFCs work with state art of the technologies.
In Chapter 2, the various synthesis processes for base materials and fuel cell fabrications are
described. The experimental techniques, including the electrical conductivity, electrochemical
performances, and redox behavior of the materials are also presented.
In Chapter 3, the effect of increasing n in Lan+1NinO3n+1(n = 1, 2, and 3)-YSZ composites
prepared by infiltration method are investigated in terms of structures, electrical characteristics, and
electrochemical property. The electrical conductivities are improved with an higher number of n of
which is the electronic conducting perovskite layer.
In Chapter 4, the Fe effects on microstructure, electrical property, and electrochemical
performance for cation ordered perovskite oxide prepared by infiltration method are discussed
In Chapter 5, the strontium effects on electrochemical performances in ABO3-type simple
perovskite of Nd1-xSrxCoO3- with various doping ratio of strontium for IT-SOFC cathode are shown.
In Chapter 6, the effects of partial Sr replacement for Ba on the structure, oxygen concentration,
electrical and electrochemical properties of a cation-ordered perovskite LaBaCo2O5+ (LBCO) oxide
are introduced.
In Chapter 7, the synergistic effect of co-doping (Sr on A-site and Fe on B-site) in a cationordered double-perovskite to create crystalline channels for fast oxygen ion diffusion and rapid
surface oxygen exchange while maintaining the compatibility with the electrolytes for IT-SOFCs and
the durability under operating conditions are reported.
In Chapter 8, with the goal of maximizing electrochemical properties and improving durability,
the effect of calcium doping in layered perovskite oxides is studied by characterizing the structural
characteristics, electrical properties, redox behavior, electrochemical performances, and stability.
In Chapter 9, a new layered perovskite anode material with highly redox stable and remarkable
electrochemical performance is demonstrated.
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1.3

General Introduction

1.3.1 The Basis of Fuel Cell
The growths of hydrogen technologies as an alternative energy source to fossil fuels have been
accelerated. Fossil fuels are finite amount of energy source.1 The ever-increasing demand and
decreasing supply of fossil fuels will distinctly cause issues for all countries in the future. One of
solution of this problem, a fuel cell has been intensively explored as a hydrogen-based renewable
energy with the considerable benefits without greenhouse gases or other pollutant. A fuel cell is an
energy conversion device which directly converts the chemical energy into electrical energy from
continuous supplies of fuel and oxidant.2 The general combustion engine needs four mechanisms
involving the conversion of fuel to heat, to mechanical energy, and then to electrical energy, which
limited by the carnot-cycle with a low efficiency of ~ 30 %. Fascinatingly, fuel cells can skip the
intermediate fuel to heat to mechanical energy conversion losses, offering high efficiencies (> 50 %).
Because of these positive properties, the fuel cell is viewed as an effective process to produce
electricity from chemical components. And, this technology also presents flexibility and modularity.
According to their electrolyte, several types of fuel cells are typically shown in Figure 1.1.3
Among those types of fuel cells, solid oxide fuel cell (SOFC) is one of the most promising fuel cell
system whose electrolyte is a hard and dense ceramic compound.4 SOFC has been particularly of
interest offering by most efficient and cost-effective utilization of a wide variety of fuels such as
hydrocarbons, coal gas and gasified biomass.5-12

Figure 1.1 Various types of fuel cells
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1.3.2 Operating Principle of SOFCs
SOFCs basically consist of three major components: an electrolyte sandwiched between two
electrodes, the anode and cathode. The anode should be able to undergo the highly reducing
environment, while the cathode must be able to endure the highly oxidizing condition under a highoperating temperature.
The hydrogen oxidation reaction at the anode and the oxygen reduction reaction (ORR) at the
cathode occur at the triple phase boundary (TPB) sites where the electrode (electronic phase),
electrolyte (ionic phase), and gas phase (hydrogen, air).
A schematic diagram of a generalized SOFC is shown in Figure 1.2. On the cathode side,
oxygen reduction reaction occurs to produce oxygen anions expressed by the overall reaction (Eqn.
1.1), which then move through a dense oxygen-ion-conducting electrolyte to the anode.
O2 + 4e− → 2𝑂2−

Eqn. 1.1

On the anode side, fuels are supplied where it reacts with oxygen ions from the cathode side
that have transported through the solid electrolyte, producing water vapor and electrons by following
in Eqn. 1.2.
H2 + 𝑂2− → 𝐻2 O + 2e−

Figure 1.2 Schematic illustration of SOFC operation.
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Eqn. 1.2

1.3.3 Advantages and Disadvantages of SOFCs
Solid oxide fuel cells (SOFCs) have developed as a viable high temperature fuel cell technology.
SOFCs consist entirely of solid-state materials. They utilize a fast oxygen ion conducting ceramic as
the electrolyte, and operate in the temperature range of 800 to 1000 °C. SOFCs have several features
that make them more attractive than other types of fuel cells1:

1. High energy conversion efficiency. Because SOFC produce electricity directly form
chemical energy, the efficiency is much higher than that of combustion engines
2. Fuel flexibility. Light hydrocarbon fuels, such as methane, propane and butane can be
internally reformed due to high working temperature. In addition, SOFCs can be fueled by
reforming heavier hydrocarbons, such as gasoline, diesel, jet fuel (JP-8) or biofuels. Such
reformates are mixtures of H2, CO, CO2, steam and CH4, formed by reacting the
hydrocarbon fuels with air or steam in a device upstream of the SOFC anode.
3. Environmentally friendly. SOFC are capable of using practical fuels as an energy source
with minor environmental impacts (less CO2 and NOx produced).
4. Modularity. The size of a SOFC can be easily increased or decreased and its electric
efficiency is relatively independent of size.
5. Siting flexibility. Because fuel cells can be made in a variety of sizes they can be placed at
different locations with minimum siting restrictions. Fuel cell operation is quiet because a
fuel cell has no moving parts. Consequently fuel cells can be easily located near points of
use such as urban residential areas.

Even with these advantages, SOFC also possess some critical problems which have caused a
slow introduction of solid oxide fuel cells on the energy market.10,13

1. Material problems in relation with costs. The ceramic materials must be needed several
requirements, such as the stability in oxidizing and reducing atmosphere, chemical
compatibility with various ceramics electode, thermal expansion compatibility of various
components over the wide temperature range, and adequate ionic conductivity of the
membrane.
2. High working temperature. The high operating temperature of the SOFCs results in a slow
start-up and requires the thermal shielding to protect personnel and retain heat, which may
be acceptable for utility applications but not for transportation and small portable
applications.
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1.4

Theoretical Background

1.4.1 The thermodynamic potential of SOFCs
A SOFC is an electrochemical application which converts the Gibbs free enthalpy of the
combustion reaction by a fuel and oxygen directly into electricity. The first and the second law of
thermodynamics allow the description of a reversible fuel cell, whereas in particular the second low
governs the reversibility of the transport processes. The first law of the thermodynamics presents in
Eqn. 1.3.14
𝑞 + 𝑤 = ∆𝐻

Eqn. 1.3

The molar reaction enthalpy ∆𝐻 of the oxidation consists of work and heat energy. The second
law of thermodynamics applied on reversible processes yields
∮ ∆𝑆 = 0 → 𝑞 = 𝑞𝑟𝑒𝑣 = 𝑇 ∆𝑆

Eqn. 1.4

where the reversible heat exchange with the environment equalizes the generated reaction entropy,
and we rewrite
𝑞𝑟𝑒𝑣 + 𝑤𝑟𝑒𝑣 = ∆𝐻

Eqn. 1.5

The reaction entropy is a result of the different opportunities of the species to save thermal
energy between the absolute zero level of temperature and temperature level of the reactor.
Equations (1.4) and (1.5) provide the molar reversible work, 𝑤𝑟𝑒𝑣
𝑤𝑟𝑒𝑣 = ∆𝐻 − 𝑇 ∆𝑆

Eqn. 1.6

Using the ambient temperature as a reference for the calculation of the Gibbs free energy ∆𝐺,
the reversible work of the reaction is the same as the Gibbs free energy of the reaction
𝑤𝑟𝑒𝑣 = ∆𝐺 = ∆𝐻 − 𝑇 ∆𝑆

Eqn. 1.7

Based on the first and second laws of thermodynamics, the energy transfer from one form to
another can be identified using thermodynamic potentials. From the first and the second laws of
thermodynamics, an equation for internal energy (𝑈) that is based on the variation of two independent
variables of entropy S and volume V is derived where p is the pressure and T is temperature.15
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𝑑𝑈 = 𝑇 𝑑𝑆 − 𝑝 𝑑𝑉

Eqn. 1.8

Note that 𝑇 𝑑𝑆 represents the reversible heat transfer and 𝑝 𝑑𝑉 is the mechanical work. The
following equations show how the dependent variables (𝑇 and 𝑝) are related to variations in the
independent variables (S and V):
𝑑𝑈
)
𝑑𝑆 𝑣

(

=𝑇

Eqn. 1.9

𝑑𝑈

(𝑑𝑉 ) = −𝑝

Eqn. 1.10

𝑠

A conversion of 𝑈 using a Legendre transform begins with defining the new thermodynamic
potential 𝐺 (𝑇, 𝑝) by the following equation:
𝑑𝑈
)
𝑑𝑆 𝑣

𝐺 =𝑈−(

𝑆−(

𝑑𝑈
) 𝑉
𝑑𝑉 𝑠

Eqn. 1.11

From Eqns. (1.9) and (1.10), we get
𝐺 = 𝑈 − 𝑇𝑆 + 𝑝𝑉

Eqn. 1.13

The variation of 𝐺 results in
𝑑𝐺 = 𝑑𝑈 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇 + 𝑝𝑑𝑉 + 𝑉𝑑𝑝

Eqn. 1.14

Since 𝑑𝑈 = 𝑇 𝑑𝑆 − 𝑝 𝑑𝑉,
𝑑𝐺 = −𝑆𝑑𝑇 + 𝑉𝑑𝑝

Eqn. 1.15

Analogously to Eqn. (1.11), the new thermodynamic potential 𝐻 can be defined as
𝑑𝑈

𝐻 = 𝑈 − (𝑑𝑉 )

Eqn. 1.16

𝐻 = 𝑈 + 𝑝𝑉

Eqn. 1.17

𝑣

From equation (1.10), we obtain
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where 𝐻 stands for enthalpy. Through differentiation, it is revealed that 𝐻 is a function of 𝑆 and 𝑝:
𝑑𝐻 = 𝑑𝑈 + 𝑝𝑑𝑉 + 𝑉𝑑𝑝

Eqn. 1.18

𝑑𝐻 = 𝑇𝑑𝑆 + 𝑉𝑑𝑝

Eqn. 1.19

The overall reaction of SOFCs is given as
1

H2 + 2 O2 → H2 O

Eqn. 1.20

the difference in Gibbs free energy of formation of ∆𝐺 during the reaction can be given as
1

∆𝐺 = ∆𝐺H2 O − ∆𝐺H2 − 2 ∆𝐺O2

Eqn. 1.21

If all the Gibbs free energy is consumed to electrical work, then
∆𝐺 = −𝑛𝐹𝐸

Eqn. 1.22

where 𝑛 and 𝐹 represent number of electrons involved in the chemical reaction and the Faraday
constant, respectively.
If the reactant and products are all in their standard conditions, the reversible standard potential
𝐸 0 of the electrochemical reaction is defined as16

𝐸0 = −

∆𝐺 0
𝑛𝐹

Eqn. 1.23

Here, the Gibbs free energy is dependent on the temperature by the relation
∆𝐺 = ∆𝐻 − 𝑇 ∆𝑆

Eqn. 1.24

Substitution of the standard condition values (𝑇 = 273.15 K, 𝑝 = 1 atm) into (Eqn. 1.23) gives the
standard electrode potential 𝐸 0
𝐸 0 = (237900 𝐽 𝑚𝑜𝑙 −1 )⁄(2 ∗ 96485 𝐶 𝑚𝑜𝑙 −1 ) = 1.23 V

Eqn. 1.25

Beyond the standard condition, the theoretical reversible potential 𝐸𝑡ℎ can be derived by the
Nernst equation as
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𝑅𝑇

𝐸𝑡ℎ = 𝐸 0 − (2𝐹 ) ln (

𝑝H2O

)

1

Eqn. 1.26

2
𝑝H2 𝑝O

2

where 𝑅 is the gas constant, 𝑇 is the absolute temperature, 𝑝 is the partial pressure of each gas.

1.4.2 Fuel Cell Performance
The performance of fuel cell device can be summarized with a graph of current-voltage characteristics.
However, the actual cell potential is decreased from its equilibrium potential because of irreversible
losses as shown in Figure 1.3. This deviation of the practical cell voltage from the theoretical value is
affected by some factors such as electrolyte thickness, operating temperature, electrode/electrolyte
materials, electrode microstructure, and gas flow rate. The difference between the actual cell potential
and theoretical potential can be defined as polarization loss. There are various kinds of polarization
losses in fuel cell and are composed of three contributions caused by following factors.3,17,18

Figure 1.3. Schematic of fuel cell i-V curve

Activation polarization: Activation polarization is occurred when the rate of an electrochemical
reaction at an electrode surface is controlled by slow electrode kinetics. In other words, activation
polarization is directly associated with the rate determining step, charge transfer or the surface
exchange reactions in the electrode. For the electrode reaction, the activation polarization can be
understood as the over-potential consumed to provide the activation energy for the redox reactions in
the electrode. The correlation between current density and activation polarization can be derived by
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the Butler-Volmer equation as
(1−𝛼)𝑛𝐹𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛

i = 𝑖0 [𝑒𝑥𝑝 (

𝑅𝑇



𝑖 = current density



𝑖0 = exchange current density



𝛼 = charge transfer coefficient



𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 = activation polarization

−𝛼𝑛𝐹𝜂𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛

) − exp (

𝑅𝑇

)]

Eqn. 27

For large values of , one of the bracketed terms in Eqn. 27 can negligible. After rearrangement of
equation, Eqn. xx can be written as the Tafel equation
𝜂𝐴𝑐𝑡 = 𝑎 ± 𝑏 𝑙𝑜𝑔 𝑖

Eqn.28

Parameters a and b are constants which are related to the applied electrode material, type of electrode
reaction and temperature.

Ohmic polarization: Ohmic losses happen because of resistance to the flow of ions in the electrolyte
and resistance to flow of electrons through the electrode. The prevailing ohmic losses through the
electrolyte are decreased by decreasing the electrode separation and enhancing the ionic conductivity
of the electrolyte.

Concentration polarization: There is a loss of potential due to the inability of the surrounding
material to maintain the initial concentration of the bulk fluid as a reactant is consumed at the
electrode by electrochemical reaction. This is how a concentration gradient is formed. Several
processes may contribute 1) slow diffusion in the gas phase in the electrode pores, 2)
solution/dissolution of reactants/products into and out of the electrolyte, or 3) diffusion of reactants
and products through the electrolyte to and from the electrochemical reaction site. At practical current
densities, slow transport of reactants and products to and from the electrochemical reaction site is a
major contributor to concentration polarization.
Therefore, the total polarization in the fuel cell is sum of these three polarizations as
𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 + 𝜂𝑜ℎ𝑚𝑖𝑐 + 𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
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Eqn. 29

1.4.3 Fuel Cell Efficiency
The overall efficiency of an SOFC,
heating efficiency,

H.

FC, is the product of the electrochemical efficiency, E, and the

The electrochemical efficiency can be derived by the product of the

thermodynamic efficiency, T, the voltage efficiency, V, and the Faradaic or current efficiency, J, of
the fuel cell, respectively.
Therefore,

FC = E H = T V J H

Eqn. 30

1.4.3.1 Heating efficiency
The heating efficiency must be considered in cases where the fuel contains inert gases, impurities and
other combustibles in addition to the electrochemically active species. The heating value efficiency,

H, can be defined as:
𝜀𝐻 =

∆ 𝐻0

Eqn. 31

∆ 𝐻𝑐𝑜𝑚

where H0 indicates the amount of enthalpy of fuel species available in the fuel cell to generate
electricity and Hcom is an amount of enthalpy included in all combustible species in the fuel gases fed
to the fuel cell.

1.4.3.2 Thermodynamic efficiency
In an SOFC the free enthalpy change of combustion reaction, G, may be completely converted to
electrical energy. Thus a fuel cell has an intrinsic (maximum) thermodynamic efficiency written by

𝜀𝑇 =

∆𝐺
∆𝐻

=1−

𝑇∆𝑆
∆𝐻

Eqn. 32

1.4.3.3 Voltage efficiency
In an operating SOFC the cell voltage is always less than the reversible voltage. As the current is
drawn from the fuel cell, the cell voltage is decreased due to various losses. The reduction in the cell
voltage under current load relied on current density and several elements such as temperature,
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pressure, gas flow rate, gas combustion and cell material. The voltage efficiency,

V, is given as the

ratio of the operating cell voltage under load, E, to the equilibrium cell voltage, Er, and is shown as

𝜀𝑉 =

𝐸

Eqn. 33

𝐸𝑟

The dissimilarity between the operating cell voltage and the expected reversible voltage is
polarization or over-potential which is described as . The total polarization of a cell is the sum of
four types of polarization factors such as charge transfer or activation polarization, A, diffusion or
concentration polarization, D, reaction polarization, R, and resistance or ohmic polarization, .
Thus,
ADR





Eqn.
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Polarization cannot be totally removed but the material choice and cell design can minimize.
Furthermore, temperature, pressure, electrolyte composition and electrode material naturally affect the
cell polarization. Hence, four factors of polarization are explained in detail as bellows.
.
1.4.3.3.1 Charge transfer or activation polarization (A)
Electrochemical reactions involve an energy barrier, called the activation energy, which should be
overwhelmed by reacting species. This energy barrier results in activation or charge transfer
polarization. Activation polarization is related to current density, i, as follows:

𝑖 = 𝑖0 exp [

𝛽𝛼 𝜂𝐴 𝐹
𝑅𝑇

] − 𝑖0 exp [−

𝛽𝑐 𝜂𝐴 𝐹
𝑅𝑇

]

Eqn.35

The is the symmetry coefficient and i0 is the exchange current density. The symmetry coefficient is
defined as the fraction of the change in polarization which leads to a change in the reaction rate
constant. The exchange current density is considered to the balanced forward and reverse electrode
reaction rates at equilibrium. A high exchange current density indicates a high electrochemical
reaction rate, which is expected to lead a good fuel cell performance. The exchange current density
can be determined experimentally by extrapolating plots of log i versus to =0. For large values of
(either negative or positive), one of the bracketed terms in Eqn. (1.11) can negligible. After
rearrangement of equation, we obtain
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𝜂𝐴 = 𝑎 ± 𝑏 𝑙𝑜𝑔 𝑖

Eqn. 36

which is usually referred to as the Tafel equation. Parameters a and b are constants which are related
to the applied electrode material, type of electrode reaction and temperature.

1.4.3.3.2

Diffusion or concentration polarization (D)

Diffusion or concentration polarization becomes important when the electrode reaction is limited by
mass transport effects, i.e., when the supply of reactant and/or the removal of reaction products by
diffusion to or from the electrode is slower than that corresponding to the charging/discharging
current i. When the electrode process is completely dominated by diffusion, the limiting current (iL) is
reached. The limiting current can be obtained by the diffusion coefficient of the reacting species (D),
their concentration (cM), and the thickness of the diffusion layer ( by applying Fick's law as follows.

𝑖𝑙 =

𝑧𝐹𝐷∆𝐶𝑀

Eqn. 37

𝛿

For an electrode process free of activation polarization, the diffusion or concentration polarization can
be given by

𝜂𝐷 =

𝑅𝑇
𝑧𝐹

𝑖

ln (1 − )
𝑖
𝐿

Eqn. 38

Generally, mass transport is related with temperature, pressure and concentration of the species
involved. In order to diffuse rapidly through the porous anode and cathode the microstructure and
design of electrodes are important.

1.4.3.3.3

Reaction polarization (R)

The reaction polarization performs when the rate of the electrode process is influenced by a chemical
reaction. A possible reaction involves the incorporation of oxygen in the oxide sub-lattice at the
cathode.
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1.4.3.3.4

Resistance of ohmic polarization ()

The ohmic polarization is caused by the resistance of the conducting ions (through the electrolyte),
electrons (through the electrodes and current collectors) and contact resistances between cell
components. The ohmic polarization, , is given as
𝜂Ω = 𝑖𝑅𝑖

Eqn. 39

where Ri is the total ohmic cell resistance, including both ionic and electronic resistances.

1.4.3.4 Current efficiency
The efficiency of a SOFC drops if all of the reactants are not changed to reaction products. For 100 %
conversion of a fuel, the amount of current density (iF) can be derived by the Faradays law as

𝑖𝐹 = 𝑧𝐹

𝑑𝑓

Eqn. 40

𝑑𝑡

where df/dt is the molar flow rate of the fuel. For the amount of fuel actually consumed, the current
density produced is given by
𝑑𝑓

i = zF ( )
𝑑𝑡

𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

Eqn. 41

The current efficiency is the ratio of the actual current produced to the current available from
complete electrochemical conversion of the fuel.

𝜀𝐽 =

𝑖
𝑖𝐹

In the case of fuel cells, the current efficiency is commonly expressed as fuel utilization.
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Eqn. 42

1.4.4.

Fundamental Principle of Electrochemical Reaction Mechanisms

At the cathode side, the electrochemical reduction of oxygen as seen in Eqn. 43 occur in a series of
elementary electrochemical steps including adsorption, dissociation, surface diffusion, and charge
transfer, resulting in the formation of oxygen ions.19
1
O
2 2,gas

𝑥
+ VO•• + 2e′ → OO

Eqn. 43

For understanding of oxygen reduction reaction (ORR) mechanism, it should be noted that
ORR occurs only at electrochemically active sites, typically called triple phase boundary (TPB) where
electronic conductor, ionic conductor, and gas meets. The phenomenon of the cathode, electrolyte, and
gas in accomplishing the reaction is displayed in Figure 1.4. A common feature of all cathodes is that
the cathode material is an electronic conductor which makes intimate contact with an electrolyte
phase (an oxygen-ion conductor) along an interface, this interface also being exposed at its edge to the
gas phase. Electronic conductor phase is connected at some point away from the interface to a source
of electronic current, offering a conduction path for electrons to the interface. Similarly, the
electrolyte phase is either itself the electrolyte membrane or connected by a continuous ionic path to
the electrolyte membrane, providing a sink for the oxygen ions produced in the reaction. The oxygen
gas is reduced somewhere in the vicinity of this interface.20

Figure 1.4 Schematic image of electrochemical reaction at triple phase boundary (TPB)

Adler et al. introduce a continuum model of ORR mechanism at a porous mixed conduction
cathode. This ALS model offers a mechanism in which the oxygen molecule is chemically reduced at
the gas/mixed conductor interface and is transported through the mixed conductor by solid-state
diffusion. The chemical exchange of oxygen at the gas/mixed conductor interface was considered as a
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non-charge transfer process. Figure 1.5 summaries simplified schematics of the mechanisms either
known or theorized in the literature to be important in determining the rate of the oxygen reduction at
the cathodes.20

Figure 1.5

Some mechanisms thought to govern oxygen reduction in SOFC cathodes. Phases α, β,

and γ refer to the electronic phase, gas phase, and ionic phase, respectively: (a) Incorporation of
oxygen into the bulk of the electronic phase (if mixed conducting); (b) adsorption and/or partial
reduction of oxygen on the surface of the electronic phase; (c) bulk or (d) surface transport of O2- or
On-, respectively, to the α/γ interface, (e) Electrochemical charge transfer of O2- or (f) combinations of
On- and e-, respectively, across the α/γ interface, and (g) rates of one or more of these mechanisms
wherein the electrolyte itself is active for generation and transport of electro-active oxygen species.20

1.4.5. Charge and Mass Transport Process
There are general transfer processes of charge, heat and mass transfer occurring in SOFCs. The strong
relations are the consequence of the high degree of integration of different processes
(chemical/electrochemical reactions, diffusion, heat and mass transfer) within SOFCs. The
understanding of these relations can be a main factor for the future development and application of
SOFCs.

1.4.5.1. Charge transport
Charge transport completes the circuit in an electrochemical system, moving charges from the
electrode where they are produced to the electrode where they are consumed. There are two major
types of charge species such as electrons and ions. The transport of electrons against ions is
fundamentally different, primarily due to the large difference in mass between the two. In most
SOFCs, ion charge transport is much difficult than electron charge transport. The resistance to charge
transport results in a voltage loss because this voltage loss obeys Ohm’s law, called an ohmic or IR
loss. The reduction in voltage is called “ohmic loss,” and includes the electronic (𝑅elec ) and ionic
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(𝑅ionic ) contributions, written by16:
𝑣ohmic = 𝑖𝑅ohmic = 𝑖(𝑅elec + 𝑅ionic )

Eqn. 43

These losses can be minimized by making electrolytes as thin as possible and employing highconductivity materials.
The rate at which charges move through a material is quantified in terms of flux (𝐽). Flux
measures how much of given quantity flows through a material per unit are per unit of time. Charge
flux (𝑗) measures the amount of the charges that flow through a material per unit area per unit of time
with typical units:
𝐶
𝑐𝑚2 𝑠

=

𝐴
𝑐𝑚2

Eqn. 44

The quantity 𝑧𝑖 𝐹 is required to convert from molar flux 𝐽 to charge flux 𝑗, where 𝑧𝑖 is the
charge number for the carrier and 𝐹 is Faraday’s constant:
𝑗 = 𝑧𝑖 𝐹𝐽

Eqn. 45

If there is no force acting on the charge carriers, there is no reason for them to move. The
governing equation for transport can be presented as
𝐽𝑖 = ∑𝑘 𝑀𝑖𝑘 𝐹𝑘

Eqn. 46

where 𝐽𝑖 is a flux of species 𝑖, 𝐹𝑘 is the 𝑘 different forces acting on 𝑖 and the 𝑀𝑖𝑘 represents the
coupling coefficients which reflect the relative ability of species to respond to a given force with
movement as well as the effective strength of the driving force itself.
For the case where charge transport is dominated by electrical driving forces, Eqn. 45 can be
rewritten as
𝑑𝑉

𝑗 = 𝜎 𝑑𝑥

Eqn. 47

where 𝑗 stands for the charge flux, dV/dx is the electric field providing the driving force for charge
transport, and 𝜎 is the conductivity, which measures the propensity of a material to permit charge
flow in response to an electric field. The conductivity quantifies the ability of a material to permit the
flow of charge when driven by an electric field. The conductivity of a material is influenced by two
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major factors: how many carriers are available to transport charge and the mobility of those carriers
within the material. The following equation defined 𝜎 in those terms:
𝜎𝑖 = (|𝑧𝑖 |𝐹)𝑐𝑖 𝑢𝑖

Eqn. 48

where 𝑐𝑖 represents the molar concentration of charge carriers and 𝑢𝑖 is the mobility of the charge
carriers within the material. Table 2 shows the summary of transport processes relevant to charge
transport. It gives the driving force, coupling coefficient and equation for conduction, diffusion, and
convection.
For operating SOFCs, the penalty for charge transport is a loss in cell voltage due to the
presence of an intrinsic resistance to charge flow. The voltage loss associated with charge transport
can be given by the equation:
𝜂ohmic = 𝑗(ASR ohmic )

Eqn. 49

where ASR stands for area-specific resistance and carries unit of Ω cm2. ASR accounts for the fact
that fuel cell resistance scales with area, thus allowing fuel cells of different sizes to be compared. It is
calculated by multiplying ohmic resistance Rohmic by its area:
ASR ohmic = 𝐴cell 𝑅ohmic
Table 1.1

Summary of Transport processes relevant to charge transport
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Eqn. 50

1.4.5.2. Mass transport
To produce electricity, fuel an-d oxidant must be supplied continuously. At the same time,
products must be continuously removed so as to avoid “strangling” the cell. The process of supplying
reactants and removing products is termed mass transport. We now deal with the transport of
uncharged species, which thus are unaffected by voltage gradients and so must instead rely on
convective and diffusive forces for movement mostly concerned with gas-phase transport. For the
case of SOFC, mass transfer mainly refers to diffusion of gas species and transport in porous layer.
Diffusion is a spontaneous process that is a result of the second law of thermodynamics, which
requires thermodynamic processes proceed in away, maximizing entropy. Fick’s law of diffusion is
written as16:
𝜕𝑐

𝑛̇𝑗,𝑖 = −𝐷𝑗,𝑖 𝐴 𝜕𝑥𝑗

Eqn. 51

𝑖

where 𝐷𝑗,𝑖 is the diffusion coefficient of species 𝑗 with units of cubic meters per second, 𝐴 is the
area through which diffusion occurs, 𝑐𝑗 is the molar concentration of 𝑗, 𝑥𝑖 is the direction of
transport (x, y, or z direction), and 𝑛𝑗,𝑖 is the molar rate of transport of 𝑗 in the 𝑖 direction.
For 1-dimension, therefore, it can be written as:

𝑛̇𝑗, = −𝐷𝑗 𝐴

𝑑𝑐𝑗

Eqn. 52

𝑑𝑥

where 𝐷𝑗 = 0.1 cm2 s-1 for gases.

From the concentration variations, we calculate how much the Nernst potential changes (the
incremental voltage loss (𝜂𝑐𝑜𝑛𝑐 ) when using 𝑐𝑅∗ values instead of 𝑐𝑅0 values (𝑐𝑅∗ = catalyst layer
reactant concentration and 𝑐𝑅0 = bulk reactant concentration) :
0
∗
𝜂𝑐𝑜𝑛𝑐 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡
− 𝐸𝑁𝑒𝑟𝑛𝑠𝑡
𝑅𝑇

1

𝑅𝑇

1

= (𝐸 0 − 𝑛𝐹 ln 𝑐 0 ) − (𝐸 0 − 𝑛𝐹 ln 𝑐 ∗ )
𝑅

=

𝑅

Eqn. 53

𝑅𝑇
𝑐𝑅0
ln ∗
𝑛𝐹
𝑐𝑅

0
∗
where 𝐸Nernst
is the Nernst voltage using 𝑐 0 values and 𝐶Nernst
is the Nernst voltage using 𝑐 ∗

values. 𝑐𝑅0 can be described in terms of the limiting current density (𝑗𝐿 ).
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The concentration also affects reaction rate that plays an important role to determine cell
performances. We are concerned primarily with the high-current-density region and thus the reaction
kinetics may be described by the simplified expression of Butler-Volmer equation:
𝑐∗

𝑅
𝑗 = 𝑗00 (𝑐 0∗
𝑒 𝛼𝑛𝐹𝜂act ⁄(𝑅𝑇) )

Eqn. 54

𝑅

where 𝑗00 represents the exchange current density at a standard concentration, 𝑐𝑅∗ and 𝑐𝑅0∗ are
arbitrary and reference reactant concentration values, respectively, 𝜂act is the activation loss, and 𝛼
is the transfer coefficient which expresses how the change in the electrical potential across the
reaction interface changes the sizes of the forward versus reverse activation barrier (0 < 𝛼 <1.0).
Written in terms of the activation overvoltage, it becomes
𝑗𝑐 0∗

𝑅𝑇

𝜂act = 𝛼𝑛𝐹 ln 𝑗0 𝑐𝑅∗

Eqn. 55

0 𝑅

How much the activation overvoltage is charged can be calculated using c*R values.
RT

𝑗𝑐 0∗

RT

𝑗𝑐 0∗

0
∗
𝜂conc = 𝜂act
− 𝜂act
= (𝛼nF ln 𝑗0 𝑅𝑐 ∗ ) − (𝛼nF ln 𝑗0 𝑅𝑐 0 )
0 𝑅

=

0 𝑅

Eqn. 56

RT cR0
ln
𝛼nF cR∗

The ratio 𝑐𝑅0∗/𝑐𝑅∗ equals (𝑗𝐿 /(𝑗𝐿 − 𝑗)) which provides the expression for 𝜂conc as:
𝑅𝑇

𝜂conc = 𝛼𝑛𝐹 ln 𝑗

𝑗𝐿

𝐿 −𝑗
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Eqn. 57

1.5

Materials in solid oxide fuel cells

The main components of a ceramic fuel cell stack are the electrolyte, the anode, the cathode and
interconnect. Each component gives several functions in the fuel cell and has to need certain
requirements. These requirements include: proper physical and chemical stability in oxidizing and/or
reducing environments, chemical compatibility with other components and a proper conductivity. The
electrolyte must be highly dense to separate the oxidant and fuel gases, whereas both anode and
cathode must be porous to allow gas transport to the reaction sites. And fuel is oxidized at the anode
and the oxygen is reduced at the cathode. In this section, overviews of the state of the art materials for
SOFC electrode are discussed.

1.5.1

Status of Electrolyte

Electrolyte, an ion-conducting ceramic, is a main component of SOFC. Either oxide-ion (O2-) or
proton (H+) can transport through the electrolyte. Therefore, anode materials for SOFC application
should possess the following properties21-24:


High oxide ion (or proton) conductivity (0.01~0.1 S cm-1 for the thickness 1~100 μm.) Low
oxide ion conductivity resulting higher ohmic loss.



Low electronic conductivity: Higher electronic conduction causes higher voltage loss and
oxygen leakage without producing electricity.



Chemical stability: They should have the stability either in the thermal stability in air and
fuel and stability under the oxygen potential gradient.



Good mechanical strength. (Stress)



Low cost for both of raw materials and the processing.

1.5.1.1. Yttria-stabilized zirconia (YSZ)
Yttria-stabilized zirconia (YSZ) is the most widely used as a traditional electrolyte material for

SOFC. The pure ZrO2 has a monoclinic structure at room temperature and occurs phase transitions
tetragonal (T > 1170 oC) to cubic fluorite (T > 2370 oC) structures with increasing temperature. The
Y3+ substitution for Zr4+, however, stabilizes the cubic fluorite structure at room temperature and
resolves the phase transition problem. Particularly, the Y3+ substitution induces large amount of
oxygen vacancies in the crystal lattice and provides channels for oxygen ion conduction. The
advantage of YSZ is acceptable sufficient ionic conductivity at high temperature (0.15 S/cm at 1000
o

C for 8 mol% Y2O3 stabilized ZrO2), good chemical stability with an ionic transport number > 0.99 in
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H2 atmosphere, and good mechanical strength.26 Notwithstanding these positive properties, YSZ
suffers from its low ionic conductivity at intermediate temperatures (500-800 oC). To overcome this
problem very thin YSZ films (thickness: ~ 10 μm) with anode-supported cell has been a developed for
intermediate temperature SOFC.

1.5.1.2. Ceria based oxide

Figure 1.5 Temperature dependence of ionic conductivity of various electrolyte.27

Ceria-based oxides have been investigated as an alternative electrolyte due to their high oxide ion
conductivity and lower activation energy at intermediate temperatures of 500-800 oC as shown
Figure 1.5.28-32 The ionic conductivity could be maximized by a substitution of Gd (GDC) or Sm
(SDC) for Ce in CeO2. However, the primary challenge of ceria-based electrolytes is the
reduction of Ce4+ to Ce3+ ions at low oxygen partial pressures, which shows mixed electronic and
ionic conductor even at low oxygen concentration.33 This creates electronic conduction within
ceria and leads to a consequent decrease in the cell potential.
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1.5.1.3. perovskite-based lanthanum gallate
Sr and Mg doped LaGaO3 electrolyte (LSGM) with a perovskite structure has been considered as an
alternative electrolyte due to its high ionic conductivity by appropriate amount of cation substitutions
for both La and Ga.34-36 The ionic conductivity of LSGM electrolyte is over 0.1 S cm-1 at 800 oC,
which is similar to that of YSZ at 1000 oC as seen in Figure 1.5. Nevertheless, the high cost of Ga
becomes a problem for the commercialization prospects of LSGM. Moreover, LSGM reacts with Ni
anode and creates undesired LaNiO3 or La2NiO4 phases at the interfaces, which reduce the ionic
conductivity.37 Therefore, buffer layer is necessary to employ LSGM as electrolyte in practical SOFC.

1.5.2

Status of Cathode

Cathodes have significant material limitations due to the slow oxygen reduction reaction (ORR)
operating temperature. The cathode materials should need the following requirements for SOFC
applications38:
 Sufficient catalytic activity for the oxygen reduction reaction.


Thermal expansion coefficient matching with those of other cell components to avoid
cracking and delamination.

 Good chemical stability with electrolyte and interconnect at high temperatures.
 Thermodynamically stability under oxidizing condition.
 Acceptable electrical conductivity (> 100 S/cm).
 Acceptable oxide ion conductivity (> 0.1 S/cm).

In this part, the relevant properties of various types of SOFC cathodes, such as a Ruddlesden-popper
oxide, simple and a double perovskite oxide will be introduced. Furthermore, oxygen reduction
reaction mechanism also will be discussed.

1.5.2.1 Ruddlesden-popper oxide
Recently, there have been enlarged research attention in oxygen over-stoichiometric Ln2NiO4+ based
oxides as novel mixed conductors for SOFC cathode. This oxide has a K2NiF4 type structure and is
usually formulated as A2BO4+, which can be regarded as ABO3 perovskite and AO rock-salt layers
arranged along the c-axis. There is sufficient space in the AO layer. This structure allows for the
accommodation of oxygen overstoichiometry as oxygen interstitial species with negative charge,
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which are balanced through the oxidation of the B-site cations.39 These materials show good property
in terms of electronic conductivity, oxygen ionic transport property, electrocatalysis for oxygen
reduction reaction, and moderate thermal expansion.40,41 In La2NiO4+ at ambient temperature, x can
be as high as 0.18 and in Pr2NiO4+, the maximum value of  is 0.22. At higher temperature, the
diffusivity increases though this is offset by the decrease in the concentration of oxygen interstitials.
The advantages of lanthanum nickel oxide include in addition to high oxygen mobility a relatively
low lattice expansion induced by variations in temperature and oxygen partial pressure.42 The range of
thermal expansion coefficients observed for the La2NiO4 compounds (11~13 x 10-6 K-1) matches
reasonably well with the values for the electrolytes YSZ, CGO and LGSM.
As with the perovskite structure oxides, the Ln2NiO4+ oxides can modify by chemical
substitutions on both the La and Ni sites to give a wide range of different transport properties. Several
systems have been investigated either by doping at the La position with alkaline earths or by forming
solid solutions of different rare earths.43
By partially changing Ni with Co, the series of materials La2Ni1-xCoxO4+ shows relatively high
oxygen diffusion coefficient (~10-8 cm2 s-1) and oxygen surface exchange kinetics (~10-6 cm S-1) in the
temperature range of 450~650 oC.39 The high oxygen ion diffusion and surface exchange kinetics are
one of important properties for SOFC cathodes. Moreover, low TECs of approximately 11.0 ~ 14.0 x
10-6 K-1 similar to those of SOFC electrolyte.41 It is also reported that the Sr doping on A site in
La2Ni1-xCoxO4+ could further enhance the electrochemical performance.44 Mazo et al.45 studied that
La2-xSrxCuO4 cuprates had high oxygen diffusivity at elevated temperature (750 to 1000 K), among
them La1.7Sr0.3CuO4+ has the highest oxygen diffusion coefficient. Another study is presented that
La2-xSrxCuO4 could form different kinds of interstitial oxygen or oxygen vacancy depending on the Sr
concentration, oxygen partial pressure, and the preparation temperature.46 Further doping studies have
performed varying the rare earth cation. Mauvy et al.47 reported lower cathode ASR values for
Pr2NiO4+. Currently symmetrical cell of Pr2NiO4+ shows the best performance as a cathode,
achieving an ASR of 0.5  cm2 at 610 oC. However, Pr2NiO4+ detrimentally react with YSZ
electrolyte.
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Figure 1.6 The crystal structure of Lan+1NinO3n+1 (n = 1, 2, and 3).

The perovskite and K2NiF4 structure types are end members of a series of perovskite related
intergrowth oxides of general formula An+1BnO3n+1 often referred to as Ruddlesden-Popper phases as
shown

in

Figure

1.6.48

Iron

and

cobalt

containing

compositions

exemplified

by

(La,Sr)n+1(Fe,Co)nO3n+1 with n = 2 and n = 3 have been studied as cathodes and as oxygen permeation
membranes.49,50 The electrochemical performance of Sr3-xLaxFe2-yCoyO7-x, (n = 2), LaSr3Fe3-yCoyO10-x
(n=3) have good electrocatalytic activity for oxygen reduction in single cell measurements though the
overall performance. Sr3-xLaxFe2-yCoyO7-x is inferior to that of LaSryFe3-yCoyO10-x (n = 3) most likely
due to the decrease in electronic and ionic conductivities as the number of perovskite layers decreases.
The lower performance is to some degree offset by the lower thermal expansion coefficient.
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1.5.2.2 A simple perovskite oxide
Most of the ABO3-type simple perovskite oxide forms in the relatively simple structure of the
perovskite CaTiO3 or in a structure closely related to it. Such oxides are known to exist with a wide
range of A and B ions, having different sizes. The unit cell of the ABO3 pervskite structure is shown in
Figure 1.7.51 The ideal perovskite structure has a cubic unit cell of side about 3.9 Å with a space group
of Pm3m and contains one formula unit. The perovskite structure, in which A is the larger cation with
12-fold oxygen coordination and B is the smaller cation with 6-fold oxygen coordination. The oxygen
ions are linked to six cations (4A + 2B).

Figure 1.7 Crystal structure of a simple perovskite oxide.

It is well known that the ionic radii of the component ions play important factors in determining
the crystal structure, which called “tolerance factor t”. It can be used as a measure of the deviation of
the ABO3 perovskite structure from the ideal cubic symmetry. The Goldschmidt tolerance factor t is
presented as the following equation.

𝑡=

(rA +rO )
√2(rB +rO )

Eqn. 1.43

where rA , rB and rO are the ionic radius of A, B, and O ions, respectively. A decrease in A cation
size causes a lowering to the crystal symmetry and an increasing bending of the O-B-O bond angle
from the ideal value of 180 o. The closer to cubic, the closer the value of the tolerance factor is to
unity because the constant, t, can be used as a measure of the degree of distortion of a perovskite from
ideal cubic. In perovskite-type compounds, the value of t lies between about 0.80 and 1.10.52 Limiting
values for the tolerance factor have been determined through experiment. For example, it is reported
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that the perovskite sustains cubic if 0.9 < t < 1.0, and orthorhombic if 0.75 < t < 0.9. If the value of t
drops below 0.75, the compound might adopt an hexagonal ilmenite structure (FeTiO3).
The simple perovskite oxides, particularly mixed ionic/electronic conductors (MIECs)
containing Mn, Fe, Co, and/or Ni, have been widely studied for IT-SOFC cathode materials. Cobalt
containing oxides, such as Ba0.5Sr0.5Co0.8Fe0.2O3-, Pr1-xSrxCoO3Sm0.5Sr0.5CoO3, La1-xSrxCo1-yFeyO3-,
and Ba0.6La0.4CoO3, have attracted much interest due to their high electro-catalytic activity for the
oxygen reduction reaction (ORR) at the cathode.53-68
Unfortunately, the challenge with respect to which spin state transition of Co in Co-based
material causes high thermal expansion coefficient (TEC) still remains. Thus, there is immense
interest to develop new cathode materials with high catalytic activity and low TEC that are compatible
with the electrolyte for intermediate temperature SOFC.69,70

1.4.2.2. A double perovskite oxide
The double perovskite structure is named because the unit cell of is twice that of perovskite. It has the
same architecture of 12 coordinate A sites and 6 coordinate B site, but two cations are ordered on the
B site. This family of compounds can be theoretically described with a stacking sequence of
…/BaO/CoO2/LnOx/CoO2… along the C-axis as indicated in Figure 1.8. All mobile oxygen is located
only the Ln-O plane, and so is oxygen migration.

Figure 1.8 Crystal structure of a double perovskite oxide.
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This layered structure reduces the oxygen bonding strength in the [AO] layer and provides a
disorder-free channel for ion motion, which enhances oxygen diffusivity.71,72 Based on these
promising properties, double perovskite oxides have received widespread interest because they offer
much higher chemical diffusion and a high surface exchange coefficient relative to those of ABO 3-type simple perovskite oxides.72-81 LnBaCo2O5+ (Ln = La, Pr, Nd, Sm, and Gd) compounds are well
known layered perovskite oxides with high mixed ionic and electronic conductivity and faster oxygen
transport, even at the temperatures below 500 oC, which give rise to their high catalytic activity for
ORR. For example, Kim et al. have revealed that the chemical diffusion coefficient (D) and the
surface exchange coefficient (k) in the layered perovskite PrBaCo2O5+ are much higher than that of a
simple ABO3-type perovskite. Furthermore, the bulk diffusion in PrBaCo2O5+ is larger than that in
GdBaCo2O5+, implying that the former may have a higher ionic conductivity than the latter under the
same conditions.82,83

1.5.3

Status of Anode

The anode materials must be thermally and chemically compatible with electrolyte and provide source
for transport of gas from fuel, oxygen ions from electrolyte and electrons to interconnect. In this
regards, the anode material should possess the following requirements.18


Tolerance to carbon coking or sulfur poisoning when hydrocarbon fuels are directly used.



Good porosity to diminish the fuel mass limitations.



High electrical conductivity and catalytic activity in highly reducing atmosphere.



Good chemical stability with the electrolyte and interconnect at high temperatures and good
stability under reducing environments

A commonly used anode material for SOFCs is Ni-based cermet, and Ni-YSZ (YSZ = yttriastabilized zirconia), in particular, has attracted great attention because it features high catalytic activity
for fuel oxidation, excellent chemical compatibility with other components, and high electrical
conductivity.26 Notwithstanding these promising benefits, Ni-based materials possess fatal drawbacks
to the practical use of SOFCs, such as Ni coarsening, poor redox tolerance, and volume instability.
The most noticeable problems of Ni-based anodes are carbon deposition and sulfur poisoning because
these two reactions take place on nickel surface and thus blocks gas diffusion within the anode and the
active sites for electrochemical oxidation of fuel, resulting in considerably increased anodic
polarization and energy loss.84
Although extensive efforts have been invested in identifying alternative anode materials for
SOFCs, such as ceria-based anodes and Cu-based anodes85 there has been no material that possesses a
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combined property of good sulfur tolerance, coking resistance, redox cyclability, and high
performance comparable with Ni-based anodes. The perovskite type oxides (ABO3), however, have
opened a new door to challenge these current issues of SOFCs. One of the greatest advantages of
perovskite materials is that their properties can be easily tailored to the desired applications by
introducing new elements at A and B sites. Structural defects created by substituting each site for
other constituents are responsible not only for part of the catalytic activity, but also for oxygen
mobility within crystal lattice of the solid.86 Additionally, lattice oxygen plays an important role in
carbon cleaning mechanisms, where the oxygen is transported to the appropriate sites. The advantage
of the mixed ionic and electronic conductivity nature of the perovskite material allows the electrooxidation process to the two phase boundary at anode surface away from the three-phase
electrode/electrolyte/gas interface, with considerable catalytic enhancement.87
In this manner, a stable as well as catalytically active perovskite, with mixed conduction, could
be produced. The suitable benchmark materials for perovskite oxide anodes reported so far can be
La0.75Sr0.25Cr0.5Mn0.5O388, (La,Sr)(Ti)O389 and Sr2Mg1-xMnxMoO6-
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These materials were found to

exhibit great potential of improved tolerance to coking, reoxidation, and/or sulfur poisoning.
Moreover, lanthanide perovskites are characterized by the fact that catalytic activity is admittedly
ascribed to the B-site cations, and the lanthanide ion at A-site is considered responsible for stability of
perovskite structure, which reduces with decreasing size of the A cation, from La to Gd. Recently, a
K2NiF4 type K-PSCFN anode with Co-Fe alloy as an oxidation catalyst has been reported. Although
this material revealed itself to be resistant to carbon deposition and sulfur poisoning, there is still
much room for improvement in the catalytic properties to be used for a SOFC anode.91
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2. Experimental

2.1. Material Synthesis
The various electrode materials were synthesis by the Pechini process and glycine nitrate
process (GNP) depending on the material system. First, Pechini process will be explained. The
required amounts of precursors were dissolved in distilled water. In addition, citric acid and ethylene
glycol were used as complexing agents. The solution was heated to 250 oC in air followed by a
combustion reaction to form fine powders. Second, GNP method will be covered. The required
amounts of nitrate were dissolved in distilled water. Glycine was added into the mixed nitrate
solutions at a molar ratio of 1.5:1.0 for glycine and metal nitrate. The solutions were heated to 350 oC,
and then the primary powders were formed via a combustion reaction. These powders were precalcined at 600 oC for 4h and then ball-milled in acetone for 24 h. The calcined powders were then
dry-pressed into pellets at 5 MPa and sintered at 1100 ~ 1150 oC for 12h in air. For measurement of
the cell performances of the materials, slurries consisting of powders, GDC, and an organic binder
(Heraeus V006) were used.

2.2 Single Cell Fabrication
2.2.1

YSZ based electrolyte supported cell

Ni-YSZ anode-supported cells were fabricated to evaluate the electrochemical performances of the
composite cathode material in IT-SOFCs. The Ni-YSZ powder was prepared using nickel oxide (J. T.
Baker), YSZ (Tosoh corp., TZ-8Y), and graphite (Aldrich, 20 micron) as a pore-former at 55:45:25 by
weight, which were primarily mixed and ball-milled together for 72 h in ethanol. This powder was
pressed into pellets at 5 MPa and then sintered in air at 1200 oC for 3 h. To improve the cell
performance, the anode functional layer was coated by dipping it into mixed anode functional layer
slurries and sintered at 1200 oC for 3 h. The slurries consist of NiO–YSZ (60:40 wt %) powder,
isopropanol, and toluene. The pellets were again coated by dense YSZ electrolyte layers through a
dipping process and also sintered at 1200 oC shortly thereafter. A second layer of the YSZ electrolyte
was added via a dipping process to prevent the formation of pin-holes and a porous YSZ cathode
backbone (thickness ~50 m) was laminated onto this layer. The thickness of the entire dense YSZ
electrolyte layer was approximately 20 m. The pellets, with an active electrode area of 0.36 cm2,
were finally sintered at 1500 oC for 2 h under an air atmosphere.
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2.2.2 GDC based anode supported cell
Ni-GDC anode-supported cells were fabricated to measure the electrochemical performances of the
materials. A Ni-GDC cermet anode was prepared by a mixture of nickel oxide, GDC, and starch
prepared via ball-milling in ethanol for 24 h. After drying process, the NiO-GDC mixture was pressed
into pellets (~ 0.6 mm in thickness and 15 mm in diameter). Thin GDC electrolyte membranes were
prepared by a refined particle suspension coating technique or co-pressing GDC powders synthesized
using glycine nitrate process (GNP) method over a pelletized disk of a Ni-GDC cermet anode. A GDC
suspension was prepared by dispersing GDC powder (Aldrich) in ethanol with a small amount of
binder (polyvinyl Butyral, B-98) and dispersant (Triethanolamine, Alfa Aesar) at a ratio of 1:10. The
GDC suspension was applied to a NiO-GDC anode support by drop-coating, followed by drying in air
and subsequent co-sintering at 1400 oC for 5 h. The electrode slurries were then screen-printed onto
the GDC electrolyte layer. The single cell consisting of 3 layers (Ni-GDC as an anode, GDC as an
electrolyte, and a cathode) were sintered under an air atmosphere with an active electrode area of 0.36
cm2.

2.2.3 LSGM based electrolyte supported cell
La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) powder was prepared by solid state reaction method and dense
electrolyte substrate was prepared by dry pressing and followed by sintering at 1475

o

C.

Stoichiometric amounts of La2O3 (Sigma 99.99%), SrCO3 (Sigma, 99.99%), Ga2O3 (Sigma, 99.99%),
and MgO (Sigma, 99.9%) powders were ball milled in ethanol for 24 h. After drying, the mixture was
calcined for 6 h. The thickness of LSGM electrolyte was adjusted about 300 m by polishing. LDC
(La0.4Ce0.6O2−δ) was also prepared by ball milling stoichiometric amounts of La2O3 and CeO2 (Sigma,
99.99%) in ethanol and then calcined for 6 h.

2.3. Basic Characterization
2.3.1. Structural analysis
The phase identification of the materials at room temperature was carried out by X-ray powder
diffraction (XRD) (Rigaku-diffractometer, Cu Ka radiation) with a scanning rate of 0.5 o min-1 in the
2θ range of 20 o to 60 o. A phase transition at high temperature was identified by in-situ XRD (Bruker
D8 ADVANCE XRD). For the high temperature XRD measurements, the samples were mounted on
alumina alloy and resistively heated in the temperature ranges from room temperature to 800 oC in air.
The microstructures of the interface between the electrolyte and the electrode were investigated using
a field emission scanning electron microscope (SEM) (Nova SEM). Further crystal chemistry of the
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materials was analyzed by Rietveld refinement method using GSAS program. 1 The XRD patterns
were collected with a slow scanning rate of 0.2 o min-1 in the 2θ range of 20 o to 100 o.

2.3.2. Iodometric Titration and Thermal Analysis
The oxygen content and average oxidation state at room temperature, composing the samples,
were identified using iodometric titration. The bulk powders were dissolved in 15 mL of 10 % KI
solution followed by adding 10 mL of 3.5 N HCL. The solution was stirred until the sample was
completely dissolved under N2 atmosphere. The clearly dissolved solution was then titrated against
0.03 N sodium thiosulfate (Na2S2O3) solution using starch as an indicator.
Thermogravimetric analysis (TGA) was carried out by a SDT-Q600 (TA Instruments, USA) to
identify the weight changes of the samples during heating and cooling processes from room
temperature to 800 oC with a heating/cooling rate of 2 oC min-1 in air. The variations of the oxygen
content as a function of temperature were derived by the initial oxygen content values at room
temperatures. The thermal expansion coefficient values (TEC) of the samples were measured from
100 to 800 oC with a heating/cooling rate of 5 oC min-1. TEC values of the samples were calculated as

𝛼=

1 𝑑𝐿

Eqn 2.1

𝐿0 𝑑𝑇

where 𝛼 represents the TEC, 𝐿0 is the length of the specimen at a specific temperature, and 𝑇 is
the absolute temperature.

2.3.4. Electrical and Electrochemical Analysis
The electrical conductivities of the samples were evaluated by a four-terminal DC arrangement
and a potentiostat (BioLogic) was used to measure the current and voltage at intervals of 50 oC at
temperature ranging from 100 oC to 750 oC. The specific values of the electrical conductivity at a
specific temperature were calculated using2
1

1

𝜎 = 𝑆( )( )
𝐴
𝑅

Eqn. 2.2

where 𝜎 represents the electrical conductivity, 𝐴 is the area of cross section, 𝑅 is the resistance,
and 𝑆 stands for the length of the conductor.
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Electrochemical impedance spectroscopy of the materials was carried out using a symmetrical
cell. The GDC electrolyte powders were pressed into pellets, and then sintered at 1350 oC for 4h in air
to obtain a dense electrolyte substrate. Slurries composed of an organic binder (Heraeus V006), the
cathode and GDC powders were screen-printed onto both sides of the GDC electrolytes to form
symmetrical half-cells, followed by calcination at various temperatures (900 ~ 1050 oC). A silver paste
was used as a current collector for the electrodes. Impedance spectra were recorded under OCV in a
frequency range of 1 mHz to 500 kHz with AC perturbation of 14 mV from 500 to 650 oC.
Electrochemical performance was evaluated using a Ni-GDC anode supported cell. Ag wires
were attached at both electrodes of single cells using an Ag paste as a current collector. An alumina
tube and a ceramic adhesive (Aremco, Ceramabond 552) were employed to fix the single cell.
Humidified hydrogen (3 % H2O) was applied as fuel through a water bubbler with a flow rate of 20
mL min-1 and static air was used as an oxidant during single cell tests. I-V curves were examined
using a BioLogicPotentiostat.

2.3.5. Redox property and Oxygen non-stoichiometric Analysis
The oxygen nonstoichiometry of the materials under the oxygen partial pressures (pO2) was
measured by coulometric titration using yttria-stabilized zirconia (YSZ) tube (McDanel Advanced
Ceramic Technologies, Z15410630) that functions as to pump oxygen out of the system and to detect
the equilibrium pO2 inside the tube.

Figure 2.1 Schemitic image of coulometric titration device

As shown in Figure 2.1, the samples were placed inside an oxygen ion conducting membrane of
a YSZ tube. Ag paste (SPI Supplies, 05063-AB) was painted on the both outside and inside of the tube
as electrodes. Platinum wire was employed as a lead wire to provide electrical connections to the
instruments. After purging 5 % O2–Ar gas over the sample in the tube for 12 h, pO2 was determined
from the open-circuit voltage (OCV). Oxygen could be added or removed from the tube by passing
current through the same electrodes as used for the OCV sensor. The sample was allowed to
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equilibrate until the potential varied in a range of less than 1 mV h −1. Oxygen non-stoichiometry was
determined through this procedure at the temperature range from 650 to 750 oC with 50 oC intervals
over a wide range of pO2. Electrical conductivity was simultaneously measured by a four-terminal DC
arrangement with a BioLogic Potentiostat.
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Chapter 3.

High performance SOFC cathode prepared by infiltration of Lan+1NinO3n+1
(n = 1, 2, and 3) in porous YSZ

3.1

Introduction

The solid oxide fuel cell (SOFC) is a solid state electrochemical device that directly converts chemical
energy to electrical energy and uses hydrogen or hydrocarbon as fuels with very high efficiency, high
power densities, low emissions, and excellent fuel flexibility at high operating temperatures (>1000
o

C).1-6 However, even with the many benefits of SOFC technology, critical drawbacks associated with

the conventional SOFC operating temperature need to be resolved. The high operating temperature
results in a number of problems such as high cost, electrode sintering, interface reactions between cell
components, material compatibility challenges, etc.7 Hence, many studies have been concentrated on
reducing the operating temperature in order to reduce fabrication costs, improve long–term
performance, and extend the range of applicable cell materials. Decrease of the operating temperature
to an intermediate temperature range (500 to 800 oC), however, leads to poor activity for
electrochemical reduction of oxygen in the case of traditional cathode materials. Current efforts have
thus focused on finding advanced cathode materials in order to obtain low electrode resistance, good
compatibility with the electrolyte, and other favorable chemicophysical properties suitable for
intermediate-temperature SOFCs (IT-SOFCs) applications.8-12
Mixed ionic and electronic conductors (MIECs) containing Mn, Fe, Co, and/or Ni have been
studied extensively for IT-SOFC cathode materials. Among the various MIEC oxides, cobalt
containing oxides have attracted strong interest owing to their high electrocatalytic activity for the
oxygen reduction reaction (ORR).13,14 Cobalt-rich oxides are known to cause thermo-mechanical
failure, however, due to their large thermal expansion coefficients (TECs) as compared with other
SOFC components.15
Alternatively, La2NiO4 has received significant attention as a mixed conductor material derived
from K2NiF4-type materials for IT-SOFC cathodes by reason of its important advantages including
high oxygen ionic conductivity, attractive electronic conductivity, moderate TECs, and high
electrocatalytic activity under oxidizing conditions.16-18 La2NiO4 also offers higher oxygen ionic
conductivity and thermo-mechanical stabilities at intermediate temperatures compared with
conventional cathode materials such as La1-xSrxMnO3 (LSM) and La1-xSrxCo1-yFeyO3 (LSCF).19
La2NiO4 is the first member of the Ruddlesden-Popper homologous series, which have a general
formula Lan+1NinO3n+1, where n represents the number of perovskite layers in a formula unit. The
Ruddlesden- Popper structure is composed of alternating perovskite layers (LaNiO3)n and rock-salt
layers (LaO) along the crystallographic c direction, as shown Figure 3.1. The number of perovskite
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layers increases with increasing n in this structure, leading to the formation of higher order
Ruddlesden-Popper phases, La3Ni2O7 and La4Ni3O10, showing faster ionic and electronic transport
properties.19-22 These effects are primarily related with increasing concentration of Ni-O-Ni bonds,
which are responsible for electronic conduction, progressive delocalization of p-type electronic charge
carriers, and increasing vacancy migration contribution to oxygen ion diffusivity.23

Figure 3.1 The crystal structure of the Ruddlesden-Popper phase, Lan+1NinO3n+1 (n = 1, 2, and 3).
Impedance spectroscopy analyses of Lan+1NinO3n+1 (n = 1, 2, and 3) symmetrical cells on a
doped lanthanum gallate electrolyte, La0.9Sr0.1Ga0.8Mg0.2O3-, were carried out by Amow et al.19 They
reported lower area specific resistance (ASR) with increasing n, which was attributed to increasing
electrical conductivity. The Takahashi group studied the electrode properties of a series of
Lan+1NinO3n+1 cathode materials.24 However, these works investigated cell performance with only bulk
materials, i.e., the electrode is not the form of composites, resulting in lower electrochemical reactive
sites and poor fuel cell performance.
To the best of our knowledge, there have been no reported studies on the electrochemical
performance of a single cell and electrical characteristics of Lan+1NinO3n+1 oxides in composite form.
Our group has shown that a composite electrode fabricated by the infiltration method can permit low
sintering temperature.25,26 This method allows the formation of a long triple-phase boundary (TPB)
where the oxygen reduction reaction occurs, which could account for the high performance of this
composite electrode. The infiltration method can also endow the composite electrode with a uniform
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structure, because a conducting phase is added to the existing YSZ backbone, which leads to good
conductivity.27,28
In the present paper, the La2NiO4-YSZ composite is chosen as a base material by reason of its
favorable properties for realizing high fuel cell performance in IT-SOFCs. The higher-order
Ruddlesden- Popper n = 2 and 3 phases are also analyzed to assess the effect of increasing n in terms
of structures, electrical characteristics, and electrochemical performance. The electrochemical
performances of a Ni-YSZ anode-supported cell using Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3)
as cathodes, prepared by infiltration into porous YSZ, are evaluated.

3.2 Experimental
The composite electrode structures for electric conductivity measurements were prepared by
a similar procedure to that of previous studies by our group.25,26 This procedure requires the
preparation of porous YSZ slabs, followed by infiltration of the active components. Porous YSZ
slurries were made by mixing YSZ powder (TZ-8Y, Tosoh Corp.), a dispersant (Duramax3005, Rohm
and Haas), binder (HA-12 and B1000, Rohm and Haas), and pore former (Graphite, 325 mesh, Alfa
Aeser) with distilled water. The YSZ slabs (2  2  10 mm) for electrical conductivity measurement
were prepared using these slurries and then sintered at 1500 oC to produce YSZ structure with roughly
65 % porosity. Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3) were prepared by infiltrating
Lan+1NinO3n+1 into the porous YSZ slabs. Lan+1NinO3n+1 (n = 1, 2, and 3) solutions were synthesized
with stoichiometric amounts of La(NO3)3·6H2O (Aldrich, 99.9%), Ni(NO3)2·6H2O (Aldrich), and
citric acid in distilled water. After the solution was infiltrated, the Lan+1NinO3n+1-YSZ composites (n =
1, 2, and 3) were calcined in air at 450 oC for 20 min to decompose nitrate ions and citric acid.
Multiple infiltration steps were required to reach the final loading of 42 wt%. These composites were
heated in air at 850 oC for 4 h in order to form the Ruddlesden-Popper structure.
An electrolyte support symmetrical cells were made by tape casting, with the outer two layers
having pore formers in order to evaluate the intrinsic properties of electrode. The detailed symmetrical
cell configuration and procedure has been described elsewhere.29
Ni-YSZ anode-supported cells were fabricated to evaluate the electrochemical performances
of the composite cathode material in IT-SOFCs. The Ni-YSZ powder was prepared using nickel oxide
(J. T. Baker), YSZ (Tosoh corp., TZ-8Y), and graphite (Aldrich, 20 micron) as a pore-former at
55:45:25 by weight, which were primarily mixed and ball-milled together for 72 h in ethanol. This
powder was pressed into pellets at 5 MPa and then sintered in air at 1200 oC for 3 h. To improve the
cell performance, the anode functional layer was coated by dipping it into mixed anode functional
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layer slurries and sintered at 1200 oC for 3 h. The slurries consist of NiO–YSZ (60:40 wt %) powder,
isopropanol, and toluene. The pellets were again coated by dense YSZ electrolyte layers through a
dipping process and also sintered at 1200 oC shortly thereafter. A second layer of the YSZ electrolyte
was added via a dipping process to prevent the formation of pin-holes and a porous YSZ cathode
backbone (thickness ~50 m) was laminated onto this layer. The thickness of the entire dense YSZ
electrolyte layer was approximately 20 m. The pellets, with an active electrode area of 0.36 cm2,
were finally sintered at 1500 oC for 2 h under an air atmosphere. After synthesizing the Ni-YSZ
anode-supported cells, the Lan+1NinO3n+1 (n = 1, 2, and 3) solutions were added into porous YSZ
cathode backbone by the infiltration method, which was repeated until the loading reached 45 wt%.
Finally, the cells were sintered at 850 oC.
X-ray powder diffraction (XRD) (Rigaku diffractometer, Cu Ka radiation) patterns of the
prepared samples were used to confirm the crystalline structure with a scan rate of 0.5 o min-1 and a
range of 20o <2<60o. The microstructure of Lan+1NinO3n+1-YSZ interfaces was also examined using a
field emission scanning electron microscope (SEM) (Nova SEM). Electrical conductivities of the
Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3) slabs were measured by a four-terminal DC
arrangement in air. The current and the voltage were identified by BioLogic Potentiostat at intervals of
50 oC within a temperature range of 100-750 oC.

Figure 3.2 A schematic diagram showing single cell testing assembly.

For the single cell test, Ag wires were attached to both electrodes using Ag paste as a current
collector. The single cells were fixed on an alumina tube using a ceramic adhesive (Aremco,
Ceramabond 553), as schematically shown in Figure 3.2. Humidified H2 (3% H2O) was supplied as a
fuel with a flow rate of 20 mL min-1 by first passing H2 through a water bubbler, whereas air was used
as an oxidant and supplied to the cathode by ambient air flow during the single cell test. Impedance
spectra and I-V polarization curves were obtained with a BioLogic Potentiostat. Impedance spectra
were recorded under 800 mV in a frequency range of 1 mHz to 500 kHz and with AC perturbation of
14 mV at 750 oC. I-V polarization curves were tested between 650 and 800 oC.
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3.3 Results and discussions
The high phase stability of the composite cathode material over the operational range of temperature
is important to maintain high oxide ionic and electronic conductivity. Solid-state reactions between
the Lan+1NinO3n+1 (n = 1, 2, and 3) and the YSZ also should not appear in order to achieve high cell
performance. We used XRD to confirm the structure of the composite cells after the addition of
Lan+1NinO3n+1 (n = 1, 2, and 3) oxides into a porous YSZ, achieving 45 wt % oxides. The XRD spectra
of Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3) sintered at 850oC are shown in Figure 3.3. The
XRD pattern indicated that a single crystalline phase of Lan+1NinO3n+1-YSZ composites (n = 1, 2, and
3) was formed successfully. Only peaks corresponding to Lan+1NinO3n+1 (n = 1, 2, and 3) and YSZ,
without additional diffraction peaks, appeared. The patterns were consistent with the formation of
very small particles at 850oC, which in turn causes adequate peak broadening by the unresolved two
peaks.

Figure 3.3 X-ray diffraction pattern for Lan+1NinO3n+1 –YSZ (n = 1, 2, and 3) composites via
infiltration process calcined at 850 oC.

A cross section of the tri-layer cell (NiO-YSZ/YSZ/Lan+1NinO3n+1-YSZ composites) was
presented in Figure 3.4. The thickness of the YSZ electrolyte is approximately 15 m and the cell was
successfully fabricated without any pinholes, isolated voids or cracks. Good interfacial adhesion was
confirmed between the YSZ film and the cathode.
The electrode microstructure is related to the characteristics of the surface area, the TPB,
volume fraction of chemical phases present, and electron transport. These properties affect the
reaction kinetics, charge transport, and mass transport processes, which dominate the fuel cell
performance.29,30 The active surface area, where the reaction itself occurs, of a fuel cell is related to
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Figure 3.4

Scanning electron micrographs of the cross section view of tri-layer single cell (NiO-

YSZ/YSZ/Lan+1NinO3n+1–YSZ).

Figure 3.5 The microstructure of the (a) YSZ matrix and (b) La2NiO4-YSZ, (c) La3Ni2O7-YSZ, (d)
La3Ni2O7-YSZ composites with infiltrated Lan+1NinO3n+1(45wt%) calcined at 850oC.
the TPB length. The TPB is the reaction site for ORR in the fuel cell, where the gas phase meets the
electronic and ionic conducting phases at the electrode–electrolyte interface. The oxygen reduction
reaction at the TPB in the cathode is the most critical to SOFC performance at intermediate
temperatures. The SEM micrographs of the thin Lan+1NinO3n+1 oxides (n = 1, 2, and 3) were displayed
to evaluate the microstructures in Figure 3.5. Figure 3.5(a) is a micrograph of the porous YSZ
backbone. The infiltrated thin Lan+1NinO3n+1 oxides (n = 1, 2, and 3) layer covered the walls of the
YSZ backbone after calcination at 850 oC in air. By comparing all samples, it could be clearly seen
62

that the grain size of the oxides becomes smaller with an increase of n, which could be attributed to an
increase of the TPB length in Figures 3.5(b), (c), and (d).

Figure 3.6

Electrical conductivity data for Lan+1NinO3n+1–YSZ (n = 1, 2, and 3) composites as a

function of temperature in air.

Arrhenius plots of electrical conductivities for Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3)
were presented as a function of temperature in Figure 3.6. All samples showed gradually increasing
electrical conductivity with increasing n at the same temperature, which also could be confirmed from
a previous report.31 The NiO6 octahedral units, which control the electronic conduction pathway in the
perovskite layers, increase with larger n in the Ruddlesden-Popper phases, as illustrated in Figure 3.1.
Therefore, the electrical conductivity was improved by increasing the number of perovskite layers,
leading to growth of the number of conduction pathways.21 Each sample showed a different trend
regarding electrical conductivity. The electrical conductivities of the La2NiO4-YSZ (n = 1) and
La3Ni2O7-YSZ composite (n = 2) showed no significant changes in the low temperature region
(T<300oC) and then decreased with increasing temperature (300 oC<T<750 oC). On the other hand,
the electrical conductivity of the La4Ni3O10-YSZ composite (n = 3) constantly decreased, showing
metallic behavior over the entire temperature range.
Figure 3.7 shows typical impedance spectra for the symmetrical cells (Lan+1NinO3n+1YSZ/YSZ/Lan+1NinO3n+1-YSZ) tested at 750 oC in air. Impedance spectra of all composition appeared
to be two pseudo semi-circles which indicate interfacial resistance or ion and electron charge transfer
at higher frequency region and non-charge transfer, such as cathode reaction at lower frequency
region. As n value increases, the magnitude of arcs at lower frequency was decreased more than that
of arcs at higher frequency, implying that oxygen surface exchange and gas-phase diffusion related to
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oxygen kinetics are a key factor in terms of cell performance. The polarization resistance of
symmetrical cells with La2NiO4, La3Ni2O7, and La4Ni3O10 were 0.120 cm2, 0.112 cm2, and 0.068
cm2, respectively. Therefore, it could be expected that higher cell performance would be shown for
higher n value compounds (n = 3).

Figure 3.7 The impedance spectra of the symmetric cell (Lan+1NinO3n+1–YSZ/YSZ/Lan+1NinO3n+1–
YSZ) measured under open-circuit condition at 750 oC.

Figure 3.8 presents the I-V curves and the corresponding power density of Lan+1NinO3n+1-YSZ
composites (n = 1, 2, and 3) evaluated using YSZ as an electrolyte at 650, 700, 750, and 800 oC,
respectively, with humidified H2 (3% H2O) as a fuel and static ambient air as an oxidant. The open
circuit voltages (OCVs) were very close to the theoretical value derived from the Nernst equation,
which shows that the cell is well sealed with a gas-tight electrolyte. The values were higher than 1.05
V at 750 oC and increased as the operating temperature is decreased. The maximum power densities
for the single cell with the La2NiO4-YSZ composite (n = 1) were obtained as 0.306, 0.503, 0.717, and
0.901 W cm-2 at 650, 700, 750, and 800 oC, respectively, as seen in Figure 3.8(a). The fuel cell
performances were higher for the composites with larger n, as seen in Figures 3.8(b) and (c). For
example, the maximum power density of La3Ni2O7-YSZ composite (n = 2) is higher than that of
La2NiO4-YSZ composite (n = 1) with values of 0.338, 0.536, 0.754, and 0.971 W cm-2 at 650, 700,
750, and 800 oC, respectively, as seen in Figure 3.8(b). The La4Ni3O10-YSZ composite (n = 3)
revealed much higher cell performance of 0.367, 0.614, 0.889, and 1.197 W cm-2 at the same
conditions. These excellent results reflected much higher cell performances than those reported by
Takahashi et al.24. They reported maximum power density of only 0.088 W cm-2 at 700 oC for
La4Ni3O10 (n = 3) on a samarium doped ceria (SDC) electrolyte. The significant discrepancy, e.g.
almost 1 order higher cell performance of this study, was attributed to the better microstructure
leading to higher electrical conductivity and more TPB sites in the present work.
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Figure 3.8

I-V curves and corresponding power density curves of single cell (Ni-

YSZ/YSZ/Lan+1NinO3n+1–YSZ) in various temperatures.

The electrochemical impedance spectra of NiO-YSZ/YSZ/Lan+1NinO3n+1-YSZ composites (n =
1, 2, and 3) corresponding to the I-V polarization curve under 800 mV at 750 oC were presented in
Figure 3.9. In these spectra, the intercepts with the real axis at low frequency designate the total
resistance of the cell and the value of high frequency was the ohmic resistance of the cell. The
variation between the two values on the real axis indicates the sum of the cathode-electrolyte interface
and the anode-electrolyte interface resistance, which was identified as the polarization resistance of
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the cell. The ohmic losses for La2NiO4, La3Ni2O7, and La4Ni3O10 were in good agreement with the
expected ohmic losses from the 15 m thick YSZ electrolyte in Figure 3.3. The total polarization
resistance of a single cell with La2NiO4, La3Ni2O7, and La4Ni3O10 were 0.294 cm2, 0.261 cm2, and
0.247 cm2, respectively, at 750 oC. The polarization resistance became lower as n is increased,
leading to higher cell performances.

Figure 3.9 Impedance spectra of the single cell (Ni-YSZ/YSZ/Lan+1NinO3n+1–YSZ) measured under
800 mV using as fuel and ambient air as oxidant at 750 oC.

The fuel cell performance is closely related not only to the electrical conductivity but also to the
electrode microstructures. The excellent cell performances might originate from low polarization
resistance on the basis of high electrical conductivities and the extended electrochemical TPB, as
expected from the microstructure of the Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3).
Thus, in the series of Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3), La4Ni3O10-YSZ
composite (n = 3) was the most preferable candidate cathode material in terms of high electrical
conductivity and cell performances in IT-SOFC applications. Future studies will focus on the long
term stability of fuel cell in the Lan+1NinO3n+1-YSZ composites system.

3.4 Conclusion
Lan+1NinO3n+1(n = 1, 2, and 3)-YSZ composites were prepared by infiltration and were investigated as
cathode materials for IT-SOFC applications. These oxides comprise the Ruddlesden-Poppers series
whose structures are characterized by alternating perovskite layers (LaNiO3)n and rock-salt layers
(LaO). The characteristics of Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3) were identified by X-ray
diffraction and scanning electron microscopy. Solid-state reactions between the oxides and the YSZ,
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which is a possible drawback at the operating temperatures of IT-SOFCs, were not observed, based on
XRD characterization.
The electrical conductivities of Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3) were enhanced
with an increasing number of n of which is the electronic conducting perovskite layer. The symmetric
cell test demonstrates lower cathode polarization losses leading to higher oxygen kinetics with
increasing number of perovskite layer. The fuel cell test of these oxides based on an anode-supported
cell shows higher cell performance with increasing n, possibly due to the extended electrochemical
TPB and higher electrical conductivity. The maximum power densities of La2NiO4, La3Ni2O7, and
La4Ni3O10 were obtained as 0.717, 0.754, and 0.889 W cm-2, respectively, at 750 oC. In the series of
Lan+1NinO3n+1-YSZ composites (n = 1, 2, and 3), La4Ni3O10-YSZ composite (n = 3) was the most
favorable cathode material candidate, considering its high electrical conductivity and cell
performances, for IT-SOFC applications.
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Chapter 4.

The electrochemical and thermodynamic characterization of PrBaCo2-xFexO5+
(x = 0, 0.5, and 1) infiltrated into yttria-stabilized zirconia scaffold as cathodes for
SOFCs

4.1

Introduction

Fuel cells allow the direct conversion of chemically stored energy into electrical energy by means of
electrochemical oxidation of various fuels. Solid oxide fuel cells (SOFCs) are considered to be among
the most promising fuel cells. In SOFCs, an oxygen reduction reaction occurs at the cathode to
produce oxygen anions, which then move through a dense oxygen-ion-conducting electrolyte to the
anode. Current state-of-the-art technology SOFCs can produce electrical energy with very high
efficiency, low emissions, and excellent fuel flexibility at high operating temperatures (>1273 K).
High temperature can result, however, in a series of problems such as high cost, electrode sintering,
interface reactions between cell components, material compatibility challenges, etc.1-5 Much attention
has consequently been directed toward lowering the SOFC working temperature to an intermediate
level (773-1073 K) in order to resolve the aforementioned problems and allow the use of low-end
interconnects and balance-of-plant materials as well. The operating temperature affects the oxygen
kinetics, including oxygen surface absorption and ionic diffusivity. In intermediate-temperature
SOFCs (IT-SOFCs), a critical problem is the poor activity of traditional cathode materials for
electrochemical reduction of oxygen.4,5 Current efforts are hence largely focused on finding
appropriate cathode materials with low electrode resistance, good compatibility with the electrolyte,
and other favorable chemicophysical properties suitable for IT-SOFCs applications.6,8
Mixed ionic and electronic conductors (MIECs) containing Mn, Fe, Co, and Ni have been
studied for use as cathode materials at intermediate operating temperature,9,10 Among the various
MIEC oxides, cobalt containing oxides such as LaCoO3, (La,Sr)CoO3, BaCoO3, and (Ba,Sr)CoO3
doped with transition metals have attracted strong interest owing to their high electrocatalytic activity
for the oxygen reduction reaction (ORR). Recently, cobalt containing oxides such as LnBaCo2O5+
(Ln = Pr, Nd, Sm, and Gd) with a cation ordered double perovskite-type structure have received
widespread interest for their promising MIEC properties and potential application as IT-SOFC
cathode materials.11-15
The idealized crystal structure of a double perovskite is presented in Figure 4.1. This family of
compounds can be theoretically described with a stacking sequence of …/BaO/CoO2/LnOx/CoO2…
along the C-axis.16 For example, all oxygen vacancies are localized at the rare earth layer [Gd-O]x in
GdBaCo2O5+ In this structure, the Ba cations do not show a random distribution in the A site of the
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perovskite but tend to order in altering layers.17 The particular distribution of vacancies in these
materials could greatly enhance the diffusivity of oxide ions in the bulk of the material and may
supply surface defect sites with enhanced reactivity towards molecular oxygen compared with nonordered perovskite.18

Figure 4.1 The crystal structure of PrBaCo2O5+

Among the various LnBaCo2O5+oxides, GdBaCo2O5+ (GBCO) has been the most widely
investigated material.13-15 Its performance has been studied in conjunction with proton-conducting
BaZr0.1Ce0.7Y0.2O3 electrolytes, Sm0.2Ce0.8O19 (SDC), and yttria-stabilized zirconia (YSZ).14 Kim’s
group, however, reported that the bulk diffusion coefficient and surface exchange coefficient of
PrBaCo2O5+PBCOcould be 2-3 orders higher than those values of GBCO.19 This suggests that
PBCO material can provide superior fuel cell performance than GBCO as a cathode for IT-SOFCs.
The Manthiram group reported the effects of Fe partially substituted for Co in NdBaCo 2O5+(NBCO)
in terms of oxygen content and electrical properties.20 They noted that an increase of Fe leads to a
decrease in the thermal expansion coefficient (TEC) and electrical conductivity because of the strong
Fe-O bonds compared to Co-O bonds. Recently, the structure and electrochemical properties of a Fe
doped layered structure perovskite, PrBaCo2-xFexO5+ (x = 0, 0.5, 1.0, 1.5, and 2.0), both as a powder
bulk form and mixed powder with YSZ, were investigated. The authors reported that the PrBaCo2xFexO5+

are not stable in the presence of YSZ even at temperature as low as 973 K.21 Recent results,

however, have shown that a composite electrode fabricated by infiltration of the electrode material
into the YSZ backbone permits low sintering temperature, thereby avoiding solid state reaction.22-24
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The infiltration method has been widely used to prepare composite electrodes flexibly. This method
allows the enlargement of the electrochemical reactive sites where the oxygen reduction reaction
occurs, which could result in high performance of the composite electrode. This method can also
provide a composite electrode with a uniform structure, because a conducting phase is added to the
existing YSZ backbone, which leads to good conductivity.25,26
Furthermore, most studies have focused on structure, electrochemical properties, and fuel cell
performance of PBCO and PrBaCoFeO5+PBCF oxides without a thorough understanding of their
fundamental properties such as thermodynamic and electrical properties at the cathode operating
condition, i.e., relatively lower oxygen partial pressure. To the best of our knowledge, the redox
properties related with oxygen thermodynamics such as the oxidation enthalpies and entropies of
PBCO-YSZ and PBCF-YSZ composites have never been reported. These properties can provide,
however, critical information to determine the suitability of new electrodes prior to conducting fuel
cell tests.
In this paper, through a comprehensive survey of cation ordered perovskite oxides, PBCO,
having favorable properties for high fuel cell performance of IT-SOFCs, is chosen as a starting
material. PrBaCo2-xFexO5+-YSZ composites are prepared by the infiltration method to assess the
effects of Fe doping, and the microstructures of composites are characterized by X-ray powder
diffraction (XRD) and field emission scanning electron microscopy (SEM). The electrical
conductivities and redox properties of a PrBaCo2-xFexO5+-YSZ composite (x = 0 and 1.0) were
measured simultaneously under a wide p(O2) range at 923-1023 K to evaluate the possibility of its use
as a cathode material. Symmetric cell performance is measured to validate the potential of this new
material as a cathode. The electrochemical performance of a PrBaCo2-xFexO5+-YSZ composite (x = 0,
0.5, and 1.0) single cell is also evaluated by producing a PrBaCo2-xFexO5+ infiltrated cathode on a NiYSZ anode-supported cell for application to IT-SOFCs.

4.2 Experimental
PrBaCo2-xFexO5+ -YSZ composites (x = 0, 0.5, and 1) were prepared for coulometric titration and
electrical conductivity measurement by infiltrating PrBaCo2-xFexO5+ into porous YSZ. Porous YSZ
slurries were made by mixing YSZ powder (Tosoh Corp., TZ-8Y), a dispersant (Rohm and Haas,
Duramax3005), binder (Rohm and Haas, HA-12 and B1000), and pore former (Alfa Aeser, Graphite,
325 mesh) with distilled water. Slabs (2mm  2mm  10mm) prepared from YSZ slurries were then
sintered at 1773 K to produce a YSZ structure with a porosity of about 65%.
The PrBaCo2-xFexO5+ solution was prepared with stoichiometric amounts of Pr(NO3)3· 6H2O
(Aldrich, 99.9%, metal basis), Ba(NO3)2 (Aldrich, 99+%), Co(NO3)2·6H2O (Aldrich,98+%),
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Fe(NO3)3·6H2O (Aldrich, 98%), and citric acid in distilled water, and then infiltrated into the YSZ
slab. The PrBaCo2-xFexO5+ -YSZ composites were calcined in air at 723 K for 20 min to decompose
nitrate ions and citric acid. This procedure was repeated until the desired 42 wt.% loading of oxide is
achieved. Finally, these composites were calcined in air at 1023 K for 4 h to form a double perovskite
phase.
The XRD (Rigaku diffractometer, Cu Ka radiation) patterns of the prepared samples were used
to confirm the crystalline structure with a scan rate of 0.5

o

min-1 and a range of 20o<2<60o. The

microstructure of the cell was also examined using a SEM (Nova SEM). A thermogravimetric analysis
(TGA) was carried out using a SDT-Q600 (TA instrument, USA). TGA experiments were performed
from 373 to 1073 K with a heating/cooling rate of 3 K min-1 in air.
The redox properties of the 42 wt.% PrBaCo2-xFexO5+-YSZ composites were measured using
coulometric titration as a function of the oxygen partial pressure, pO2. The samples for these
experiments were fabricated by infiltration of the aqueous nitrate salts of PrBaCo2-xFexO5+ into a
porous YSZ slab. The coulometric-titration rig, which has been explained in detail elsewhere, is
simply a sealed YSZ tube with Ag-paste electrodes on both sides.22-24 After purging 5 % O2-Ar gas
over the sample in the tube for 24 h, pO2 was determined from the open circuit voltage (OCV).
Oxygen could be added or removed from the tube by passing current through the same electrodes as
used for the OCV sensor. The sample was allowed to equilibrate until the potential varied in a range
of less than 1 mV h-1. Oxygen non-stoichiometry was determined through this procedure at 923, 973,
and 1023 K over a wide range of oxygen partial pressure. Electrical conductivity was measured by a
four-terminal DC arrangement simultaneously with a BioLogic Potentiostat.
Electrolyte support symmetrical cells were made by tape casting, with the outer two layers
having pore formers in order to evaluate the intrinsic properties of the electrode. A dense YSZ slurry
was prepared by mixing YSZ powder (Tosoh Corp., TZ-8Y) in distilled water, into which a dispersant
(Rohm and Haas, Duramax3005) and binders (Rohm and Haas, HA-12 and B1000) were added. A
porous electrode backbone was prepared by sequentially adding YSZ powder (Tosoh Corp., TZ-8Y),
dispersant (Rohm and Haas, Duramax3005), binders (Rohm and Haas, HA-12 and B1000), and
graphite (Alfa Aesar, UCP-2 grade) to distilled water. The porous–dense–porous YSZ structure was
produced by lamination, followed by sintering at 1773 K for 4 h, after which the porosity was
approximately 65%. The cathode materials were added onto both porous electrode backbones using
an infiltration technique, which was repeated until the loading reached 45 wt.%, and the symmetrical
cells were finally sintered at 1023 K. The detailed symmetrical cell procedure has been described
elsewhere.27
A Ni-YSZ anode-supported cell was used to evaluate the electrochemical performance of the
composite cathode material in IT-SOFCs. The Ni-YSZ powder was prepared using nickel oxide (J. T.
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Baker), YSZ (Tosoh corp., TZ-8Y), and graphite (Aldrich, 20 micron) as a pore-former, and were then
primarily mixed at 55:45:25 by weight and ball-milled together for 72 h in ethanol. The Ni-YSZ
powder was dried in an oven for 24 h. This powder was pressed into pellets at 5 MPa and sintered in
air at 1473 K for 4 h. To improve the performance of the cell, the anode functional layer was coated
by dipping the anode support into mixed slurries of NiO-YSZ (60:40 wt.%) powder, isopropanol, and
toluene followed by sintering at 1473 K for 4 h. The pellets were again coated by dense YSZ
electrolyte layers through a dipping process and then sintered. A second layer of the YSZ electrolyte
was added via dipping in order to prevent the formation of pin-holes, and a porous cathode backbone
(thickness ~50 m) was then laminated onto this layer. The thickness of the entire dense YSZ
electrolyte layer was approximately 15 m. The pellets, with an active electrode area of 0.36 cm2,
were finally sintered at 1773 K for 2 h under an air atmosphere. The cathode material was added into
the porous YSZ cathode backbone by the infiltration technique, which was repeated until the loading
reached 45 wt.%. Finally, the cell was sintered at the same temperature, 1023 K, as used for the
preparation of slab samples.
Ag wires were attached to both electrodes using Ag paste as a current collector. The cells were
fixed on a 10 mm diameter alumina tube using a ceramic adhesive (Aremco, Ceramabond 553).
During the single cell test, humidified H2 (3% H2O) was supplied to the anode side with a flow rate of
20 mL min-1 by first passing H2 through a water bubbler, and the cathode was left exposed to the air.
AC impedance spectra under 800mV and I-V polarization curves were obtained at various currents in
a frequency range of 1 mHz to 500 kHz and 14 mV AC perturbation using a BioLogic Potentiostat.

4.3 Results and discussions
The X-ray diffraction profile of 42 wt.% PrBaCo2-xFexO5+-YSZ composites (x = 0, 0.5, and 1) after
calcination at 1023 K, 1073 K, and 1123 K are shown in Figure 4.2. The XRD data show only peaks
corresponding to PrBaCo2-xFexO5+ and YSZ, with no additional diffraction peaks under 1073 K.
Beyond 1123 K, the data begin to show secondary phases such as PrCoO3, PrFeO3, and BaZrO3.
Therefore, the final sintering temperature of all experiments is determined as 1023 K. The XRD
patterns are consistent with the formation of very small crystallites due to the infiltration procedure,
which in turn causes adequate peak broadening by the unresolved two peaks.
SEM images of PrBaCo2-xFexO5+-YSZ composites (x = 0, 0.5, and 1) after calcination at 1023
K are presented in Figure 4.3. A cross-section of the tri-layer (NiO-YSZ/YSZ/PrBaCo2-xFexO5+-YSZ
composites) cell near the electrolyte before single cell tests is shown in Figure 4.3(a). The thickness of
the YSZ electrolyte is approximately 15 m and the cell is successfully fabricated without any
pinholes, isolated voids or cracks.
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Figure 4.2 The X-ray diffraction for PrBaCo2-xFexO5+-YSZ composites (x = 0, 0.5, and 1) formed
by infiltration method after sintered at 1023, 1073, and 1123 K in air.

The PBCO particles are uniformly coated on the surfaces of the YSZ pores, as seen in Figure 4.3(b).
The uniform coating due to the good wettability of the oxide onto the YSZ is expected to result in
good interconnection and, accordingly, enhanced electrical conductivity. The micrographs of Fe doped
materials provided in Figure 4.3(c) and (d) also indicate that the particle size decreases with an
increase of Fe doping. This can be attributed to an increase of electrochemical reactive sites with
higher amounts of Fe. The BET surface area measurement also confirm that the surface area of
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PrBaCo2-xFexO5+-YSZ composites (x = 0, 0.5, and 1) are 0.78 m2 g-1, 1.00 m2 g-1, and 2.16 m2 g-1,
respectively. Therefore, the higher surface area can explain higher electrochemical reactive surface
areas with increasing amounts of Fe, which leads to higher cell performance.

YSZ

Figure 4.3

SEM images showing the microstructure of the composites formed by infiltration

method after calcined at 1023 K in air : (a) Cross-sectional of tri-layer cell before cell test and
PrBaCo2-xFexO5+-YSZ composites (b) x = 0, (c) x = 0.5, and (d) x = 1.0.

Figure 4.4

Thermogravimetric data of PrBaCo2-xFexO5+xandshowing a variation of

oxygen content as a function of temperature in air.
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The variation of oxygen content of PrBaCo2-xFexO5+ (x = 0 and 1) with temperature in air
shows in Figure 4.4. The initial oxygen content at 373 K was determined from the TGA in a hydrogen
atmosphere of which values of x = 0 and 1 are 5.7 and 6.0, respectively. The samples begin to lose
oxygen at 473 K due to loss of interstitial oxygen from the lattice. The PBCF oxide loses 0.2 oxygen
atoms per formula unit upon heating to 1073 K and PBCO oxide loses 0.3 under the same conditions,
because the Fe-O bonds are much stronger than the Co-O bonds.20,30

Figure 4.5

Electrical conductivity data for PrBaCo2-xFexO5+-YSZ (x = 0, 0.5, and 1) composites as

a function of temperature in air.

An Arrhenius plot of the electrical conductivity of the 42 wt.% PrBaCo2-xFexO5+-YSZ
composites (x = 0, 0.5, and 1) in air is presented in Figure 4.5. The samples show increase electrical
conductivity with increasing temperature until 1123 K and a sudden drop thereafter. This drastic
decrease may originate from the formation of a secondary phase such as BaZrO 3 from inter-diffusion
between Zr in YSZ and Ba in the PBCO. The electrical conductivities of the bulk material28, however,
are reported to show an inflection point at a lower temperature as compared to PrBaCo2-xFexO5+-YSZ
composites. This discrepancy is one of the reasons that bulk materials and composites should be
treated differently. In addition, the interfacial interaction between the YSZ and samples may affect the
electrical characteristics.22,23 The electrical conductivities of PBCO-YSZ and PBCF-YSZ composites
are not substantially different from those of NdBaCo2-xFexO5+YSZ composites x and 
The electrical conductivities of 42 wt.% PBCO-YSZ and PBCF-YSZ composites as a function
of p(O2) in a temperature range of 923 < T(K) < 1023 are presented in Figure 4.6. Each measured
datum point corresponds to an isotherm point in Figure 4.7. The electrical conductivities of the
PBCO-YSZ composite range from 18 to 23 S cm-1 at various pO2 but the electrical conductivities of
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the PBCF-YSZ composite are roughly one order of magnitude smaller than those of the PBCO-YSZ
composite.

Figure 4.6 The electrical conductivity of PBCO-YSZ composite at (○) 923 K, (□) 973 K, and (△)
1023 K and the electrical conductivity of PBCF-YSZ composite at (●) 923 K, (■) 973 K, and (▲)
1023 K in different oxygen partial pressures.

The electrical conductivities decrease with decreasing pO2. This is in agreement with the
findings of other studies, which report smaller electrical conductivities at lower pO2 in fluorite layers
due to the decrease concentration of mobile interstitial oxygen.29 The predominant defects in PrBaCo2xFexO5+

are the oxygen interstitials, 𝑂𝑖 " , and the electronic holes, ℎ∙ = 𝑂𝑜∙ .30 Following the Kröger-

Vink notation, the pseudo-chemical reaction can be regarded as the interaction between the defects
and the atmosphere, as delineated in Eqn. 4.1.
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1
𝑂 (𝑔) + 𝑉𝑖𝑥
2 2

+ 2𝑂𝑜𝑥 ⟺ 𝑂𝑖" + 2𝑂𝑜∙

Eqn. 4.1

The decrease in the interstitial oxygen concentration by lowering pO2 results in a decrease in
electronic holes; this can be explained in terms of electroneutrality, 2[𝑂𝑖" ] = [𝑂𝑜∙ ]. The decrease in
electronic holes is finally responsible for the lower electronic conductivities at lower pO2.22

Figure 4.7 Oxygen non-stoichiometry of PBCO-YSZ composite composites at (○) 923 K, (□) 973
K, and (△) 1023 K and PBCF-YSZ composite at (●) 923 K, (■) 973 K, and (▲) 1023 K by
coulometric titration.
The slope of electrical conductivity becomes steeper below 10-4 atm. This is consistent with the
steeper slope of the isotherms at 973 K. A steeper slope may also be another sign of decomposition of
the sample at low pO2, which was also reported in previous studies.22,23 This indicates that the
decomposition begins to affect the electrical characteristics of the composites even before the
decomposition process is completed. This behavior can be ascribed to the oxygen order–disorder
phase transition at high temperature near this low pO2.31
At a given temperature, electrical conductivity decreases with increasing Fe content x in
PrBaCo2-xFexO5+-YSZ composites, as found in other studies.20,23 This can be explained by the
preferential formation of Fe4+ over Co4+ for electronic charge compensation. Furthermore, the
decreased covalency of the Fe4+-O bond compared to the Co4+-O bond can result in increased electron
localization and decreased electrical conductivity with increasing Fe content.20
The oxygen non-stoichiometry of the 42 wt.% PrBaCo2-xFexO5+-YSZ composites (x = 0 and 1)
in Fig. 7 are obtained as a function of pO2 from 923 K to 1023 K by coulometric titration in order to
characterize the redox properties of the PBCO and the PBCF composites. The initial oxygen content
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of the PBCO in air is 5.47 and that of the PBCF is determined as 5.81 at 973 K by TGA, as shown in
Figure 4.4. The oxidation isotherms for three different temperatures have similar shapes, suggesting
that the reduction mechanisms of the composites are analogous. The gradient of the redox isotherms
of both composites gradually becomes steeper until 10-4 atm pO2 at 973 K according to a similar
tendency. The isotherms of the PBCO-YSZ composite rapidly fall near this pO2, which is possibly a
starting point of decomposition. Those of the PBCF-YSZ composite, however, gradually decline to a
lower pO2. In other words, the PBCF-YSZ composites can be regarded as being more stable than the
PBCO-YSZ composites at the same temperature. This stability is possibly a result of the stronger FeO bonds as compared to the Co-O bonds, as discussed earlier. Recently, oxygen nonstoichiometry of
NdBaCo2-xFexO5+YSZ composites xandhas been reported.23 The report document
thermodynamic behavior that is quite similar to the trends described in this study, and it was also
shown that NBCF-YSZ has higher redox stability than a NBCO-YSZ composite due to partial
substitution of Fe for Co, corresponding to the present study of PrBaCo2-xFexO5+YSZ composites x
and.
The higher redox stability is an important factor for stable electrochemical properties of a
cathode material for IT-SOFCs at operating conditions. Consequently, the PBCF-YSZ composite is a
more desirable cathode material for IT-SOFC applications in terms of redox stability.
The partial molar enthalpy and entropy of oxygen can be calculated by the slopes of isotherms.
The equilibrium constant K, a function of pO2 and Gibbs free energy G, is given by the following
relation in Eqn. 4.2
1
2

Δ𝐺 = −𝑅𝑇ln𝐾 = 𝑅𝑇ln𝑝(𝑂2 )

Eqn. 4.2

At constant δ, the partial molar entalphy of oxygen at various temperatures is shown by the GibbsHelmholtz equation.

− Δ𝐻 =

Δ𝐺
)
𝑇
1
𝜕( )
𝑇

𝜕(

=

𝑅 𝜕 ln[𝑝(𝑂2 )]
|
2
𝜕(1⁄𝑇)

Eqn. 4.3
𝛿

And the partial molar entropy can be obtained by using the Maxwell relation as follows.
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Δ𝑆 = −

Figure 4.8

𝜕∆𝐺
𝜕𝑇

𝑅

𝜕𝑇ln𝑝(𝑂2 )
)|
𝜕𝑇
𝛿

= (2 ) (

Eqn. 4.4

Partial molar enthalpy of oxidation (ΔH) of the PBCF-YSZ composites (●) and the

PBCO-YSZ composites (○) composites at 973 K.

Figure 4.9 Partial molar entropy of oxidation (ΔS) of the PBCF-YSZ composites (●) and the
PBCO-YSZ composites (○) composites at 973 K.

The partial molar enthalpies of oxidation (-H) calculate by Eq. (3) for the PBCO-YSZ composites
and PBCF-YSZ composites are shown in Figure 4.8 as a function of pO2. The partial enthalpies of
oxidation range from -320 to -270 kJ mol-1 for pO2between 10-4 to 10-2 atm in the case of the PBCOYSZ composite, but the values of the PBCF-YSZ composite range from -550 to -250 kJ mol-1 for
p(O2)between 10-4 to 10-2 atm. The values of (-H) become lower for higher , implying lower
energy is needed for the formation of interstitial oxygen atoms. From this it can be hypothesized that
the lattice structures near the defect sites become destabilized more easily as the oxidation of cobalt
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(Co) and/or iron (Fe) in the lattice proceeds.22,23 Moreover, it can be confirmed again that the PBCFYSZ composite is more stable than the PBCO-YSZ composite considering the higher oxidation
enthalpy near the cathode operating condition. This result partially indicates that the oxidation of
PBCF-YSZ composite is comparatively difficult relative to that of PBCO-YSZ.
The partial molar enthalpies of oxidation of NdBaCo2-xFexO5+YSZ composites x and
are studied recently.22,23 The partial molar enthalpies range from -500 to -150 kJ mol-1 for
pO2between 10-5 to 10-2 atm (NBCO-YSZ composite) and -640 to -240 kJ mol-1 for pO2between 105

to 10-2 atm (NBCF-YSZ composite). The enthalpy of NBCO-YSZ composite is higher than that of

PBCO-YSZ composite, but the enthalpy of NBCF-YSZ composite is similar to that of PBCF-YSZ
composite.
The partial molar entropies of oxidation (S), calculate from the differences of the Gibbs free
energies and the enthalpies by Eq. (4), are shown in Figure 4.9. It can be ascertained that the
probabilities of the interstitial oxygen formation reaction itself decrease as excess oxygen increases.
In other words, there are fewer sites for the interstitial oxygen formation reaction in the composites as
the excess oxygen increases.22,23 The higher partial molar entropies for PBCF-YSZ relative to those of
PBCO-YSZ indicate that PBCF-YSZ has more available sites for interstitial oxygen formation
reaction at the same pO2 than PBCO-YSZ.

Figure

4.10

Typical

impedance

spectra

of

the

symmetrical

cell

(PrBaCo2-xFexO5+-

YSZ/YSZ/PrBaCo2-xFexO5+-YSZ) measured under open-circuit condition at 973 K in air.

Typical impedance spectra for the symmetrical cells (PrBaCo2-xFexO5+ -YSZ/YSZ/PrBaCo2xFexO5+-YSZ)

at 1023 K are displayed in Figure 4.10. Impedance spectra of all compositions appear

to be characterized by two pseudo semi-circles, which indicate interfacial resistance or ion and
electron charge transfer at the higher frequency region and non-charge transfer such as a cathode
reaction at the lower frequency region.32 The magnitude of the arcs at lower frequency decreases more
than that of the arcs at higher frequency as the amount of Fe increases. This implies that oxygen
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surface exchange and gas-phase diffusion related to oxygen kinetics are key factors for
electrochemical performance. The non-ohmic resistance of symmetrical cells with x = 0, 0.5, and 1 are
0.094 cm2, 0.083 cm2, and 0.075 cm2, respectively.

Figure 4.11

I-V curves and corresponding power density curves of single cell (Ni-

YSZ/YSZ/PrBaCo2-xFexO5+-YSZ) in various temperatures.

The I-V curves and the corresponding power density of PrBaCo2-xFexO5+-YSZ composites (x =
0, 0.5, and 1) shows in a range of 873-1023 K, with humidified H2 (3 % H2O) as a fuel and static
ambient air as an oxidant in Figure 4.11. The OCVs are very close to the theoretical values from the
Nernst potential predicted when the cells are well-sealed with a gas-tight electrolyte. The value is
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approximately 1.1 V at 973 K, and increases with decreasing operating temperature. The maximum
power densities of the cell with the PBCO cathode material are 0.17, 0.37, 0.68, and 1.0 W cm-2 at
873, 923, 973, and 1023 K, respectively, as seen in Figure 4.11(a). The single cell performance is
improved with partial substitution of Co with Fe (x = 0.5 and 1), as seen in Figures 4.11(b) and (c).
For example, the maximum power density of the PBCO composite is 0.68 W cm-2 at 973 K and that of
PrBaCo1.5Fe0.5O5+ is slightly higher at 0.71 W cm-2 at the same temperature. The PBCF sample
exhibits much higher cell performance, 0.91 W cm-2. This may be attributable to the extended
electrochemical reactive sites as illustrated in relation to the microstructure of PrBaCo2-xFexO5+-YSZ
composites in Figure 4.2. In a recent paper, the electrochemical performances of NdBaCo2-xFexO5+YSZ composites (x = 0 and 1) is reported, with maximum power densities of 0.54 W cm-2and 0.67 W
cm-2 at 973 K, NBCO-YSZ and NBCF-YSZ composites, respectively23 This study of PrBaCo2xFexO5+-YSZ

composites, however, shows superior characteristics in terms of electrochemical

performance (0.68 and 0.91 W cm-2 at 973 K).
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Figure 4.12

Impedance spectra of the single cell (Ni-YSZ/YSZ/PrBaCo2-xFexO5+-YSZ) measured

under 800 mV using H2 (3% H2O) as fuel and ambient air as oxidant in temperature range of 8731023 K.

The electrochemical impedance spectra of NiO/YSZ/PrBaCo2-xFexO5+-YSZ cells (x = 0, 0.5,
and 1) under 800 mV through a temperature range of 873-1023 K are presented in Figure 4.12. The
ohmic resistance of the cell corresponds to the high frequency intercept, whereas the low frequency
intercept corresponds to the total impedance of the cell. Therefore, the difference between the high
frequency and low frequency intercepts with the real axis gives the non-ohmic resistance of the cell,
including the anode and cathode–electrolyte interface resistance. A significant decrease of the nonohmic resistance of the PBCO-YSZ composite is observed: 1.59, 0.72, 0.39, and 0.24 cm2 at 873,
923, 973, and 1023 K, respectively. It is clear that increased operating temperature leads to a
considerable reduction of the non-ohmic resistance due to the faster oxygen reduction kinetics. The
non-ohmic resistance also decreases with the substitution of Fe from 0.39 (PBCO-YSZ composite)
down to 0.28 cm2 (PBCF-YSZ composite) at 973 K, leading to higher cell performance due to the
extended electrochemical reactive sites. Since the electrical conductivity value of x = 1 sample is 3 S
cm-1, it can be considered that the electrical conductivity is not a limiting factor for the
electrochemical performance if the thickness of electrode is less than 50 m. Therefore, in terms of
redox stability and cell performance, the PBCF-YSZ composite is a preferable candidate cathode
material over the PBCO-YSZ composite in IT-SOFC applications.

4.4 Conclusion
Layered PrBaCo2-xFexO5+ oxides(x = 0, 0.5, and 1) have been investigated as a cathode material for
IT-SOFC application. The electrical conductivity of PrBaCo2-xFexO5+-YSZ composites in air
decreases with higher Fe content, showing a sudden decrease at around 1123 K. The different redox
properties of the composites are evaluated by coulometric titration. The PBCF-YSZ composite is
revealed to be more stable than the PBCO-YSZ composite down to a lower pO2. The higher oxidation
enthalpies of the PBCF-YSZ composite can also explain their superior stability. The high entropy
change for the PBCF-YSZ composite can indicate the high probability for the formation of interstitial
oxygen at the same pO2.
Typical impedance spectra for the symmetrical cells (PrBaCo2-xFexO5+ -YSZ/YSZ/PrBaCo2xFexO5+-YSZ)

demonstrate lower cathode polarization losses leading to higher cell performance with

higher amounts of Fe. An anode-supported cell based on a 15 m YSZ electrolyte has been fabricated
by infiltrating PrBaCo2-xFexO5+ into a porous YSZ as a cathode. The maximum power densities of the
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PBCO and PBC1.5F0.5 composites are fairly similar at 0.70 W cm-2 at 973 K with H2 as a fuel. The
power density of the PBCF-YSZ composite is, however, higher than that of the other samples,
possibly due to the extended electrochemical reactive sites.
Even though the conductivity of the PBCF-YSZ composite is lower than that of the PBCO-YSZ
composite, the PBCF-YSZ composite is a more desirable candidate cathode material for IT-SOFC
applications in terms of redox stability and cell performance.
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Chapter 5.

Chemical compatibility, redox behavior, and electrochemical performance of
Nd1-xSrxCoO3- cathodes based on Ce1.9Gd0.1O1.95 for IT-SOFCs

5.1

Introduction
Solid oxide fuel cells (SOFCs) are a considerable promising energy conversion system with

very high efficiency, low emissions, excellent fuel flexibility, and environmental friendliness at high
operating temperature (~1000 oC). The high operating temperature, however, induces electrode
sintering, high material and manufacturing costs, and interface reactions between cell components.
Recently, significant efforts have been focused on the development of intermediate-temperature
SOFCs operating at 500-700 oC in order to reduce fabrication costs, improve long-term performance,
and effectively extend the choice of materials. The reduction of SOFC operating temperature brings
critical problems such as slow kinetics of the oxygen reduction reaction, which leads to large
overpotential at the electrode-electrolyte interface. Therefore, developing new cathode materials with
good performance at low operating temperature is a key area of research for SOFC applications.1-4
A desirable cathode material for intermediate temperature SOFCs should have high electronic
and oxide ion conductivities, low thermal expansion to be compatible with the electrolyte, as well as
high catalytic activity for the oxygen reduction reaction.5 Mixed ionic-electronic conductors (MIECs)
containing Mn, Fe, Co, and/or Ni with the capability to conduct oxygen ions and electrons
simultaneously have been identified as strong potential IT-SOFC cathode candidates in recent years.69

Among the various MIEC oxides, cobalt containing perovskite oxides such as LaCoO3, (La,Sr)CoO3,

BaCoO3, and (Ba,Sr)CoO3 doped with transition metals have attracted strong interest because of their
high electrocatalytic activity for the oxygen reduction reaction.9-11
While the perovskite-type oxide La1-xSrxMnO3 (LSM)12 has been widely used as a cathode
material for SOFCs, La1-xSrxCoO3 (LSC)10,13 has been investigated because of its higher catalytic
activity than that of LSM. The high catalytic activity of LSC can be explained by its high ionic
conductivity with low overpotential and high oxygen vacancy concentration, which stimulates rapid
migration of oxygen species through the bulk as well as the surface of the electrode material. Recently,
Sr-doped lanthanide cobaltites, Ln1-xSrxCoO3- (Ln=Pr, Nd, Sm, and Gd), have been investigated as
cathode materials for intermediate temperature application.14-20 It was reported that Ln=Sm and Gd
exhibit low electronic conductivity due to bending of the Co-O-Co bonds from 180o and a consequent
decrease in the bandwidth and the covalency of the Co-O bonds.
Most of the Nd1-xSrxCoO3- cathode researches focus on the characterization and
electrochemical performance based on La0.8Sr0.2Ga0.8Mg0.2O3- (LSGM) electrolyte. The LSGM
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electrolyte and yttria-stabilized zirconia (YSZ) electrolyte, however, react with Sr-doped lanthanide
cobaltites. For example, the Manthiram group reported that a Nd1-xSrxCoO3- cathode forms a
secondary phase with LSGM electrolyte at high Sr content (x=0.5).21 The Noda group meanwhile
found that LaCoO3 and La0.7Sr0.3CoO3 react with the YSZ electrolyte to form La2Zr2O7 and Sr2ZrO4,
respectively, at 1000 oC.22 Gd0.1Ce0.9O1.95 (GDC) is, therefore, used as the electrolyte to avoid
interfacial reactions between the electrolyte and cathode.
The objective of this study is to investigate the effects of GDC electrolyte with NSC-GDC
cathode on the cell performance. The effects of Sr substitution for Nd on the Nd1-xSrxCoO3-(x=0.3,
0.4, 0.5, 0.6, and 0.7) is also investigated. The crystalline structure and microstructure of the samples
are characterized by X-ray powder diffraction (XRD) and field emission scanning electron
microscopy (SEM), respectively. The electrical properties of the samples are identified by a fourterminal DC arrangement in air in a temperature range of 100 to 900 oC. The oxygen nonstoichiometry and electrical conductivity of Nd1-xSrxCoO3- (x=0.3, 0.5, and 0.7) cathodes are studied
simultaneously under a wide pO2 range at 700 oC. Symmetrical half cells (cathode/electrolyte/cathode)
were measured using impedance spectroscopy at 500, 550, 600, 650, and 700 oC in air under an opencircuit condition to investigate the area specific resistances of NSC-GDC cathodes. The
electrochemical performances of Nd1-xSrxCoO3- cathodes are investigated using an anode-supported
cell based on GDC electrolyte for application to IT-SOFCs.

5.2 Experimental
The Nd1-xSrxCoO3- (NSC) (x=0.3, 0.4, 0.5, 0.6, and 0.7) powders were synthesized by the
glycine-nitrate process (GNP) method to produce fine and homogeneous powders.23 The required
amounts of Nd(NO3)3∙6H2O (Aldrich, 99.9%, metal basis), Sr(NO3)2 (Aldrich, 99+%), and
Co(NO3)2∙6H2O (Aldrich, 98+%) were dissolved in distilled water. Glycine was added into the mixed
nitrate solutions at a molar ratio of 1.5:1.0 for glycine and metal nitrate. The solutions were heated to
350 oC, and then the primary powders were formed via a combustion reaction. GDC powder for the
electrolyte and NiO-GDC powder for anode were also synthesized by the GNP method with
stoichiometric amounts of metal nitrates and glycine. For the cathode slurry, Nd1-xSrxCoO3- powder
and GDC powder with a weight ratio of 60:40 were thoroughly mixed together. All electrode powders
were blended with an organic binder (Heraeus V006) to form slurries thereafter. For electrical
conductivity measurement and coulometric titration, the primary powders were pressed into pellets at
5 MPa and sintered in air at 1150 oC for 4 h. The densities of all pellets used for this measurement
were ~ 97 %.
Symmetrical electrochemical cells with an electrode/GDC/electrode configuration were
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applied for the impedance studies. The GDC powder was pressed into pellets, and sintered at 1350 oC
for 4 h in air to obtain a dense electrolyte substrate. The cathode slurries were painted onto both
surfaces of the dense GDC electrolyte symmetrically and subsequently sintered at 900 oC for 4 h
under an air atmosphere.
A Ni-GDC anode-supported cell was fabricated to evaluate the electrochemical performances
of the cathode materials in IT-SOFCs. A NiO-GDC cermet for the anode was prepared using NiO
powder, GDC powder, and starch at a 6:4:1.5 weight ratio. The constituent materials were first mixed
and ball-milled together for 24 h in ethanol. The NiO-GDC cermet was pressed into a pellet, and then
the electrolyte powder was distributed on the anode surface and co-pressed with the anode followed
by sintering at 1350 oC for 5 h in air. The NSC-GDC cathode layer was subsequently screen-printed
onto the GDC electrolyte layer. The pellets were finally sintered at 900 oC for 4 h under an air
atmosphere. The cathode, electrolyte, and anode thickness is about 20 m, 30 m, and 600 m,
respectively. The active area of cathode and anode is 0.36 cm2 and 1.19 cm2, respectively.
X-ray powder diffraction (XRD) (Rigaku diffractometer, Cu Ka radiation) patterns of samples
were used to confirm the crystalline structure. The microstructure of the GDC electrolyte and NSCGDC cathode interfaces were observed using a field emission scanning electron microscope (SEM)
(Nova SEM). A thermogravimetric analysis (TGA) was carried out using a SDT-Q600 (TA Instrument,
USA). TGA experiments were performed from 100 oC to 800 oC with a heating/cooling rate of 2 oC
min-1 in air.
Electrical conductivities of the NSC cathodes were measured by a four-terminal DC
arrangement in air. The current and the voltage were identified by a potentiostat (BioLogic) at
intervals of 50 oC within a temperature range of 100-900 oC.
The redox properties of the NSC (x=0.3, 0.5, and 0.7) cathodes were measured using
coulometric titration (CT) as a function of the oxygen partial pressure, pO2. The detailed CT
procedure has been described elsewhere.24-28 After purging 5% O2-Ar gas over the sample in the tube
for 24 h, pO2 was determined from the open-circuit voltage (OCV). The sample was allowed to
equilibrate until the potential varied in a range of less than 1 mV h-1. Oxygen non-stoichiometry was
determined through this procedure at 700 oC over a wide range of oxygen partial pressure. Electrical
conductivity was measured by a four-terminal DC arrangement simultaneously with a BioLogic
Potentiostat.
For the single cell test, Ag wires were attached to both electrodes using Ag paste as a current
collector. The single cells were fixed on an alumina tube using a ceramic adhesive (Aremco,
Ceramabond 552). Humidified H2 (3% H2O) was supplied as a fuel with a flow rate of 20 mL min-1 by
first passing H2 through a water bubbler, whereas air was used as an oxidant and supplied to the
cathode by ambient air flow during the single cell test. Impedance spectra and I-V polarization curves
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were obtained with a BioLogic Potentiostat. I-V polarization curves were tested between 500 oC and
700 oC.

5.3 Results and discussions
The X-ray diffraction patterns of Nd1-xSrxCoO3-(NSC) (x=0.3, 0.4, 0.5, 0.6, and 0.7) cathodes
are shown in Figure 5.1(a). All samples form a single phase after sintering at 1150 oC for 4 h. The
samples reveal a single-phase material exhibiting an orthorhombic perovskite structure without any
impurity phase, as identified in other studies.21 XRD pattern of the x=0.3 sample in Figure 5.1(b)
could be refined by the Rietveld analysis based on the orthorhombic lattice geometry of space group
pnma. The unit cell parameter and the volume increase with increasing Sr content due to the
replacement of the smaller Nd3+ (r =1.27 Å ) ions by the larger Sr3+ (r =1.44 Å ) ions, as summarized in
Table 5.1. Additionally, XRD patterns of the NSC-GDC composites after sintering at 900 oC for 4 h
are presented in Figure 5.2. There are no clear solid state reactions for any of the NSC cathodes and
the GDC electrolyte at 900 oC.

Figure 5.1 (a) XRD patterns of Nd1-xSrxCoO3- (x = 0.3, 0.4, 0.5, 0.6, and 0.7) powders sintered at
1150 oC for 4 h in air. (b) Observed and calculated XRD patterns and the difference between them for
Nd1-xSrxCoO3-(x = 0.3) sample.

The electrode microstructure is related to the characteristics of the surface area, the triple
phase boundary (TPB), the volume fraction of chemical phases present, and electron transport. These
properties affect the fuel cell performance through the reaction kinetics, charge transport, and mass
transport processes.29,30 Cross-sectional SEM images of NSC-GDC cathodes are displayed in Figure
5.3. The bottom side indicates the microstructure of the dense GDC electrolyte and the upper side
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shows the microstructure of the porous cathode made of NSC-GDC after calcination at 900 oC. From
a comparison of all samples, the grain size and microstructure of all of the cathodes are quite similar.
Therefore, the microstructure does not prevail to electrochemical performance significantly in this
study.

Figure 5.2 XRD patterns for Nd1-xSrxCoO3- (x=0.3, 0.4, 0.5, 0.6, and 0.7) and GDC mixtures
calcined at 900 oC for 4 h in air.

Table 5.1

Space group and structure parameters of Nd1-xSrxCoO3- oxides

x

Space group

a (Å )

b (Å )

c (Å )

volume (Å )3

0.3

pnma

5.366

5.411

7.598

220.616

0.4

pnma

5.365

5.420

7.589

220.679

0.5

pnma

5.374

5.420

7.602

221.443

0.6

pnma

5.405

5.408

7.642

223.383

0.7

pnma

5.415

5.420

7.674

225.203

The results of a thermogravimetric analysis of the NSC cathodes with temperature in air are
shown in Figure 5.4. The weight loss of the sample increases with increasing Sr content, possibly due
to weaker bonding of the oxide ions to the lattice. For the NSC (x=0.3) cathodes, there is a very small
amount of weight loss, which indirectly indicates that the dominant mechanism for charge
neutralization in this sample is electronic compensation by Co4+. For the NSC (x=0.7) cathodes, on the
contrary, the oxygen vacancies prevail overcharge neutralization, and a larger degree of oxygen loss is
observed.
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Figure 5.3 The cross sectional SEM images of Nd1-xSrxCoO3- cathodes/GDC electrolyte interface:
(a) NSC (x=0.3)-GDC/GDC; (b) NSC (x=0.4)-GDC/GDC; (c) NSC (x=0.5)-GDC/GDC; (d) NSC
(x=0.6)-GDC/GDC; (e) NSC (x=0.7)-GDC/GDC.

The electrical conductivity of the NSC cathodes is presented in Figure 5.5 for a temperature
range of 100-900 oC in air. All samples exhibit a gradual decrease in electrical conductivity with
increasing temperature, showing metallic behavior. Moreover, the conductivity decreases dramatically
at higher temperatures due to the loss of oxygen from the lattice, as confirmed by TGA data in Figure
5.4.
96

Figure 5.4 Thermogravimetric data of Nd1-xSrxCoO3- (x=0.3, 0.4, 0.5, 0.6, and 0.7) as a function of
temperature in air.

Figure 5.5

Electrical conductivity of Nd1-xSrxCoO3- (x=0.3, 0.4, 0.5, 0.6, and 0.7) as a function of

temperature in air.

At a given temperature, the electrical conductivity increases monotonically with increasing strontium
amount. It reaches a maximum at x=0.5 and then decreases. This can be explained by the charge
imbalance. In order to maintain charge neutrality, the defect reaction can be given by
′
. ]
[𝐶𝑜𝐶𝑜
+ 2[𝑉𝑜.. ] = [𝑆𝑟𝑁𝑑
]

Eqn. 5.1

.
The positive effective charge comprises 𝐶𝑜𝐶𝑜
and the oxygen vacancies, 𝑉𝑜.. , in the Nd1xSrxCoO3-

system. The negative effective charge of Sr ions occupying the Nd lattice must be

compensated by the formation of an equivalent amount of positive effective charges. The charge
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imbalance is compensated by Co4+ (electronic compensation) or charged oxygen vacancies (ionic
compensation). The Co4+ ions form electronic holes to compensate the electro-neutrality with
increasing strontium content, which brings high electrical conductivity. For Sr content higher than 0.5,
the electrical conductivity decreases, possibly due to increasing oxygen vacancies. The electrical
conductivity of La1-xSrxCoO3- reaches a maximum at x=0.4 and decreases with higher values of x.
The combined effect of the electronic and ionic compensation appears to determine the electrical
conductivity.10

Figure 5.6 The electrical conductivity of Nd1-xSrxCoO3- (x=0.3, 0.5, and 0.7) at 700 oC in different
oxygen partial pressures.

The p(O2) dependency of the electrical conductivity of NSC (x=0.3, 0.5, and 0.7) cathodes at
700 oC is presented in Figure 5.6. In general, the oxygen vacancy concentration in metal oxides
depends on the oxygen partial pressure of the surrounding gas, according to the following defect
equilibrium:
1
𝑂
2 2

+ 𝑉𝑂.. ⇆ 𝑂𝑂𝑥 + 2ℎ∙

Eqn. 5.2

Under the high pO2 region, to maintain the charge neutrality condition in the crystal lattice,
oxygen vacancies decrease in the NSC cathodes, leading to an increase of holes. The electrical
conductivities of all samples, therefore, increase with pO2 over the entire temperature range,
indicating that this material is a p-type electronic conductor under the experimental conditions. The
electrical conductivity values are 60-2000 S cm-1 at 700 oC and these values are sufficient at IT-SOFC
operating conditions. The slope of the electrical conductivity becomes steeper below 10-5 atm, which
is another sign of decomposition of the sample at that region.24-28
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Figure 5.7

Oxygen non-stoichiometry of Nd1-xSrxCoO3- (x=0.3, 0.5, and 0.7) at 700 oC by

coulometric titration.

The equilibrium oxygen non-stoichiometry and basic redox properties are also studied in this
paper, as most studies have focused solely on structure, oxygen kinetics, and electrochemical
performance without addressing fundamental properties at the cathode operating conditions. These
properties can provide critical information to determine the oxygen non-stoichiometry dependence of
pO2 and the suitability of electrodes prior to conducting fuel cell tests. The oxygen reduction reaction
occurs at low oxygen partial pressure in the cathode operating conditions, which may cause redox
degradation of the cathode and thus affect the long term stability of the cathode performance.31
Characterization of the equilibrium oxygen non-stoichiometry and basic redox properties, therefore,
can be used at the initial stage of the development of cathode materials. The equilibrium oxygen nonstoichiometry of the NSC (x=0.3, 0.5, and 0.7) cathodes is obtained in Figure 5.7 as a function of pO2
at 700 oC by coulometric titration. The isotherms gradually decrease to 10-5 atm at 700 oC with a
similar tendency for all compositions.
The typical impedance spectra for symmetrical half cells (NSC-GDC/GDC/NSC-GDC) are
obtained by AC impedance spectroscopy at various temperatures in air under OCV condition. In these
spectra, the magnitude of the semi-circle between high-frequency and low-frequency with the real
axis is identified as the non-ohmic resistance of the cell.13 The non-ohmic resistance decreases with
increasing strontium content x up to x = 0.5 in Figure 5.8(a). For example, the non-ohmic resistances
of symmetrical half cells with NSC (x=0.3, 0.4, 0.5, 0.6, and 0.7)-GDC cathodes are 0.236, 0.114,
0.053, 0.055, and 0.098 cm2, respectively, at 700 oC. Therefore, it is expected that the highest cell
performance will be shown for the NSC (x=0.5) cathode due to high electrical conductivity. Arrhenius
plots of the cathode polarization conductance are provided in Figure 5.8(b). From these data, the
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apparent activation energies (Ea) of the Nd1-xSrxCoO3- (x=0.3, 0.4, 0.5, 0.6, and 0.7) cathode are
calculated to be 132.60, 122.63, 114.15, 125.37, and 120.88 kJ mol-1, respectively.

Figure 5.8

(a) Impedance spectra of NSC-GDC cathode on GDC electrolyte in symmetrical cell

measured at 700 oC under OCV condition. (b) Temperature dependence of the NSC-GDC cathode
polarization conductance by Arrhenius plots.
An anode-supported cell based on a 30 m GDC electrolyte has been fabricated to
investigate the electrochemical performance of NSC (x=0.3, 0.4, 0.5, 0.6, and 0.7)-GDC cathodes.
The I-V polarization curves and the corresponding power density of NSC (x=0.3, 0.4, 0.5, 0.6, and
0.7)-GDC cathodes are shown in Fig. 9 with humidified H2 (3% H2O) as a fuel and static ambient air
as an oxidant in a temperature range of 500-700 oC. The OCV values are approximately 0.8 V at 700
o

C and increase with decreasing operating temperature. The maximum power densities of the cell with

the NSC (x=0.3) cathode material are 0.14, 0.30, 0.55, 0.88, and 1.14 W cm-2 at 500, 550, 600, 650,
and 700 oC, respectively, as seen in Figure 5.9(a). The electrochemical performance improves with
larger x until x=0.5, as seen in Figures 5.9(b) and (c), whereas it starts to degrade with strontium
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Figure 5.9

I-V curves and corresponding power density curves for cell NSC-GDC/GDC/Ni-GDC

using H2 as fuel and ambient air as oxidant in the temperature range of 500-700 oC.

content exceeding 0.5, as seen in Figures 5.9(d) and (e). For example, the maximum power density of
the NSC (x=0.3, 0.4, 0.5, 0.6, and 0.7)-GDC cathodes is 1.14, 1.26, 1.44, 1.42, and 1.32 W cm-2,
respectively, at 700 oC. These high electrochemical performances on GDC electrolyte can be
compared with that on the LSGM electrolyte directly. Manthiram et al. reported a maximum power
density of only 0.24 W cm-2 at 800 oC for NSC (x=0.4) on a LSGM electrolyte.21 Even though the
electrical conductivity of NSC (x=0.5) is the highest in Nd1-xSrxCoO3 (0≤x≤0.5), the electrochemical
performance of this cathode is lower than that of NSC (x=0.4) due to the interfacial reaction between
the LSGM electrolyte and NSC (x=0.5) cathode. This suggests that GDC electrolyte is more suitable
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in a NSC cathode system. Therefore, in terms of electrical properties and electrochemical
performance, NSC (x=0.5) is a preferable candidate cathode material in conjunction with the use of
GDC electrolyte in IT-SOFC applications.

5.4 Conclusion
The electrical and electrochemical properties of Nd1-xSrxCoO3-(NSC)

x=0.3, 0.4, 0.5, 0.6,

and 0.7) with basic redox behavior are investigated to evaluate NSC as a cathode material for
intermediate-temperature solid oxide fuel cells (IT-SOFCs). The electrical conductivity of the NSC
cathodes in air increases with higher Sr content up to x=0.5 due to more dominant electronic
compensation. The samples with Sr concentration exceeding 0.5 show decreased electrical
conductivity, however, because the ionic compensation is more dominant. Similar redox behaviors of
the NSC (x=0.3, 0.5, and 0.7) cathodes are revealed by coulometric titration. All samples gradually
decrease to 10-5 atm at 700 oC with a similar tendency. The electrochemical performance shows a
maximum value at x=0.5 due to having the highest electrical conductivity and relatively high oxygen
vacancy concentration. For example, the maximum power density of NSC (x=0.3, 0.4, 0.5, 0.6, and
0.7)-GDC cathodes is 1.14, 1.26, 1.44, 1.42, and 1.32 W cm-2, respectively, at 700oC. Therefore, NSC
(x=0.5) is a preferable candidate cathode material based on GDC electrolyte in IT-SOFC applications
considering electrical properties and electrochemical performance.
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Chapter 6.

Electrochemical properties of an ordered perovskite LaBaCo2O5+-Ce0.9Gd0.1O2-
composite cathode with strontium doping for IT-SOFCs

6.1

Introduction

Solid oxide fuel cells (SOFCs) are a promising source of power generation, offering high efficiency,
high power densities, low emissions, and excellent fuel flexibility. However, traditional SOFCs
experience many problems associated with high temperature (800-1000 oC), including performance
degradation of cell components, interface reactions between cell components, and high thermal stress
at the interfaces of the various SOFC components. The high cost of the overall SOFC system is
another barrier to their commercial application. Considerable efforts have thus been directed toward
lowering the SOFC operating temperature to an intermediate temperature range (500-700 oC).
However, reduction of the operating temperature leads to poor activity of traditional cathode materials
for electrochemical reduction of oxygen. The development of appropriate cathode materials with high
electrocatalytic activity is accordingly considered to be imperative for successful IT-SOFC
applications.1-4.
To overcome the poor activity of cathodes for intermediate temperature SOFCs, many research
groups have focused on the development of mixed ionic-electronic conductor (MIEC) cathode
materials, as they can greatly extend the active sites for oxygen reduction reactions at reduced
temperatures.5-8 Most MIEC cathode materials have a cobalt-based simple perovskite structure such as
Sm0.5Sr0.5CoO3, Ba0.5Sr0.5Co0.8Fe0.2O3-, and La0.6Sr0.4Co0.2Fe0.8O3-. Recently, among MIEC
cathode materials, cation ordered perovskite-type structures, i.e. LnBaCo2O5+ (LnBCO) (Ln = La, Pr,
Nd, Sm, Gd, and Y), have received widespread interest because of their unusual fast transport
property and high electrical conductivity compared with simple perovskite-type materials.11-13 This
structure can be theoretically described with a stacking sequence of …/BaO/CoO2/LnOx/CoO2…
along the c-axis.12 This can be regarded as an ordered structure by doubling the unit cell of a simple
perovskite structure along the c-axis originated from the difference in the ionic radius between the
Ln3+ and Ba2+ ions. Zhou et al. systematically investigated the effect of Ln in a LnBCO cation-ordered
system, focusing on the ionic radius of Ln3+.14 They reported that LnBCO showed increased electrical
conductivity and catalytic activity for the oxygen reduction reaction with increasing size of the Ln3+
ions from Gd3+ to Pr3+. Accordingly, La3+ system, with the largest ions among the lanthanides, is
expected to have better electrical and electrochemical properties than other lanthanide systems.
A cation-ordered LnBCO oxide with La3+, however, is a peculiar case with distinctive
properties, such as a weak tendency to allow for A-site ordering due to the similar sizes of La3+ and
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Ba2+ ions.15-17 To maintain the A-site ordering, therefore, cation-ordered LaBaCo2O5+ (LBCO) needs
specific synthesis conditions related with temperature and oxygen partial pressure.18,19 The structure
of a LBCO cathode calcined at 850 oC is cation-ordered with a tetragonal P4/mmm space group.
LBCO annealed at 1050 oC, however, shows a cubic structure with a space group of Pm-3m,
indicating a cation-disorder structure.17 The maximum electrical conductivity of cation-ordered LBCO
is 470 S cm-1 at 250 oC, which is lower than that of other cation-ordered LnBCO oxides (Ln = Pr, Nd,
Sm, and Gd).11-14,17
Meanwhile, recent reports indicate that strontium doped AA′B2O5+ with partial substitution of
the A′ site by strontium could potentially improve the conductivity and chemical stability with a
Ce0.9Gd0.1O2- (GDC) electrolyte.20-24 This suggests that partial Sr substitution at the Ba site can
potentially improve the electrical conductivity and, as a result, the electrochemical activity for the
oxygen reduction reaction of ordered perovskite oxides. To the best of our knowledge, Sr-doped
LBCO, LaBa0.5Sr0.5Co2O5+ (LBSCO), has not yet been reported as a cathode material for SOFCs. In
this work, we present the positive effects of Sr substitution at the A-site in a cation-ordered doubleperovskite, LBCO, including enhanced electrical conductivity and electrochemical performance in
fuel cells.

6.2

Experimental
The cathode material LaBa0.5Sr0.5Co2O5+ (LBSCO) was synthesized by the Pechini process.

The required amounts of La(NO3)3∙6H2O(Aldrich, 99.9%, metal basis), Ba(NO3)2 (Aldrich, 99+%),
Sr(NO3)2 (Aldrich, 99+%), and Co(NO3)2∙6H2O (Aldrich, 98+%) was dissolved in distilled water. In
addition, citric acid and ethylene glycol were used as complexing agents. The solution was heated to
250 oC in air followed by a combustion reaction to form fine powders. That powder was calcined at
600 oC for 4 h and then grinded. After this step, the primary powder was calcined at 900 oC for 4 h.
The pre-calcined powder was then sintered from 900 oC to 1100 oC for 12 h in order to assess the
chemical stability. For measurement of electrical conductivity, the pre-calcined powder was pressed
into pellets at 5 MPa and sintered in air at 1000 oC for 12 h. The GDC powder for the electrolyte and
NiO-GDC powder for the anode were synthesized by the GNP method with required amounts of
metal nitrates and glycine. For the cathode composite, different ratio of LBSCO and GDC was
prepared. The mixed powders were blended with an organic binder (Heraeus V006) to form slurries
thereafter. The obtained composite cathodes with different amount of GDC: 0, 20, 30, 40, 50, and 60
wt% were named as LBSCO-0GDC, LBSCO-20GDC, LBSCO-30GDC, LBSCO-40GDC, LBSCO50GDC, and LBSCO-60GDC.
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X-ray powder diffraction (XRD) (Rigaku diffractometer, Cu Ka radiation) was employed to
verify the crystalline phase and structure of the LBSCO compound. The grain morphology and
chemical composition of the LBSCO cathode were analyzed using a field emission scanning electron
microscope (SEM) (Nova SEM). A thermogravimetric analysis (TGA) was carried out using a SDTQ600 (TA instrument, USA) from 100 oC to 900 oC with a heating/cooling rate of 2 oC min-1 in air.
The room-temperature oxygen content values were determined by iodometric titration.
Symmetrical half cells with a configuration of electrode/GDC/electrode were applied for the
impedance studies. GDC powder was pressed into pellets and then sintered at 1350 oC for 4 h in air to
obtain a dense electrolyte substrate, the thickness of which was ~1mm. The cathode slurry was
painted onto both surfaces of the dense GDC electrolyte symmetrically and subsequently sintered at
1000 oC for 4 h.
Ni-GDC anode-supported full cells with a configuration of Ni-GDC/GDC/cathode were
fabricated using a co-pressing method to conduct single cell tests. For the anode, NiO powder, GDC
powder, and starch (weight ratio of 6:4:1.5) were primarily mixed and ball-milled together for 24 h in
ethanol. After a drying step, the NiO-GDC cermet was pressed into a pellet (~0.6 mm thick and 15
mm diameter), and then an electrolyte powder was distributed on the anode surface by the co-pressing
method, followed by sintering at 1350 oC for 5 h in air. The cathode slurries were screen-printed onto
the top of the GDC electrolyte layer (15 m thick) and fired at 1000 oC for 4 h in air to make a porous
cathode, where the cathode was ~20 m thick with 0.36 cm2 diameter.
The electrical conductivity of the LBSCO cathode was measured by a four-terminal DC
arrangement in air. Ag wire and Ag paste were used to make the four probes. The current and the
voltage were identified by a potentiostat (BioLogic) at intervals of 50 oC within a temperature range
of 100-850 oC.
For a symmetrical half-cell test, two Ag wires were attached to each of the electrodes using Ag
paste. A symmetrical half-cell was fixed on an alumina tube using a ceramic adhesive (Aremco,
Ceramabond 553). Impedance spectra were recorded under OCV in a frequency range of 1 mHz to
500 kHz and with AC perturbation of 10mV in a temperature range of 500-650 oC. For the single cell
test, the Ag wires were attached to both electrodes using Ag paste as a current collector. Humidified
H2 (3% H2O) was supplied as a fuel with a flow rate of 100 mL min-1 by first passing H2 through a
water bubbler, whereas air was used as an oxidant and supplied to the cathode by ambient air flow
during the single cell test. Impedance spectra and I-V polarization curves were obtained with a
BioLogic Potentiostat. The I-V polarization curves were obtained between 500 oC and 650 oC.
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6.3 Results and discussions
The X-ray diffraction (XRD) patterns of the LBSCO cathode after calcination at various temperatures
are shown in Figure 6.1(a). A cation-ordered LBSCO cathode starts to form a single phase at the
sintering temperature above 1000 oC. However, a structural change of LBSCO from an ordered to a
disordered structure is observed at 1100 oC. For instance, the XRD pattern of LBSCO annealed at
1000 oC could be indexed to a tetragonal lattice geometry with a space group of P4/mmm in Figure
6.1(b) by a Rietveld analysis. The lattice parameters are a = b = 3.887 Å and c = 7.760 Å , indicating
ordering LaO/BaO layers along the c-axis direction. The XRD pattern for LBSCO sintered at 1100 oC,
however, is indexed to a cubic Pm-3m space group with a lattice parameter of a = b = c = 3.862 Å ,
indicating a cation-disordered structure. In the case of partial substitution of the Ba site by Sr in
LBCO, the unit cell volume decreases due to replacement of the smaller Sr2+(r =1.44 Å ) ions by larger
Ba2+(r =1.60 Å ) ions and the oxygen content increases to 5.88, which is higher than the value reported
in the literature (5.84) for LBCO.17 Moreover, there is no solid state reaction between the LBSCO
cathode and GDC electrolyte at 1000 oC in Figure 6.2.

Figure 6.1 (a) XRD patterns of LaBa0.5Sr0.5Co2O5+ powder sintered in the temperature range of at
900-1100 oC for 12 h (b) Observed and calculated XRD patterns and the difference between them for
LBSCO at 1000 oC.

SEM images of a tri-layer single cell and a LBSCO-GDC cathode are displayed in Figure 6.3.
A cross sectional view of the tri-layer (LBSCO-GDC/GDC/NiO-GDC) single cell is provided in
Figure 6.3(a). It can be seen that the GDC electrolyte is quite dense and the electrolyte layer adheres
to both the porous NiO-GDC anode and the LBSCO-GDC cathode layer fairly well. The crosssectional morphology of LBSCO-GDC in Figure 6.3(b) shows a uniform electrode surface with good
inter-grain connections with no pinholes, voids, and cracks.
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Figure 6.2 XRD patterns of LaBa0.5Sr0.5Co2O5+ and GDC mixtures calcined at 1000 oC.

Figure 6.3 The cross sectional SEM images of (a) tri-layer single cell with the configuration of
LaBa0.5Sr0.5Co2O5+-40GDC cathode/GDC electrolyte/NiO-GDC anode (b) the surface morphology of
LaBa0.5Sr0.5Co2O5+ -40GDC cathode after sintered at 1000 oC.

Figure 6.4(a) shows the temperature dependence of electrical conductivity for LBSCO in air.
The maximum electrical conductivity of LBSCO reaches approximately 1200 S cm-1 at 100 oC and
gradually decreases with increasing temperature, exhibiting metallic behavior. For a SOFC cathode
material, the electrical conductivity should be higher than 100 S cm-1 at the operating temperature.25
The lowest electrical conductivity of LBSCO at 850 oC is about 400 S cm-1, thus surpassing the above
requirement for a cathode in IT-SOFC applications.
At the temperature applied in this study, the electrical conductivity of Sr-doped LBSCO is
higher than that of Sr-free LBCO, which is consistent with earlier studies.21-24 The predominant
defects in LBSCO are oxygen interstitials, 𝑂𝑖 " , and electronic holes, ℎ = 𝐶𝑜𝐶𝑜 .26 Following the
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Kröger-Vink notation, the pseudo-chemical reaction can be regarded as the interaction between the
defects and the atmosphere, as delineated in Eqn. 6.1.
1
𝑂 (𝑔) + 𝑉𝑖𝑥
2 2

𝑥

+ 2𝐶𝑜𝐶𝑜
⟺ 𝑂𝑖" + 2𝐶𝑜𝐶𝑜

Eqn. 6.1

The increase in the interstitial oxygen concentration results in an increase in electronic holes,
which provide conduction paths for charge carriers; this can be explained in terms of electroneutrality,

2[𝑂𝑖" ] = [𝐶𝑜𝐶𝑜
]. According to the TGA data and iodometric titration in Figure 6.4(b), the oxygen

content of LBSCO and LBCO is 5.73 and 5.5817, respectively, at 650 oC, indicating that the LBSCO
has a higher mobile interstitial oxygen concentration than that of LBCO. Thus, an increase in
interstitial oxygen concentration with strontium doping leads to enhanced electrical conductivity.

Figure 6.4 (a) Temperature dependence of the electrical conductivity with LaBa0.5Sr0.5Co2O5+ (b)
Thermogravimetric data of LaBa0.5Sr0.5Co2O5+ as a function of temperature in air.
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Figure 6.5

(a) Impedance spectra and fitted Nyquist plots with various GDC composition of

LaBa0.5Sr0.5Co2O5+-GDC cathode on GDC electrolyte in symmetrical cell measured at 600 oC under
OCV condition. (b) Arrhenius plot of the polarization resistance of LaBa0.5Sr0.5Co2O5+-GDC cathode
composite.

The typical impedance spectra and Arrhenius plot of the LBSCO-GDC cathode on the GDC
electrolyte are shown in Figure 6.5. In these spectra, the magnitude of the semi-circle between highfrequency and low-frequency intercepts at the real axis of the Nyquist plots indicates the area specific
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resistance (ASR).27 The ASR is used to describe all resistance terms associated with the electrode, and
whether they occur at the gas–cathode interface, within the bulk of the cathode, or at the cathode–
electrolyte interface. Figure 6.5(a) shows the ASRs of LBSCO-GDC composites depending on the
weight ratio between LBSCO and GDC. The ASR of LBSCO-0GDC, LBSCO-20GDC, LBSCO30GDC, LBSCO-40GDC, LBSCO-50GDC, and LBSCO-60GDC composites are 0.252, 0.174, 0.150,
0.119, 0.126, and 0.147 cm2, respectively at 600 oC. The ASR value decreases with increasing
GDC ratio up to 40 wt% and then increases because GDC plays an important role to improve the
performance of the cathode. The path for electron, however, is reduced over 40 wt% GDC with the
presence of an overly large amount of GDC particles which turns out higher ASR value.28 Therefore,
the most optimized GDC composition is 40 wt% in LBSCO cathode system.
The impedance spectra are fitted to the equivalent circuit. The fitting parameters (R2 and R3)
are indicated as a function of GDC ratio in inset of Figure 6.5(a) and summarized in Table 6.1.
According to the Adler et. al.29, R2 is related to ion and electron transfer at the electrode, electrolyte,
and collector/electrode interfaces at high and intermediate frequencies while the impedance at low
frequency, R3, is associated with non-charge transfer, such as oxygen surface exchange and gas-phase
diffusion inside and outside the electrode layer. From the data, R3 is more prevailing factor than R2
with increasing GDC ratio. Consequently, R3, non-charge transfer, can be regarded as a rate
determining step in LBSCO-GDC composite system.
Arrhenius plot of the ASR value for the LBSCO-GDC cathode on the GDC electrolyte is
provided in Figure 6.5(b). The apparent activation energy (Ea) of the LBSCO-GDC is calculated to be
111.6 kJ mol-1, which is close to that of a Ba0.5Sr0.5Co0.8Fe0.2O3- cathode reported by Shao and Haile.4
It is obvious that the LBSCO-GDC cathode has high activity for the oxygen reduction reaction.

Table 6.1

Fitting result of LBSCO-GDC composite with different weight ratio between LBSCO and

GDC
LBSCO-0GDC

LBSCO-20GDC

LBSCO-30GDC

LBSCO-40GDC

R2 ( cm2)

0.075

0.067

0.052

0.050

R3 ( cm2)

0.186

0.108

0.103

0.099

A Ni-GDC anode-supported cell based on a GDC electrolyte is used for electrochemical
characterization with optimized LBCO-40GDC and LBSCO-40GDC composite cathode under
humidified H2 (3% H2O) as a fuel and static ambient air. The current-voltage characteristics and the
corresponding power densities of LBCO-40GDC and LBSCO-40GDC are shown in Figure 6.6. The
maximum power density of LBCO-40GDC reaches 0.348, 0.666, 0.943, and 1.267 W cm-2 at 500, 550,
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600, and 650 oC, respectively. The fuel cell performance is enhanced with strontium doping in LBCO40GDC. The maximum power density of LBSCO-40GDC is 0.411, 0.783, 1.254, and 1.618 W cm-2 at
500, 550, 600, and 650 oC, respectively, which is clear evidence of a strontium effect. These results
indicate that, LBSCO-40GDC could be a potential candidate cathode material in IT-SOFC
applications.

Figure 6.6

I-V curves and corresponding power density curves for cell (a) LaBaCo2O5+-

40GDC/GDC/Ni-GDC and (b) LaBa0.5Sr0.5Co2O5+-40GDC/GDC/Ni-GDC in the temperature ranges
of 500-650 oC.

6.4 Conclusion
The effects of Sr substitution for Ba on the structural properties, oxygen content, electrical
conductivity, and electrochemical performance of a cation-ordered perovskite LaBaCo2O5+ (LBCO)
oxide have been investigated in terms of the application of LBCO as a cathode material for IT-SOFC
applications. The electrical conductivity of LaBa0.5Sr0.5Co2O5+ (LBSCO) in air decreases with
increasing temperature, showing metallic behavior. At the temperature applied in this study, the
electrical conductivity of LBSCO is much higher than that of Sr-free LBCO due to the increase of the
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charge carrier concentration with strontium doping. The minimum ASR value is achieved at LBSCO
composite with 40 wt% GDC. The best performance of LBSCO-40GDC based on a GDC electrolyte
reaches 1.254 W cm-2 at 600 oC. These results indicate that the LBSCO-40GDC cathode is a
promising candidate for IT SOFC applications.
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Chapter 7.

Highly efficient and robust cathode materials for low-temperature solid oxide
fuel cells: PrBa0.5Sr0.5Co2-xFexO5+

7.1

Introduction
The demand for clean and sustainable energy has stimulated great interest in fuel cells, which

allows direct conversion of chemical fuels to electricity. Among all types of fuel cells, solid oxide fuel
cells (SOFCs) have the potential to offer the highest energy efficiency and excellent fuel flexibility.1-9
To make SOFC technology affordable, however, the operating temperature must be further reduced so
that much less expensive materials may be used for other cell components and balance of plant 5.
Unfortunately, SOFC performance decreases rapidly as the operating temperature is reduced,
especially the cathode for oxygen reduction reaction (ORR).10,11 While La1-xSrxMnO3 (LSM) is widely
used as the cathode material for yttria-stabilized zirconia (YSZ)-based SOFCs because of its excellent
compatibility with YSZ electrolyte and other cell components; the cathodic polarization loss at lower
temperatures is unacceptable. Accordingly, extensive efforts have been devoted to the search for more
active cathode materials toward ORR at lower temperatures.
In particular, mixed conducting oxides with simple perovskite structure have been studied as
alternative cathode materials for intermediate-temperature (IT)-SOFCs, including Sm0.5Sr0.5CoO3-
(SSC)12, Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF)13, and La0.6Sr0.4Co1-xFexO3- (LSCF).14 Among them, BSCF
was reported to have very low area-specific resistance (ASR), about 0.05~0.08 cm2 at 600 oC.
However, its applicability to commercial fuel cells is hindered by its limited compatibility with other
cell components and long-term stability.
Recently, cation-ordered double-perovskite structures such as LnBaCo2O5+ (Ln = Pr, Nd, Sm,
and Gd) have attracted much attention due to their easier oxygen ion diffusion, faster surface oxygen
exchange, and higher electrical conductivity at lower temperatures than simple perovskite cathode
materials15-17, as corroborated by electrical conductivity relaxation (ECR)15 and ion exchange depth
profile (IEDP)17,18 studies. This family of double perovskite compounds have a general formula of
AAB2O5+, where A = Y or a trivalent lanthanide ion, A= Ba or Sr, and B is a first row transition
metal ion or a mixture of them. These compounds have a layered structure with a stacking sequence of
…[AO] [BO2] [AO] [BO2]…, similar to the structure of the cuprate superconductors. The vacant
sites are arranged so that the coordination number for A cation is eight when  = 0. All oxygen
vacancies are confined only to the LnO plane, and so is oxygen migration.18 The high concentration of
mobile oxygen species may be responsible for the high diffusivity of oxide ions in the bulk and the
enhanced surface activity toward ORR.15
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Some interesting effects of ion substitution on the properties of LnBaCo2O5+ have been
reported19-21. For example, the replacement of Pr by Gd was reported to diminish the concentration of
oxygen defects, the electrical conductivity, and the performance as a cathode in a fuel cell.19 On the
other hand, a reverse trend was found for the substitution of Ba by Sr in the same material.20 Further,
various transition metal ions have been introduced into the B-site, including Fe, Cu, and Ni. As Co is
substituted by Fe, the thermal expansion coefficient (TEC) and electronic conductivity decreased;
however, the oxygen ion diffusivity, ORR activity, and stability increased. Thus, the properties can be
tailored by the type and the amount of proper ion substitution.
Here we report a synergistic effect of co-doping (Sr on A-site and Fe on B-site) in a cationordered double-perovskite, LnBaCo2O5+, to create crystalline channels for fast oxygen ion diffusion
and rapid surface oxygen exchange while maintaining the compatibility with the electrolytes for ITSOFCs and the durability under operating conditions.

7.2

Experimental

Cathode materials LnBa0.5Sr0.5Co2-xFexO5+ (LnBSCF) (Ln = Pr and Nd; x = 0, 0.25, 0.5, 0.75, and 1.0)
were

synthesized

using

a

glycine-nitrate

process

(GNP).

Stoichiometric

amounts

of

Ln(NO3)3∙6H2O(Aldrich, 99.9 %, metal basis), Ba(NO3)2 (Aldrich, 99+%), Sr(NO3)2 (Aldrich, 99+%),
Co(NO3)2∙6H2O (Aldrich, 98+%), and Fe(NO3)3·6H2O (Aldrich, 98%) were dissolved in distilled
water with proper amount of glycine. The solutions were heated up to 350 oC in air and followed by
combustion to form fine powders, which were calcined at 600 oC for 4 hours. The resulting powders
were then grinded and calcined again at 900 oC for 4 hours. For the measurement of electrical
conductivity and coulometric titration, the powders were pressed into pellets at 5 MPa and sintered in
air at 1100~1150 oC for 12 hours (to achieve relative density > 97%). For transmission electron
microscopy (TEM), the PrBa0.5Sr0.5Co1.5Fe0.5O5+ (PBSCF05) sample was annealed at 700 oC for 600
hours. The Ce0.9Gd0.1O2-(GDC) powders for electrolyte and NiO-GDC powders for anode were also
synthesized using the GNP method. For preparation of cathode slurries, pre-calcined cathode and
GDC powders (at a weight ratio of 60:40) were mixed using ball milling, together with an organic
binder (Heraeus V006).
Symmetrical cells with a configuration of electrode | GDC | electrode were used for impedance
spectroscopy. GDC powder was pressed into pellets of ~1 mm thick and sintered at 1350 oC for 4
hours in air to obtain a dense electrolyte membrane. Cathode slurries were then painted onto both
surfaces of dense GDC electrolyte and fired at 950 oC for 4 hours. Ni-GDC anode-supported cells
with a configuration of Ni-GDC | GDC | cathode were fabricated using a drop-coating method. NiO
powder, GDC powder, and starch (weight ratio of 6:4:1.5) were mixed using ball milling in ethanol
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for 24 hours. After drying, the NiO-GDC mixture was pressed into a pellet (~0.6 mm thick and 15
mm diameter). Thin GDC electrolyte membranes were prepared by a refined particle suspension
coating technique. A GDC suspension was prepared by dispersing GDC powders (Aldrich) in ethanol
with a small amount of binder (polyvinyl Butyral, B-98) and dispersant (Triethanolamine, Alfa Aesar)
at a ratio of 1:10. The GDC suspension was applied to a NiO-GDC anode support by drop-coating,
followed by drying in air and subsequent co-sintering at 1400 oC for 5 hours. Cross-sectional samples
for TEM analysis were prepared using a focused ion beam (FIB, Quanta 3D, FEI).
Electrical conductivities of the LnBSCF cathode materials were determined in air using a fourelectrode measurement. All four electrodes were made of Ag wire and Ag paste. The current and
voltage were controlled/measured using a potentiostat (BioLogic) in the temperature range of 100 to
750 oC with an interval of 50 oC.
For symmetrical cells, two Ag wires were attached to each of the two electrodes using Ag paste.
Each cell was mounted on an alumina tube using a ceramic adhesive (Aremco, Ceramabond 552).
Impedance spectra were recorded under OCV in a frequency range of 1 mHz to 500 kHz with ac
perturbation of 10 mA in the temperature range of 500~650 oC. For the single cell tests, each cell was
mounted on an alumina tube using a ceramic adhesive. Humidified (with 3 v% H2O) H2 was used as
the fuel at a flow rate of 100 mL min-1 (passing through a water bubbler at 25 oC), whereas ambient
air was supplied to cathode as the oxidant. Impedance spectra and I-V polarization curves were
obtained with a BioLogic Potentiostat. The I-V polarization curves were recorded between 500 oC and
650 oC.
The

redox

properties

and

oxygen

nonstoichiometry

of

LnBSCF

cathodes

and

Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) were measured using coulometric titration (CT) as a function of the
oxygen partial pressure, p(O2). The detailed CT procedure is as described elsewhere24,25. After purging
5% O2-Ar gas over the sample in the tube for 24 hours, p(O2) was determined from the OCV. The
sample was allowed to equilibrate with the surrounding atmosphere until the change in potential was
less than 1 mV h-1. Oxygen nonstoichiometry was determined through this procedure at 700 oC over a
wide range of oxygen partial pressure. Electrical conductivity was measured using a four-electrode
configuration and a BioLogic Potentiostat.
The Vienna ab initio simulation package (VASP)27,29 was used for periodic density functional
theory (DFT) calculations. As reported28, it is difficult to apply for the DFT + U approach since the
concurrent optimization of two Ueff parameters of two B-site cations of PrBa0.5Sr0.5Co2-xFexO5+
(PBSCFO) is problematic. Thus in this study, we carried out the spin-polarization method with the
generalized gradient approximation (GGA) with the projector-augmented-wave method (PAW)30
using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. To simulate the oxygendeficient double perovskite PBSCFO, we constructed a tetragonal P4/mmm structure (a = b  c). The
121

kinetic energy cutoff for a plane wave basis set was 415 eV. The Brillouin zone was sampled with the
(3 × 3 × 3) and (3 × 3 × 1) Monkhorst-Pack mesh k-points31 for bulk and surface calculations. For the
2-D surface calculations, the slabs were separated by a vacuum space of 15 Å in the direction
perpendicular to the surface. In this study, the adsorption energy (Ead) on a CoFeO(010)-terminated
surface (1/16 ML) was calculated by Ead = E[O-PBSCFO] – E[PBSCFO] – 1/2E[O2], where E[OPBSCFO], E[PBSCFO], and E[O2] are the predicted electronic energies for an adsorbed O species on
a PBSCFO surface, a bare PBSCFO surface, and a gas-phase triplet O2, respectively. The oxygenvacancy formation energy (EOV)28,32 was calculated by EOV = E[defective PBSCFO] + 1/2E[triplet O2]
– E[perfect PBSCFO], where E[defective PBSCFO] and E[perfect PBSCFO] are the predicted
electronic energies for defective and perfect bulk PBSCFO structures, respectively.
X-ray powder diffraction (XRD) (Rigaku diffractometer, Cu Ka radiation) analysis was used to
confirm the crystalline structures of samples. In situ XRD was obtained from room to operating
temperature (Bruker, D8 Advance). The microstructures and morphologies of LnBSCF cathode
samples were observed using a field emission scanning electron microscope (SEM) (Nova SEM). The
TEM images were acquired with JEOL JEM 2100F with a probe forming (STEM) Cs corrector at 200
kV. A thermogravimetric analysis (TGA) was carried out using a SDT-Q600 (TA instrument, USA).
TGA experiments were performed from 100 oC to 900 oC with a heating/cooling rate of 2 oC min-1 in
air. The room-temperature oxygen content values were determined by iodometric titration.

7.3 Results and discussions
X-ray diffraction (XRD) analysis of Fe-doped PrBa0.5Sr0.5Co2-xFexO5+(x = 0, 0.5, and 1.0) samples
suggests that they had a single phase without detectible amount of impurity after firing at 1100~1150
o

C in air for 12 hours (Figure 7.5a). Rietveld analysis of the XRD data indicates that the

PrBa0.5Sr0.5Co1.5Fe0.5O5+PBSCF05) compound has a tetragonal structure (P4/mmm) with a = 3.871
Å and c = 7.757 Å (Figure 7.5c). The lattice expands with increasing Fe content as the smaller Co3+(r
= 0.545 Å ) or Co4+(r = 0.530 Å ) ions are replaced by the larger Fe3+(r = 0.645 Å ) or Fe4+(r = 0.585 Å )
ions (Table 7.1). As temperature increased from room temperature to operating temperature, the cell
volume was expanded, but the structure (P4/mmm) remains the same (Figure 7.6 and Table7.2).
Transmission electron microscopy (TEM) analyses (Figure 7.1) of the as-synthesized and the
annealed (700 oC for 600 hours) PBSCF05 sample suggest that the tetragonal structure has lattice
constants of a = 3.871 Å and c = 7.757 Å , similar to the XRD analysis (Figure 7.5a and Table 7.1).
Further, the high-resolution TEM image (Figure 7.1b) also confirms the ordered stacking sequence
[Ba(Sr)O]-[Co(Fe)O2]-[PrO]-[Co[Fe]O2]-[Ba(Sr)O2] of the structure. In particular, this crystal
structure demonstrated remarkable stability at high temperatures; the atomic structure of the surface
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remains unchanged after annealing at 700 oC for 600 hours (Figure 7.1c and Figure 7.8), in stark
contrast to simple perovskite cathode materials such as BSCF or LSCF. The latter is much less stable;
surface segregation of Sr-enriched phases or SrO has been observed under similar conditions14,
leading to gradual degradation in performance. As a result, a surface coating must be applied to
suppress surface phase segregation22.

Figure 7.1 (a) A bright-field (BF) TEM image and an electron diffraction (ED) pattern obtained
from an as-synthesized PrBa0.5Sr0.5Co2-xFexO5+sample. (b) A high-resolution TEM image of a grain
in (a). (c) A BF-TEM image and an ED pattern of the sample annealed at 700 oC for 600 hours. (d) A
high-resolution TEM image of a grain after annealing.

The electrical conductivities of each sample at a given temperature (Figure 7.2a) increased with
increasing partial pressure of oxygen, pO2, an indication of a typical p-type conductor. This is ideally
suited for cathode application where electron holes are generated (or electrons are consumed) by the
ORR. In general, the cathode experiences a lower pO2 under fuel cell operating conditions due to
cathodic polarization23. Therefore, sufficient electrical conductivity at relatively low pO2 is important
to ensure efficient current collection and long-term stability. For all samples examined in this study,
the electrical conductivities vary from 10 to 103 S cm-1 under typical operating conditions, which are
sufficient for the cathode application. As pO2 was decreased below ~10-6 atm at 700 oC, the
conductivity dropped dramatically due to partial reduction of the oxide lattice24,25. However, this
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stability limit can be shifted toward lower pO2 by increasing the content of Fe doping.
To gain more insight into the redox properties, oxygen nonstoichiometry of the PBSCF05
samples, together with that of BSCF (for comparison), was characterized as a function of pO2 at 700
o

C using coulometric titration (Figure 7.2b). The isotherm of ordered PBSCF05 has a lower critical

pO2 for decomposition than that of BSCF, implying that PBSCF05 has higher redox stability or better
durability under cathodic polarization, a favourable property for practical SOFC applications.

Figure 7.2 (a) Electrical conductivities of PrBa0.5Sr0.5Co2-xFexO5+ (x = 0, 0.5, and 1.0) measured at
700

o

C in different p(O2). (b) Oxygen non-stoichiometry of PrBa0.5Sr0.5Co1.5Fe0.5O5+ and

Ba0.5Sr0.5Co0.8Fe0.2O3- as a function of p(O2) at 700 oC.
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Figure 7.3 (a) Arrhenius plot of reciprocal ASR for PrBa0.5Sr0.5Co2-xFexO5+-GDC (x = 0, 0.5, and
1.0) cathode. The inset shows the ASR of PBSCF05-GDC cathode measured at 600 oC in air under
open-circuit conditions. (b) I-V curves and the corresponding power densities of test cells with
PBSCF05-GDC cathode using humidified H2 (3% H2O) as the fuel and ambient air as the oxidant at
500~650 oC. (c) Peak power densities of cells with LnBa0.5Sr0.5Co1.5Fe0.5O5+-GDC (Ln = Pr and Nd)
cathode. (d) Short term stability measurement for a test cell, Ni-GDC | GDC | PBSCF05-GDC, at a
constant cell voltage of 0.6 V at 550 oC.

The electrocatalytic activity for ORR of these materials was determined in symmetrical cells
using impedance spectroscopy. The cathodic polarization resistance normalized by the geometric
electrode area, the area specific resistance (ASR), can be readily calculated from impedance spectra
acquired under open circuit conditions (inset of Figure 7.3a). When the electronic conduction in the
electrolyte is negligible, the cathodic polarization resistance can be adequately approximated by the
diameter of the impedance loop (or the difference between the intersects with the real axis at high and
low frequencies); otherwise, it has to be calculated with proper corrections to take into consideration
of the partial shorting effect of electronic conduction through the electrolyte26. Summarized in Figure
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7.3a are the ASRs of the PrBa0.5Sr0.5Co2-xFexO5+ (x = 0, 0.5, and 1.0) electrodes as determined from
impedance spectra. It is noted that, when x = 0.5, the PBSCF05 showed the lowest ASR in the
temperature range studied, ~0.33 cm2 at 500 oC and ~0.056 cm2 at 600 oC, which are lower than
those reported for BSCF under similar conditions (e.g., 0.7  cm2 at 500 oC). In general, the
population of mobile oxygen defects may contribute to the enhanced oxygen kinetics associated with
oxygen bulk diffusion and surface exchange15. Higher concentration of mobile oxygen defects in the
Ln-O layer due to larger amount of Fe doping (up to ~50%) may lead to faster oxygen kinetics and
better electrochemical performance.
To characterize the performance of these new PBSCF cathode materials in a practical fuel cell,
we used anode-supported cells based on a ~15 m thick GDC electrolyte. Fig. 3b shows some typical
I-V curves and the corresponding power densities of the test cells with PBSCF05-GDC as the
cathodes at 500~650 oC. The peak power densities of the cells were 0.71, 1.31, 2.16, and 2.90 W cm-2
at 500, 550, 600, and 650 oC, respectively, much higher than those reported for the cells using a BSCF
cathode (e.g., 1.01 W cm-2 at 600 oC) which are prepared and tested under similar conditions. Figure
7.3c shows the average peak power densities of cells with a cathode of LnBa0.5Sr0.5Co1.5Fe0.5O5+ (Ln
= Pr and Nd)-GDC measured at different operating temperatures. The performance of a Ni-GDC |
GDC | PBSCF05-GDC test cell was very stable under a cell voltage of 0.6 V at 550 oC for 150 hours
(Fig. 3d), demonstrating stable power output without observable degradation.
To gain some insight into the structural features of these cathode materials, we performed
density functional theory (DFT) calculations27,28. Based on our XRD and TEM analyses (Table 7.1
and Figure 7.1), we constructed a model for PrBa0.5Sr0.5Co1.5Fe0.5O6.0 (PBSCFO6.0) (Figure 7.15).
Calculations of oxygen-vacancy formation energy (EOV) in this model suggest that it is energetically
more favorable to form oxygen vacancies in the vicinity of Co ions than that of Fe ions (Figure 7.16
and Table 7.3; EOV = 1.18 eV versus 1.36 eV). When two oxygen ions connected to the Co ion are
removed, it reduces to PrBa0.5Sr0.5Co1.5Fe0.5O5.875 (PBSCFO5.875), forming a pore channel (Figure
7.17). However, we found that the activation energy for oxygen diffusion through the channel in
PBSCFO5.875 is ~2.6 eV, which is much higher than the experimental values (~0.55 eV). To lower
the reaction barrier, more oxygen ions connected to the Co ions were removed (Supplementary Fig.
S12). Based on our DFT modeling results, several types of pore channels (Figure 7.4a) could be
proposed for the defective structures; one of the oxygen ion diffusion paths may follow a zig-zag type
trajectory through the CoO plane perpendicular to the PrO plane (Figure 7.4b), because the reaction
barrier (~0.46 eV) for PrBa0.5Sr0.5Co1.5Fe0.5O5.75 (PBSCFO5.75) and PrBa0.5Sr0.5Co1.5Fe0.5O5.625
(PBSCFO5.625) is closer to the experimental value (~0.55 eV).
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Figure 7.4

DFT calculations for elucidating the most probable elementary pathway for the ORR on

the PBSCFO (a) Schematic illustration of PBSCFO with a pore channel labeled with a round box on
the (010) plane. (b) A proposed mechanism for the surface ORR and the bulk diffusion via the pore
channels in PrBa0.5Sr0.5Co2-xFexO5+ (010).

Further, a 2-D surface model was also constructed to simulate the interactions between O2 and
the PBSCO(010) surface (Figures 7.17 and 7.18). DFT calculations suggest that the most probable
elementary pathway for the ORR on the PBSCFO cathode can be described as follows (Figure 7.4b
and Table 7.4): (1) adsorption and dissociation of molecular O2 on an oxygen vacancy near a Co ion,
(2) incorporation of the dissociated oxygen ions into the pore channels; (3) diffusion of the oxygen
ions through the pore channels (bulk diffusion), and (4) combination of the oxygen ions with oxygen
vacancies in the GDC electrolyte.
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Figure 7.5 X-ray diffraction (XRD) patterns of Fe-doped LnBa0.5Sr0.5Co2-xFexO5+ (Ln = Pr and Nd)
samples. (a) PrBa0.5Sr0.5Co2-xFexO5+(x = 0, 0.5, and 1.0); and (b) NdBa0.5Sr0.5Co2-xFexO5+(x = 0,
0.25, 0.5, 0.75, and 1.0). Rietveld refinement of the data for (c) PrBa0.5Sr0.5Co1.5Fe0.5O5+, and (d)
NdBa0.5Sr0.5Co1.5Fe0.5O5+. All samples form a single phase after firing at 1100-1150 oC in air for 12 h.
The XRD patterns were refined using the Rietveld analysis based on the tetragonal lattice geometry of
space group P4/mmm for all samples. As seen from the data summarized in Table S1, the unit cell
parameter and the volume increase with increasing Fe content due to the replacement of the smaller
Co3+(r = 0.545 Å ) or Co4+(r = 0.530 Å ) ions by the larger Fe3+(r = 0.645 Å ) or Fe4+(r = 0.585 Å ) ions
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Figure 7.6 (a) In situ X-ray diffraction (XRD) patterns of PrBa0.5Sr0.5Co1.5Fe0.5O5+ from 30 oC to
700 oC. (b) The Rietveld refinement of PrBa0.5Sr0.5Co1.5Fe0.5O5+ at 600 oC. The unit cell volume
slightly increases with increasing temperature (see Table 7.2), but crystal structure remains with
P4/mmm.
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Figure 7.7 Typical microstructure (SEM images) (a) a cross sectional view of a tri-layer single cell,
(b-d) PrBa0.5Sr0.5Co2-xFexO5+(x = 0, 0.5, and 1.0)-GDC cathodes. (e-g) NdBa0.5Sr0.5Co2-xFexO5+(x =
0, 0.5, and 1.0)-GDC cathodes.
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Figure 7.8 Energy dispersive spectroscopy (EDS) spectrum and elemental mapping of the
PrBa0.5Sr0.5Co1.5Fe0.5O5+particle annealed at 700 oC for 600 hours. (a) Scanning TEM (STEM) highangle annular dark-field (HAADF) image. (b) EDS spectrum showing the elements present in the
sample. (c-h) Elemental mapping of Pr, Ba, Sr, Co, Fe, and O, respectively. The scale bar is 100 nm.
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Figure 7.9 The oxygen nonstoichiometry of the (a) PrBa0.5Sr0.5Co2-xFexO5+and (b) NdBa0.5Sr0.5Co2xFexO5+

thermogravimetric analysis (TGA). The initial oxygen contents at

room temperature are determined by iodometric titration. All samples begin to lose the oxygen from
the lattice at ~200 oC. The amount of oxygen in LnBSCF increases with Fe contents due to a stronger
Fe–O bond than the Co–O bond in the lattice; this is consistent with a previous study that the standard
Gibbs free energy of formation for Fe3O4 (–1017.438 kJ mol-1) is higher than that for Co3O4 (–
794.871 kJ mol-1). Similar trend was also observed in the LnBaCo2-xFexO5+ system.
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Figure 7.10 Temperature dependence of total conductivity of (a) PrBa0.5Sr0.5Co2-xFexO5+ and (b)
NdBa0.5Sr0.5Co2-xFexO5+ in air. The electrical conductivities of all samples gradually decrease with
increasing Fe content at a given temperature. This can be explained by the preferential formation of
Fe4+over Co4+ for electronic charge compensation. Furthermore, the covalency of the Fe4+-O bond is
lower than that of the Co4+-O bond, implying increased electron localization and decreased electrical
conductivity with increasing Fe content.
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Figure 7.11 The oxygen nonstoichiometries and total conductivities as measured in a wide range of
oxygen partial pressure p(O2) at 700 oC. (a,c) PrBa0.5Sr0.5Co2-xFexO5+ and b,d) NdBa0.5Sr0.5Co2xFexO5+.
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Figure 7.12 (a) The area specific resistance (ASR) and Arrhenius plots of the cathode polarization
the area specific resistance (ASR) of NdBa0.5Sr0.5Co1.5Fe0.5O5+-GDC under open-circuit conditions at
600 oC. (b) Arrhenius plots of 1/ASR and activation energy of NdBa0.5Sr0.5Co2-xFexO5+-GDC.
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Figure

7.13

Some

typical

PrBaCo1.5Fe0.5O5+(PBCF05)-GDC,

impedance

spactra

of

PrBaCo2O5+(PBCO)-GDC

PrBa0.5Sr0.5Co2O5+(PBSCO05)-GDC,

PrBa0.5Sr0.5Co1.5Fe0.5O5+(PBSCF05)-GDC acquired under open-circuit conditions at 600 oC
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,
and

Figure 7.14 I-V curves and the corresponding power densities of test cells with different cathodes.
(a) PrBa0.5Sr0.5Co2O5+-GDC, (b) PrBa0.5Sr0.5Co1.5Fe0.5O5+-GDC, (c) PrBa0.5Sr0.5Co1.0Fe1.0O5+-GDC,
(d)

NdBa0.5Sr0.5Co2O5+-GDC,

(e)

NdBa0.5Sr0.5Co1.5Fe0.5O5+-GDC,

NdBa0.5Sr0.5Co1.0Fe1.0O5+-GDC,

137

and

(f)

c
b
a
7.764 Å

O21

7.577 Å

O17

O24

CoO

O18
Co
O20 Co Co
O19
Co

Ba Sr

O13 O

O7

Pr Pr

Ba Sr

15

O9
O5

O22

O23

O10

Fe Co O6

O8

Ba Sr

16

Fe

BaSrO

FeCoO

Co

O12

O11
O1 O Pr
3

O14 O

Pr

O1 O Pr
4

Pr

PrO

CoFeO
Figure 7.15 The bulk structure of PrBa0.5Sr0.5Co1.5Fe0.5O6.0 (PBSCFO6.0; Pr4Ba2Sr2Co6Fe2O24). We
constructed a model for PrBa0.5Sr0.5Co1.5Fe0.5O6.0 (PBSCFO6.0) or Pr4Ba2Sr2Co6Fe2O24 with optimized
lattice constants of a = b = 7.764 Å and c = 7.577 Å . Calculations of oxygen-vacancy formation
energy (EOV) in this model (PBSCFO6.0) suggest that it is energetically more favorable to form
oxygen vacancies in the vicinity of Co ions than that of Fe ions (EOV = 1.18 eV versus 1.36 eV,
respectively; see Table 7.3).
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Pr
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Sr
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PBSCFO5.75, straight

PBSCFO5.875
PBSCFO5.75, alternating

Figure 7.16 Top views of various bulk structures based on the perfect Pr16Ba8Sr8Co24Fe8O96 bulk
model. When two oxygen ions connected to the Co ion are removed, it reduces to
PrBa0.5Sr0.5Co1.5Fe0.5O5.875 (PBSCFO5.875) or Pr16Ba8Sr8Co24Fe8O94, forming a pore channel. The
small rectangular boxes represent the direction for oxygen ions fast diffusion with a pore channel. We
found that the reaction barrier for oxygen diffusion through the channel in PBSCFO5.875 is ~2.6 eV,
which is much higher than the experimental values (~0.55 eV). To lower the reaction barrier, more
oxygen ions connected to the Co ions were removed. For example, when another 4 oxygen ions were
removed, it reduced to PrBa0.5Sr0.5Co1.5Fe0.5O5.625 (PBSCFO5.625) or Pr16Ba8Sr8Co24Fe8O90 with a
reaction barrier of ~0.11 eV, which is much lower than the experimental values. We then examined an
intermediate case of Pr16Ba8Sr8Co24Fe8O92 or PrBa0.5Sr0.5Co1.5Fe0.5O5.75 (PBSCFO5.75) by removing
two oxygen ions from PBSCFO5.875; the reaction barrier is ~0.8 eV higher than that of the
PBSCFO5.625 configuration. The DFT calculations suggest that several types of pore channels (see
Figure 4a) may exist in these defected structures; one of the oxygen ion diffusion paths may follow a
zig-zag type trajectory through the CoO plane perpendicular to the PrO plane (Figure 7.4b), because
the reaction barrier (~0.46 eV) for PBSCFO5.75 and PBSCFO5.625 is closer to the experimental
value (~0.55 eV). The arrows indicate the locations removing oxygen ions.
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Figure 7.17

Side and top views of the Pr16Ba8Sr8Co24Fe8O88 (010) surface model. The small square

box and the arrow represent the pore channel for the bulk diffusion of oxygen ions. This 2-D surface
model was constructed to simulate the interactions between O2 and the (010) surface. Since the
stabilities of the CoFeO- and the PrSrBrO-terminated surfaces are similar, we used a CoFeOterminated surface for further analysis.
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Figure 7.18 Top and side views of the Pr16Ba8Sr8Co24Fe8O88 surface model with various active sites
for the adsorption of atomic oxygen species. DFT calculations suggest that the most probable
elementary pathway for the ORR on the PBSCFO cathode can be described as follows (Figure 7.4b):
(1) adsorption and dissociation of molecular O2 on an oxygen vacancy near a Co ion, (2)
incorporation of the dissociated oxygen ions into the pore channels; (3) diffusion of the oxygen ions
through the pore channels (bulk diffusion), and (4) combination of the oxygen ions with oxygen
vacancies in the GDC electrolyte. The square and rectangular boxes represent the pore channel for the
bulk diffusion of oxygen ions Oint. (see Table 7.4).
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Table 7.1

Space group and lattice parameters

(a) PrBa0.5Sr0.5Co2-xFexO5+
Oxygen
x

Space group

a (Å )

b (Å )

V (Å )3

c (Å )

content
(5+

0

P4/mmm

3.869

3.869

7.732

115.752

5.84

0.5

P4/mmm

3.871

3.871

7.757

116.212

6.00

1.0

P4/mmm

3.875

3.875

7.767

116.652

6.00

(b) NdBa0.5Sr0.5Co2-xFexO5+
Oxygen
x

Space group

a (Å )

b (Å )

c (Å )

V (Å )

3

content
(5+

0

P4/mmm

3.846

3.846

7.699

113.899

5.84

0.25

P4/mmm

3.849

3.849

7.704

114.149

5.98

0.5

P4/mmm

3.849

3.849

7.709

114.212

6.00

0.75

P4/mmm

3.858

3.858

7.724

114.966

6.00

1.0

P4/mmm

3.864

3.864

7.718

115.226

6.00

Table 7.2

Lattice parameters of PrBa0.5Sr0.5Co2-xFexO5+at various temperatures (500, 550, and 600

o

C)
PrBa0.5Sr0.5Co2-xFexO5+
Temperature

Space group

a (Å )

b (Å )

c (Å )

V (Å )3

500 oC

P4/mmm

3.882

3.882

7.770

117.09

550 oC

P4/mmm

3.888

3.888

7.780

117.61

600 oC

P4/mmm

3.893

3.893

7.781

117.92
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Table 7.3

Summary of oxygen-vacancy formation energies (EOV) of the bulk structure of the bulk

structure of PrBa0.5Sr0.5Co1.5Fe0.5O6.0 (PBSCFO6.0; Pr4Ba2Sr2Co6Fe2O24).

a

O sitea

EOV (eV)

Remark

O1

1.35

PrO plane, connected to Fe,Co

O2

1.37

PrO plane, connected to Fe,Co

O3

1.18

PrO plane, connected to Co,Co

O4

1.18

PrO plane, connected to Co,Co

O5

1.82

FeCoO plane, connected to Fe,Fe

O6

1.82

FeCoO plane, connected to Fe,Fe

O7

1.61

FeCoO plane, connected to Co,Co

O8

1.93

FeCoO plane, connected to Co,Co

O9

1.80

FeCoO plane, connected to Fe,Co

O10

1.77

FeCoO plane, connected to Fe,Co

O11

1.64

FeCoO plane, connected to Fe,Co

O12

1.64

FeCoO plane, connected to Fe,Co

O13

2.14

BaSrO plane, connected to Fe,Co

O14

2.11

BaSrO plane, connected to Fe,Co

O15

1.94

BaSrO plane, connected to Co,Co

O16

2.32

BaSrO plane, connected to Co,Co

O17

1.51

CoO plane, connected to Co,Co

O18

1.51

CoO plane, connected to Co,Co

O19

1.54

CoO plane, connected to Co,Co

O20

1.59

CoO plane, connected to Co,Co

O21

1.63

CoO plane, connected to Co,Co

O22

1.63

CoO plane, connected to Co,Co

O23

1.49

CoO plane, connected to Co,Co

O24

1.49

CoO plane, connected to Co,Co

See the oxygen vacancy sites in Figure 7.15.
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Table 7.4 Summary of adsorption energies of atomic oxygen species on the surface in the unit of eV.
adsorption

sites

designation

remark

Co

OCo,vac

–1.0

adjacent to the oxygen vacancy; pore channel

Co

OCo

–0.6

the next Co from Co adjacent to the oxygen vacancy;

Fe

OFe

–0.8

adjacent to the oxygen vacancy; channel

vacancy

Ovac

–1.4

the oxygen vacancy; channel

bulk

Oint

–2.0

after diffusing to the second layer from the top

energy

(See Figure 7.18)

7.4 Conclusion
In conclusion, a class of cation-ordered, double-perovskite compounds display fast oxygen ion
diffusion through pore channels and high catalytic activity toward ORR at low temperatures while
maintaining excellent compatibility with electrolyte and good stability under typical fuel cell
operating conditions. DFT analysis using simplified models suggests that the most attractive
properties of these materials are the pore channels in the [PrO] and [CoO] planes that could provide
fast paths for oxygen transport, which in turn accelerates the kinetics of surface oxygen exchange.
More detailed understanding of the mechanistic details may help to rationally design better doubleperovskite cathode materials for a new generation of high-performance SOFCs with enhanced
durability.
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Chapter 8.

The effect of calcium doping on improvement of performance and durability in
layered perovskite cathode for intermediate-temperature solid oxide fuel cells

8.1

Introduction
Solid oxide fuel cells (SOFCs) are widely viewed as promising energy conversion devices

because of their high efficiency, low pollutant emissions, and excellent fuel flexibility at high
operating temperatures (>1000 oC).1-4 These benefits notwithstanding, the high operating temperature
leads to a number of problems, including high cost, electrode sintering, interface reactions between
cell components, and material compatibility challenges. In efforts to overcome these issues, recent
research has been directed toward developing intermediate temperature SOFCs (IT-SOFCs) operating
from 500 to 700 oC. However, there are major obstacles to the practical use of IT-SOFCs, including
poor oxide-ion conductivity and poor catalytic activity of the conventional cathodes tracing from the
reduced temperature.5-7 The development of a highly stable cathode material with both high oxide-ion
conductivity and electrocatalytic activity thus could be an important step toward the
commercialization of IT-SOFCs.
Mixed oxide-ion and electronic conducting (MIEC) oxides, containing Mn, Fe, Co, and/or Ni
with perovskite structures, have been widely investigated as alternative cathode materials. For
example, cobalt containing oxides, such as Ba0.5Sr0.5Co0.8Fe0.2O3-, Pr1-xSrxCoO3, Sm0.5Sr0.5CoO3, and
La1-xSrxCo1-yFeyO3-, have attracted intense interest due to their high electro-catalytic activity for the
oxygen reduction reaction (ORR).8-12 Many groups have also studied layered perovskite-type
structures, i.e. LnBaCo2O5+δ (LnBCO) (Ln = La, Pr, Nd, Sm, and Gd), focusing on their remarkably
faster transport property and higher electrical conductivity relative to those of ABO 3-type perovskite
structures [13-19]. This structure can be theoretically described with the stacking sequence [BO 2]–
[AO]–[BO2]–[A’O] along the c-axis.13,14 This layered structure reduces the oxygen bonding strength
in the [AO] layer and provides a disorder-free channel for ion motion, which enhances oxygen ion
diffusivity.15
In addition, several groups have reported that the substitution of Sr2+ for Ba2+ could potentially
improve the electrochemical performance of cathode materials due to higher electrical conductivity
and catalytic activity for the ORR.20-24 Owing to the smaller size difference between Ln3+and Sr2+
compared to that between Ln3+ and Ba2+, the substitution of Ba2+ by Sr2+ in LnBaCo2O5+ leads to an
increase of the coordination number and oxygen content values. This may in turn result in an increase
in the concentration of Co4+, which promotes electronic transport and subsequently leads to improved
electrical conductivity.21,22 The long-term stability of these materials, however, is yet to be
148

demonstrated due to surface segregation, redox instability, and the formation of a secondary phase
from the reaction with CO2 in the atmosphere.25-27 Hence, many groups have studied partial
substitution of a transition metal such as Fe, Ni, Mn, or Cu into the Co-site to enhance redox
stability.28-34 These dopants, however, sacrifice the outstanding electrical conductivity and the ORR of
Co-rich perovskites. In this respect, a novel cathode material, NdBa0.75Ca0.25Co2O5+, was proposed by
Yoo et al.35 This cathode material possesses excellent durability under SOFC operating conditions by
only Ca doping into the A site of the layered perovskite structure while maintaining high electrical
and electrochemical properties.
Based on these findings, we present here Ca doped PrBa0.5Sr0.5Co2O5+ with the goals of
tailoring electrochemical properties and improving durability. This study focuses on the effects of Ca
doping on the structural characteristics, electrical properties, redox behavior, electrochemical
performances, and operational stability in terms of the application of this perovskite as an IT-SOFC
cathode material.

8.2

Experimental
The PrBa0.5Sr0.5Co2O5+ (PBSCO) and PrBa0.5Sr0.25Ca0.25Co2O5+ (PBSCaCO) were synthesized

by the Pechini process. The required amounts of Pr(NO3)3∙6H2O(Aldrich, 99.9%, metal basis),
Ba(NO3)2 (Aldrich, 99+%), Sr(NO3)2 (Aldrich, 99+%), Ca(NO3)2∙4H2O (Alfa Aesar, 99.98%), and
Co(NO3)2∙6H2O (Aldrich, 98+%) was dissolved in distilled water. In addition, citric acid and ethylene
glycol were used as complexing agents. The solution was heated to 250 oC in air followed by a
combustion reaction to form fine powders. These powders were calcined at 600 oC for 4 h and then
ball-milled in acetone for 24 h. The calcined powders were then dry-pressed into pellets at 5 MPa and
sintered at 1100 oC for 12 h in air. For measurement of the cell performances of PBSCO and
PBSCaCO cathodes, slurries consisting of powders, Gd0.1Ce0.9O2- (GDC), and an organic binder
(Heraeus V006) at a weight ratio of 6:4:12 were used.
The phase identification of PBSCO and PBSCaCO were confirmed by X-ray powder diffraction
(XRD) (Rigaku-diffractometer, Cu Ka radiation) with a scanning rate of 0.5 o min-1 in the 2θ range of
20

o

to 100 o. The microstructures of the interface between the GDC electrolyte and PBSCO and

PBSCaCO were examined using a field emission scanning electron microscope (SEM) (Nova SEM).
A thermogravimetric analysis (TGA) was carried out by a SDT-Q600 (TA Instruments, USA) at a
temperature range of 100 ~ 800 oC with a heating/cooling rate of 2 oC min-1 in air. The initial oxygen
content values at room temperature were determined by iodometric titration. The electrical
conductivities of PBSCO and PBSCaCO were evaluated by a four-terminal DC arrangement and a
potentiostat (BioLogic) was used to measure the current and voltage at intervals of 50 oC at
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temperature ranging from 100 to 750 oC. The oxygen non-stoichiometry of the samples was studied
through coulometric titration (CT) as function of oxygen partial pressure, as reported elsewhere.19
Symmetrical half cells with a configuration of electrode/GDC/electrode were applied for the
impedance studies. GDC powder was pressed into pellets and then sintered at 1350 oC for 4 h in air to
obtain a dense electrolyte substrate, the thickness of which was ~1mm. The cathode slurry was
painted onto both surfaces of the dense GDC electrolyte symmetrically and subsequently sintered at
1000 oC for 4 h.
Ni-GDC anode-supported full cells with a configuration of NiO-GDC/GDC/cathode were
fabricated using a drop coating method to conduct single cell tests. For the anode, NiO powder, GDC
powder, and starch (weight ratio of 6:4:1.5) were primarily mixed and ball-milled together for 24 h in
ethanol. After a drying step, the NiO-GDC cermet was pressed into a pellet (~0.6 mm thick and 15
mm diameter). Thin GDC electrolyte membranes were prepared by a refined particle suspension
coating technique. A GDC suspension was prepared by dispersing GDC powders (Aldrich) in ethanol
with a small amount of binder (polyvinyl Butyral, B-98) and dispersant (Triethanolamine, Alfa Aesar)
at a ratio of 1:10. The GDC suspension was applied to a NiO-GDC anode support by drop-coating,
followed by drying in air and subsequent co-sintering at 1400 oC for 5 hours. The cathode slurries
were screen-printed onto the top of the GDC electrolyte layer (15 m thick) and fired at 1000 oC for 4
h in air to make a porous cathode, where the cathode was ~20 m thick with 0.36 cm2 diameter. Ag
wires were attached at both electrodes of single cells using an Ag paste as a current collector. An
alumina tube and a ceramic adhesive (Aremco, Ceramabond 552) were employed to fix the single cell.
Humidified hydrogen (3 % H2O) was applied as fuel through a water bubbler with a flow rate of 20
mL min-1 and static air was fed as an oxidant during single cell tests. Impedance spectra were
recorded under open circuit voltage (OCV) in a frequency range of 1 mHz to 500 kHz with AC
perturbation of 14 mV. I-V curves were examined using a BioLogic Potentiostat at operating
temperature from 500 to 650 oC.

8.3 Results and discussions
The X-ray diffraction (XRD) patterns of PrBa0.5Sr0.5Co2O5+ (PBSCO) and Ca doped
PrBa0.5Sr0.25Ca0.25Co2O5+ (PBSCaCO) cathodes after calcination at 1100 oC are shown in Figure 8.
1(a). The observed peaks imply that the layered perovskite structure is synthesized well without any
impurities. Figure 8.1(b) shows the Rietveld refinement data of PBSCO and PBSCaCO on the space
group P4/mmm and presents excellent agreement between the experimental data and the calculated
profiles. The lattice parameters of PBSCaCO are a = b = 3.838 Å and c = 7.677 Å , indicating that the
cations are well ordered between Pr3+ and Ba2+/Sr2+/Ca2+ ions along the c-axis direction. As seen from
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the data summarized in Table 1, the unit cell parameter and the volume decrease with partial
substitution of the Ca site by Sr in PBSCO due to the replacement of the smaller Ca2+(r =1.14 Å ) ions
by larger Sr2+(r =1.32 Å ) ions. The chemical compatibility between PBSCaCO and Gd0.1Ce0.9O2-
(GDC) is examined as a preliminary study to confirm the phase reaction between them. The XRD
patterns of the PBSCaCO-GDC composite are obtained after heat treatment at 1000 oC for 4h in
Figure 8.1(c). All the peaks presented can be attributed to either PBSCaCO or GDC upon sintering at
1000 oC, implying that PBSCaCO is chemically compatible with GDC. To check the phase stability of
PBSCaCO regarding temperature, an in situ XRD technique was carried out in a temperature range of
100 to 800 oC. As shown in Figure 8.1(d), PBSCaCO demonstrates no chemical or structural changes
and is thermodynamically stable under operating conditions. The unit cell volume monotonically
increases with increasing temperature, as shown in the inset of Figure 8.1(d).

Figure 8.1 (a) X-ray diffraction patterns of PBSCO (Ca = 0) and PBSCaCO (Ca = 0.25) powder
sintered at 1100 oC for 12 h in air (b) Rietveld refinement of XRD patterns for PBSCO and PBSCaCO
from 2θ = 20 to 100 o. (c) XRD patterns of PBSCaCO and GDC mixture sintered at 1000oC for 4h in
air. (d) In situ XRD patterns of PBSCaCO in the temperature range between room temperature and
800 oC in air
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Figure 8.2

Cross-sectional scanning electron microscope image of (a) PBSCaCO-GDC/GDC/NiO-

GDC single cell (b) PBSCO-GDC composite, and (c) PBSCaCO-GDC composite.

A cross sectional view of the tri-layer (PBSCaCO–GDC/GDC/NiO–GDC) single cell is
provided in Figure 8.2(a). The dense GDC electrolyte adheres very well to the porous composite
cathode layer without cracks, indicating good compatibility between the electrolyte and electrode. The
thickness of the cathode and electrolyte layers, respectively, is approximately 15 μm. As shown
Figures 8.2(b) and (c), the cross-sectional morphology of PBSCO–GDC and PBSCaCO-GDC
indicates homogeneously distributed particles and relatively small grain size with good connectivity
between the electrode and electrolyte, which assists effective gas diffusion. There is no significant
difference in the micro-structures between with and without Ca doping, which might indicate that the
performance enhancement by Ca doping is not directly related to microstructural changes.
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Figure 8.3 (a) Electrical conductivity of PBSCO and PBSCaCO in air as function of temperature. (b)
Variation in oxygen contents with temperature in air for PBSCO and PBSCaCO samples

Figure 8.3(a) depicts the temperature dependence of the oxygen non-stoichiometry for PBSCO
and PBSCaCO, determined by a thermogravimetric analysis (TGA) from 100 to 800 oC in air. Both
samples experience weight loss above about 300 oC due to oxygen loss from the lattice but the oxygen
concentration of PBSCaCO is higher than that of PBSCO. This is ascribed to the smaller size
difference between the Ca2+ (114 pm) and Pr3+ (113 pm) ions resulting in a higher coordination
number and consequently leading to increase oxygen concentration compared to that between Sr2+
(132 pm) and Pr3+.21 The higher oxygen concentration may be responsible for the high diffusion of
oxide ions in the bulk and the enhanced surface activity toward the ORR.13.
The temperature dependence of electrical conductivity for PBSCO and PBSCaCO are presented
in Figure 8.3(b) under an air atmosphere. All samples show a decrease in electrical conductivity with
increasing temperature, which was categorized as metallic conduction behavior over the whole
temperature region. The electrical conductivity increases with substitution of Ca for Sr throughout the
temperature range under study, mainly due to increasing Co3+/4+. This might originate from the
increased concentration of oxygen, which can be explained by the predominant defect as the
following pseudo-chemical reaction36:
The predominant defects in PBSCaCO are oxygen interstitials in the PrO layer, 𝑂𝑖 " , and electronic
holes,
ℎ = 𝐶𝑜𝐶𝑜

Eqn. 8.1

Following the Kröger-Vink notation, the pseudo-chemical reaction can be regarded as the interaction
between the defects and the atmosphere, as delineated in Eqn. 8.2.
1
𝑂 (𝑔) + 𝑉𝑖𝑥
2 2

𝑥

+ 2𝐶𝑜𝐶𝑜
⟺ 𝑂𝑖" + 2𝐶𝑜𝐶𝑜
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Eqn. 8.2

The increase in the oxygen concentration results in an increase in electronic holes, which
provides conduction paths for charge carriers; this can be explained in terms of electroneutrality,

]. According to the TGA data and iodometric titration, the oxygen concentration of
[𝑂𝑖" ] = 2[𝐶𝑜𝐶𝑜

PBSCaCO is higher than that of PBSCO. It is revealed that PBSCaCO has a higher mobile oxygen
concentration than that of PBSCO, consequently resulting in enhanced electrical conductivity.

Figure 8.4 (a) Oxygen non-stoichiometry of PBSCO and PBSCaCO samples as a function of pO2 at
700 oC. (b) pO2 dependence of the electrical conductivity of PBSCO and PBSCaCO at 700 oC.
Generally, the interface between the electrolyte and the cathode experiences a relatively lower
pO2 under SOFC operating conditions, which may cause redox degradation of the cathode and affect
the long-term stability of the cathode performance.37 In order to evaluate the redox characteristics,
pO2 dependence of oxygen non-stoichiometry for PBSCO and PBSCaCO is measured at 700 oC. Both
samples show similar shapes of isotherms in Figure 8.4(a), implying that they have analogous
reduction mechanisms. With Ca doping, the range of decomposition of pO2, as indicated by oxygen
nonstoichiometry changes abruptly, becomes lower and the isotherm is extended to the left
accompanying higher oxygen content.

For example, the decomposition pO2 of PBSCaCO reaches

approximately 10-8 atm while PBSCO shows a vertical drop in oxygen content upon decomposition of
pO2 of approximately less than 10-6 atm at 700 oC. This implies that PBSCaCO has higher thermochemical stability, which can be a key factor to achieve stable electrochemical properties of a cathode
material for IT-SOFCs. The pO2 dependence of the electrical conductivity of PBSCO and PBSCaCO
at 700 oC is simultaneously measured and the results are shown in Figure 8.4(b). The electrical
conductivity of PBSCO and PBSCaCO decreases with decreasing pO2, indicating that these materials
are a p-type electronic conductor under the given circumstances. Both samples provide sufficiently
high electrical conductivity in overall ranges of pO2 for IT-SOFC cathode materials. At a lower pO2
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of around 10-7 ~ 10-8 atm, however, the electrical conductivity dramatically decreases. This
demonstrates the close interrelation between the electrical properties and the decomposition of the
material, which can be predicted from the oxygen non-stoichiometry in the isotherm data.

Figure 8.5

(a) Impedance spectra of PBSCO-GDC and PBSCaCO-GDC composite on GDC

electrolyte in symmetrical cell measured under OCV condition. (b) Temperature dependence of
polarization resistance for of PBSCO-GDC and PBSCaCO-GDC composite cathodes measured at
various temperatures by Arrhenius plots.

The electrocatalytic activity for the oxygen reduction reaction of a cathode can be obtained
from electrochemical impedance spectroscopy (EIS) measurement on a symmetrical cell. The
cathodic polarization resistance normalized by the electrode area, that is, the area specific resistance
(ASR), can be calculated from impedance spectra acquired under open circuit conditions. When the
electronic conduction in the electrolyte is negligible, the cathodic polarization resistance can be
adequately approximated by the diameter of the impedance loop or the difference between the highfrequency and low-frequency intercepts at the real axis.38 As presented in Figure 8.5(a), the ASR
value of PBSCaCO-GDC (0.079 cm2) is lower than that of PBSCO-GDC (0.093 cm2) at 600 oC,
based on a GDC electrolyte; this can be explained by the higher electrical conductivity associated
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with a higher concentration of mobile oxygen species with Ca doping. Arrhenius plots of the ASR
values for PBSCO-GDC and PBSCaCO-GDC are provided in Figure 8.5(b). The apparent activation
energy (Ea) of PBSCO-GDC and PBSCaCO-GDC are calculated to be 107 and 101 kJ mol-1,
respectively.

Figure 8.6 I-V curves and corresponding power density curves of a single cell for (a) PBSCO-GDC
and (b) PBSCaCO-GDC composite cathodes in various temperatures

Figure 8.6 presents the power density and voltage as a function of the current density for NiGDC/GDC/cathode cells using humidified H2 (3% H2O) as a fuel and ambient air as an oxidant in a
temperature range of 500 to 650 oC. The fuel cell performance increases with Ca doping, consistent
with the trend of improved ASR and electrical conductivity. For example, the maximum power
density of PBSCO-GDC reaches 1.69 W cm−2 at 600 ◦C. Meanwhile, PBSCaCO-GDC achieves
excellent performance of 1.83 W cm−2 at 600◦C, which can be predicted by the trends shown for the
electrical conductivities and area-specific resistance (ASR) with Ca doping.

Figure 8.7

Short term stability test of PBSCO and PBSCaCO under a constant voltage load of 0.6 V

at 550 oC.
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In order to realize commercially viable intermediate temperature SOFCs, the durability of
constituent materials is one of the most important factors. In this respect, long-term stability tests were
performed for PBSCO and PBSCaCO under a cell voltage of 0.6 V at 550 oC for 100 h as shown in
Figure 8.7. The current density of the PBSCO dropped dramatically, by about 50%, whereas that of
PBSCaCO shows stable power output without observable degradation for 100 h, as predicted from the
redox stability test. Therefore, better electrochemical characteristics and more stable performance can
be achieved by adequate Ca doping in a layered perovskite structure for IT-SOFC cathode
applications.

8.4 Conclusion
Layered perovskite oxides have received extensive attention as promising cathode materials for
solid oxide fuel cells (SOFCs) because of their faster diffusion coefficient and oxygen transport
kinetics. With the aim of maximizing electrochemical properties and improving durability, the effect
of calcium (Ca) doping in PrBa0.5Sr0.5-xCaxCo2O5+ (x = 0 and 0.25) layered perovskite oxides was
investigated by characterizing the structural characteristics, electrical properties, redox behavior,
electrochemical performances, and stability of these oxides. The replacement of Sr by Ca leads to
enhanced electrical conductivity and electrochemical performance, as well as improved redox stability,
thereby yielding excellent durability. Adequate Ca doping in a layered perovskite structure thus could
provide a breakthrough for achieving reliable operation of high performance IT-SOFCs.
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Chapter 9. Highly Efficient and Redox Stable Layered Perovskite Ceramic Anode for SOFC:
PrBaMn2O5+

9.1

Introduction

Solid oxide fuel cells are electrochemical energy conversion devices that directly convert the chemical
energy in fuel to electricity with very high energy efficiency and excellent fuel flexibility1-3. The
conventional Ni/electrolyte composite anode, Ni cermet, has high catalytic activity towards fuel
oxidation but it is deactivated during operation because of its sensitivity to carbon buildup from
incomplete oxidation of hydrocarbons and sulfur poisoning by contaminants commonly encountered
in readily available fuels4. To overcome these problems, various alternative anode materials and/or
material combinations prepared via incorporation of other materials have been studied as potential
SOFC anodes. Gorte et al. reported Cu-CeO2-yttria-stabilised zirconia (YSZ) composite anodes
operated on a range of dry hydrocarbons with good carbon and sulfur tolerance5. Cu particles,
however, tend to coarsen over time due to their relatively low melting point (1085 oC), causing poor
electronic conduction6, they also have poor catalytic activity for direct hydrocarbon oxidation7,
limiting the power output. To retain the high-performance of Ni based anodes in hydrocarbon fuels, a
Ru-CeO2 catalyst layer was later applied on a conventional Ni-YSZ anode to prevent carbon coking
due to the internal reforming of iso-octane8. However, drawbacks such as a large amount of CO2 and
O2 being co-fed with iso-octane, difficulties in current collection, and the high cost of Ru may limit
practical application of this catalyst8,9. Recently, Liu et al, adopted a different strategy to achieve high
tolerance to coking and sulfur poisoning. They replaced the oxide ion conductor in the conventional in
Ni-YSZ anode with a mixed ion conductor (it conducts both H+ and O2-), e.g. co-doped Y and Yb at
BaZrO3-BaCeO310. The BaZrO3-BaCeO3 anode, however, requires high sintering temperature (> 1700
o

C) during cell fabrication due to its poor sinterability. As a result, it is incompatible with YSZ and it

also shows poor chemical stability with CO2 and H2O under operational conditions11.
Alternatively, mixed oxide-ion electron conductors (MIECs) have been developed as ceramic
anode materials. Examples include La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM)12, Sr2MgMoO6 (SMMO)13,
Pr0.8Sr1.2(Co,Fe)0.8Nb0.2O4 (K-PSCFN)14, and Ce0.6Mn0.3Fe0.1O2-La0.6Sr0.4Fe0.9Mn0.1O3 (CMF-LSFM)15.
These anodes are stable in anodic operating conditions and demonstrate improved coking tolerance
and sulfur poisoning under various fuel conditions. However, the catalytic activity, electrical
conductivity, and power density of these MIEC anodes are much lower than those of the conventional
Ni-YSZ anode. For example, without a Pd oxidation catalyst, the LSCM anode backbone cannot
perform reliably in H2 and CH4 below 900 oC16. Meanwhile, it has been suggested that the
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electrochemical performance of the SMMO anode is sensitive to current collectors17. Recently, a
K2NiF4 type K-PSCFN anode with Co-Fe alloy as an oxidation catalyst was reported. The cell
performance dropped significantly after oxidation back to a perovskite-type structure, although it
provided coking resistance and sulfur tolerance14. The CMF-LSFM composite oxide was also reported
to be a good ceramic anode with improved power density in propane, e.g. ~1 W cm-2 at 800 oC, but
the power densities in H2 and CH4 are unacceptably low15.
In this work, in order to obtain high electrochemical performance along with high tolerance
to carbon coking and H2S poisoning, we present a novel redox stable MIEC anode consisting of an Asite ordered double perovskite structure, PrBaMn2O5+δ (PBMO), for operation on hydrocarbon fuel.
We selected the double perovskite system based on the following factors:
a) Degree of A-site ordering: PBMO is thermally and chemically stable in both air and H2
conditions18,19.
b) Higher electrical conductivity and oxygen kinetics: The PBMO perovskite structure supports mixed
valent transition metal cations (Mn4+/Mn3+/Mn2+), which could provide high electrical conductivity
and maintain a large oxygen vacancy content, contributing to fast oxygen ion diffusion20.
c) Good catalytic activity toward both hydrogen and hydrocarbon oxidation: Perovskite oxides of first
row transition metals containing Mn, Co, and Fe rich perovskite provide high activity in hydrocarbon
oxidation21,22.

9.2

Experimental
The disordered Pr0.5Ba0.5MnO3 sample was prepared by the Pechini method. The desired

composition was obtained by dissolving nitrate salts of Pr, Ba, and Mn in distilled water with the
addition of quantitative amounts of citric acid and ethylene glycol. Upon removal of excess resin by
heating, a transparent organic resin containing metals in solid solution was formed. The resin was
slowly decomposed at 600 oC and calcined in air at 950 oC for 4 h. A-site ordered PBMO oxide anode
obtained by annealing disordered Pr0.5Ba0.5MnO3 oxide in H2 at 800 oC. The initial structural
characterization of the PBMO oxide was performed by X-ray diffractometry by Rigaku diffractometer
(Cu Ka radiation, 40 kV, 30 mA).
To measure the electrical conductivity and thermal expansion coefficient (TEC), the powder of
disordered Pr0.5Ba0.5MnO3 was pressed into pellets, sintered at 1500 oC for 12 h. Electrical
conductivity was measured as a function of temperature using the standard four-probe technique with
a BioLogic Potentiostat. The electrical conductivity was measured in 5% H2 to convert disordered
Pr0.5Ba0.5MnO3 to ordered PBMO and then PBMO measured in air atmosphere.
The oxygen non-stoichiometry at elevated temperature was studied through Coulometric titration
(CT) by measuring the oxygen partial pressure of PBMO oxides as a function of temperature, as
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reported elsewhere1. In the present case, an yttria-stabilised zirconia (YSZ) tube (McDanel Advanced
Ceramic Technologies, Z15410630) that is sealed from the atmosphere is used. Ag paste (SPI Supplies,
05063-AB) is painted on the inner and outer walls of the tube as electrodes. The potential across the
membrane is given by the ratio of the p(O2) outside and inside the cell according to the Nernst
equation. Low p(O2) in the tube is achieved by flowing gas mixtures composed of 10% H2-90% N2.
The oxygen content can be directly controlled by the electric charge passing through the YSZ tube.
While measurements were being performed the potential across the membrane (oxygen partial
pressure) is continuously monitored. When the potential across the membrane reaches the stationary
value 1 mV/h, the equilibrium between the sample and gas in the tube is considered to be attained.

Figure 9.1 A cross sectional view of the (PBMO/LDC/LSGM/PBSCF-GDC) single cell is provided.
The thickness of the electrolyte is about 300 μm.

La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) powder was prepared by solid state reaction method and dense
electrolyte substrate was prepared by dry pressing and followed by sintering at 1475

o

C.

Stoichiometric amounts of La2O3 (Sigma 99.99%), SrCO3 (Sigma, 99.99%), Ga2O3 (Sigma, 99.99%),
and MgO (Sigma, 99.9%) powders were ball milled in ethanol for 24 h. After drying, the mixture was
calcined for 6 h. The thickness of LSGM electrolyte was adjusted about 300 m by polishing. LDC
(La0.4Ce0.6O2−δ) was also prepared by ball milling stoichiometric amounts of La2O3 and CeO2 (Sigma,
99.99%) in ethanol and then calcined for 6 h. For preparation of the anode slurry, disordered
Pr0.5Ba0.5MnO3 was mixed with an organic binder V-006 (1:2 weight ratio). NdBa0.5Sr0.5Co1.5Fe0.5O5+δCe0.9Gd0.1O2−δ (NBSCF50-GDC) cathode slurry was prepared by pre-calcined cathode and GDC
powders (at a weight ratio of 60:40) were mixed using ball milling, together with an organic binder
(Heraeus V006). The electrode slurries was applied on the LSGM pellet by screen printing method,
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and then fired at 950 oC in air for 4 h. The porous electrode had active area of 0.36 cm2 and thickness
about 20 m. LDC layer was used as the buffer layer between the anode and the electrolyte to prevent
inter-diffusion of ionic species between PBMO and LSGM in Figure 9.1.
15 wt% of PBMO catalyst solution was infiltrated onto the anode side and heated in air at 450
o

C. For fuel cell performance tests, the cells were mounted on alumina tubes with ceramic adhesives

(Ceramabond 522, Aremco). Silver paste and silver wire were used for electrical connections to both
the anode and the cathode. The entire cell was placed inside a furnace and heated to the desired
temperature. V–i polarization curves were measured using a BioLogic Potentiostat in the temperature
range of 700-850 oC.

9.3

Results and discussions

A-site ordered PBMO oxide is obtained by annealing disordered Pr0.5Ba0.5MnO3-δ oxide in H2 at 800
o

C. Ba-site (or A-site) ordered compounds can be synthesized by a two-step sintering process, as

shown in Figure 9.2. Pr0.5Ba0.5MnO3-δ was synthesized in air at 950 oC via the Pechini synthesis
method and the air prepared sample was treated in a reducing atmosphere to step down the oxygen
from the “O3” to “O5” phase18.
𝑃𝑟0.5 𝐵𝑎0.5 𝑀𝑛𝑂3 →

800 ℃, 𝐻2

𝑃𝑟𝐵𝑎𝑀𝑛2 𝑂5

where the “O5” phase is characterized by ordered alternate stacking of Pr3+ ions and Ba2+ O2- layers
along the c-axis. Subsequently, the A-site in the unit cell of the “O5” phase is doubled18 and can be
characterized as A-site ordered layered perovskite (“O5”).

Figure 9.2 A schematic representation of A-site ordered structure of PrBaMn2O5+δ perovskite derived
from disordered Pr0.5Ba0.5MnO3-δ, showing MnO2 square sublattice is sandwiched between two rock
salt layers, PrO and BaO layers, along the c axis.
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The ordered non-stoichiometric PBMO phase is described by a tetragonal unit cell (P4/mmm) with
cell parameters a=b= 3.918 Å and c = 7.837 Å and a volume V= 120.30 Å 3 (Figure 9.3).

Figure 9.3. (a) The X-ray diffraction (XRD) pattern of disordered PBMO sintered in air is refined
using the Rietveld analysis based on the cubic lattice geometry of space group Pm-3m and presents
good agreement between the observed and calculated profiles and the lattice parameter is a = b = c =
3.897 Å . (b) The XRD pattern of ordered PBMO is refined using the Rietveld analysis based on the
tetragonal lattice geometry of space group P4/mmm and presents good agreement between the
observed and calculated profiles. The lattice parameter is a = b = 3.918 Å and c = 7.837 Å , indicating
ordering PrO/BaO layers along the c-axis direction.
Although Pr3+ and Ba2+ are close to isoelectronic, the Pr ion is significantly smaller than Ba in similar
coordination, PBMO thus adopts an ordered crystal structure, wherein an MnO2 square sublattice is
sandwiched between two rock salt layers, PrOx and BaO layers, along the c-axis ([BaO]-[MnO2][PrOx]-[MnO2]-[BaO]. A site ordered PBMO has a remarkable structural feature: Under reducing
conditions, oxygen atoms in the PrOx plane can be partially or entirely removed, creating many
oxygen vacant sites in the crystal sites.
Figure 9.4 shows transmission electron microscopy (TEM) images of air-prepared
Pr0.5Ba0.5MnO3-δ and ordered PBMO samples. The air-prepared powder sample shows a smooth
surface morphology with a high crystal quality, as seen in bright-field (BF) TEM and high-resolution
(HR) TEM images (Figures 9.4a and b). However, it is notable that the morphology of particles is
dramatically changed after annealing in H2 at 800 oC. Figures 9.4d and e show that ordered PBMO
particles have a rough surface morphology with many facets and defects, as represented by red arrows
in Figure 9.4e. This could result in the increase of a surface area (e.g., 2.42 and 5.32 m2 g-1 for
disordered Pr0.5Ba0.5MnO3-δ and ordered PBMO, respectively) and electrochemically active site.
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Furthermore, the A-site ordering was observed by showing a weak additional spot in fast-Fourier
transformed (FFT) pattern, which is indexed with (001) of tetragonal superlattice. It can be also
confirmed in high-angle annular dark field (HAADF) scanning TEM (STEM) image Figure 9.4f,
indicating a periodic contrast change due to A-site ordering of PrO and BaO layers, compared to even
contrast in Figure 9.4c.

Figure 9.4 (a) Bright field (BF) TEM. (b) High-resolution (HR) TEM image and corresponding fastFourier transformed (FFT) pattern. (c) High angle annular dark field (HAADF) scanning TEM
(STEM) image of Pr0.5Ba0.5MnO3 and its atomic arrangement viewed at [100] direction. (d) BF-TEM
image. (e) HR-TEM image and corresponding FFT pattern, (f) HAADF STEM image of A-site
ordered PrBaMn2O5 and its atomic arrangement aligned along [100] direction.

The novel PBMO layered perovskite structure retains high electrical conductivity in both air
and hydrogen atmospheres. Figure 9.5a shows the electrical conductivity of PBMO as a function of
temperature in air and wet 5% H2. An ideal SOFC anode must have sufficiently high electrical
conductivity in order to provide efficient electron transfer paths. In this regard, for SMMO and LSCM
electrical conductivities of 4.21 and 0.96 S cm-1 at 800 oC in 5% H2, respectively, were obtained12,13.
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Figure 9.5 (a) Temperature dependence of total conductivity of PBMO in air and humidified 5% H2.
(b)

Oxygen non-stoichiometry of PBMO as a function of p(O2) at 650, 700, and 750 oC.

Meanwhile, the electrical conductivity of PBMO is as high as 8.16 S cm-1 in 5 % H2 and 91.5 S cm-1
in air. Under reducing conditions, oxygen vacancies are formed and the predominant defect species in
●
PBMO are mobile electronic holes, ℎ● = 𝑀𝑛𝑀𝑛
. The interaction between the oxygen and the defects

in the PBMO can be expressed as follows,
1

×
●
2𝑀𝑛𝑀𝑛
+ 2 𝑂2 + 𝑉𝑂●● ⇆ 𝑂𝑂× + 2𝑀𝑛𝑀𝑛

Eqn.9.1

The concentration of oxygen vacancies will increase under a reducing atmosphere according to
Eqn.9.1. This may lead to enhanced oxide-ionic conductivity and oxygen ion transfer sites between
the anode and the electrolyte. Figure 9.5b shows the relation between oxygen non-stoichiometry and
p(O2) for PBMO oxides at 650-750 oC. The initial oxygen content of the PBMO was determined by
iodometric titration and a TGA analysis. In the high p(O2) region, the electrical charge was mainly
balanced by the formation of Mn4+ ions (although some Pr4+ may be present), while on reduction
electroneutrality was maintained by the formation of oxygen vacancies followed by the reduction of
Mn4+ to Mn3+ and Mn3+ to Mn2+ ion in the low p(O2) region. From Figure 9.5b, the amount of oxygen
vacancies in the PBMO oxide after reduction is roughly δ = 0.74 or 2.49 wt %, indicating the ordered
phase has stoichiometry PrBaMn2O5.74 which is much higher than that of other ceramic anodes, such
as LSCM and SMMO23,24.
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Figure 9.6 I-V curves and the corresponding power densities of PBMO scaffold without catalysts in
H2.

Figure 9.7 I-V curves and the corresponding power densities of PBMO with 15 wt % PBMO
catalyst in humidified H2.
To characterize the performance of the novel PBMO anode material in a practical fuel cell,
we used electrolyte-supported cells based on a ~300 m thick La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM)
electrolyte. A-site ordered PBMO was obtained by (in-situ phase transition at SOFC setup) annealing
disordered Pr0.5Ba0.5MnO3-δ oxide in H2 at 800 oC. Instead of Pt, Ag paste was applied as the current
collector to avoid possible extraneous catalytic effects on fuel oxidation. The fuel cell performance of
a single cell with the configuration of PBMO/La0.4Ce0.6O2−δ (LDC)/LSGM/NdBa0.5Sr0.5Co1.5Fe0.5O5+δCe0.9Gd0.1O2−δ (NBSCF50-GDC) was tested using various humidified (3% H2O) fuels (H2, C3H8 and
CH4) and ambient air as an oxidant. As shown in Figure 9.6, the maximum power density of the
PBMO cell without any catalysts in H2 was 0.57 W cm-2 at 850 oC.
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Figure 9.8 I-V curves and the corresponding power densities of PBMO with 15 wt % PBMO
catalyst in humidified C3H8 and CH4.
In the case of adding additional PBMO as a catalyst by infiltration into the porous PBMO
cell, the maximum power densities were 1.57, 1.07, and 0.76 W cm-2 at 850, 800, and 750 oC in H2,
respectively. (Figure 9.7) These results are much higher than those reported for cells with a SMMO
anode (e.g., 0.84 W cm-2 at 800 oC)13 and a K-PSCFN-CFA anode (e.g., 0.96 W cm-2 at 850 oC)14
under similar testing conditions. Moreover, with humidified C3H8 and CH4 as the fuel, the maximum
power densities of the PBMO cell with the PBMO catalyst are 0.86 and 0.26 W cm-2 respectively, at
850 oC in Figure 9.8. It should be noted that the infiltrated PBMO as a catalyst exhibits high
electrocatalytic activity for H2 and propane oxidation and moderate activity for methane oxidation.
This improved catalytic effect on higher hydrocarbon oxidation may originate from the Mn on the Bsite in perovskite oxides12,22.
We also systematically investigated the PBMO anode in various ppm H2S-contaminated H2 at
850 and 800 oC. As shown in Figure 9.9a, when the fuel was switched H2 containing 0, 30, 50, and
100 ppm H2S, the power density values of the PBMO with PBMO catalyst are still 1.53, 1.45, 1.42,
and 1.38 W cm-2 at 850 oC, respectively. At 800oC, the maximum power densities are demonstrated
1.06, 1.05, 1.03, and 1.02 W cm-2 in H2 containing 0, 30, 50, and 100 ppm H2S, respectively.
To assess the short term stability test of PBMO with PBMO catalyst, a constant current of 1.0 A
cm-2 was applied at 700 oC. The PBMO with PBMO catalyst shows stable power output without
visible degradation for 50 h in Figure 9.10. Therefore, PBMO is highly efficient and redox stable as
an attractive ceramic anode material for SOFCs.
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Figure 9.9 The current-voltage characteristics and the corresponding power densities of PBMO with
15 wt % PBMO catalyst are investigated in various ppm H2S-contaminated H2 at (a) 850 and (b) 800
o

C. When the fuel was switched H2 containing 0, 30, 50, and 100 ppm H2S, the power density values

of the PBMO with PBMO catalyst are still 1.53, 1.45, 1.42, and 1.38 W cm-2 at 850 oC, respectively.
At 800oC, the maximum power densities are demonstrated 1.06, 1.05, 1.03, and 1.02 W cm-2 in H2
containing 0, 30, 50, and 100 ppm H2S, respectively.

Figure 9.10

Short term stability for a PBMO with PBMO catalyst under a constant current load of

-2

1.0 A cm at 700 oC in H2.
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9.4 Conclusion
In summary, a novel A-site ordered perovskite-related manganese oxide demonstrates superior SOFC
anode performance and stability in various fuels. PBMO anodes exhibit high electrical conductivity,
redox stable and excellent coking tolerance and sulfur tolerance. Furthermore, on the basis of its
remarkable stability in reducing conditions, PBMO is an attractive ceramic anode material for SOFCs.
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