
Energie & Umwelt / Energy & Environment
Band / Volume 492
ISBN 978-3-95806-471-3

Energie & Umwelt / Energy & Environment
Band / Volume 492
ISBN 978-3-95806-471-3

Electrolyte development  
for a SOFC operating at low temperature
Jun Zhang

492

En
er

gi
e 

& 
Um

w
el

t
En

er
gy

 &
 E

nv
ir

on
m

en
t

El
ec

tr
ol

yt
e 

de
ve

lo
pm

en
t f

or
 a

 S
O

FC
 o

pe
ra

tin
g 

at
 lo

w
 te

m
pe

ra
tu

re
Ju

n 
Zh

an
g



Forschungszentrum Jülich GmbH
Institut für Energie- und Klimaforschung
Werkstoffsynthese und Herstellungsverfahren (IEK-1)

Electrolyte development  
for a SOFC operating at low temperature

Jun Zhang

Schriften des Forschungszentrums Jülich
Reihe Energie & Umwelt / Energy & Environment Band / Volume 492

ISSN 1866-1793    ISBN 978-3-95806-471-3



CO N T E N T S

1 introduction 1

2 background and theory 3

2.1 Solid oxide fuel cell (SOFC) . . . . . . . . . . . . . . . . 3

2.1.1 Working principle . . . . . . . . . . . . . . . . . 3

2.1.2 SOFC development . . . . . . . . . . . . . . . . . 4

2.1.3 Electrochemistry . . . . . . . . . . . . . . . . . . 5

2.1.4 Components . . . . . . . . . . . . . . . . . . . . . 8

2.1.5 Electrolyte . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Electrolyte for SOFC . . . . . . . . . . . . . . . . . . . . 11

2.2.1 Requirements . . . . . . . . . . . . . . . . . . . . 11

2.2.2 Oxygen ion transport in the electrolyte . . . . . . 11

2.2.3 Materials . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Thin electrolyte film fabrication techniques . . . . . . . 18

2.3.1 Ceramic powder processing . . . . . . . . . . . . 18

2.3.2 Sol-gel processing . . . . . . . . . . . . . . . . . . 19

2.3.3 Physical vapor deposition . . . . . . . . . . . . . 21

2.4 Low temperature SOFC . . . . . . . . . . . . . . . . . . 22

3 experimental techniques 27

3.1 Material characterization . . . . . . . . . . . . . . . . . . 27

3.1.1 Electrolyte materials . . . . . . . . . . . . . . . . 27

3.1.2 X-ray diffraction . . . . . . . . . . . . . . . . . . . 27

3.1.3 Chemical analysis . . . . . . . . . . . . . . . . . . 28

3.1.4 Scanning electron microscopy . . . . . . . . . . . 28

3.1.5 Thermal analysis . . . . . . . . . . . . . . . . . . 28

3.1.6 Archimedes characterization . . . . . . . . . . . 29

3.1.7 Particle size distribution . . . . . . . . . . . . . . 29

3.2 Electrochemical impedance characterization . . . . . . . 29

3.2.1 Basic principle . . . . . . . . . . . . . . . . . . . . 29

3.2.2 Impedance analysis of oxygen ionic conductors . 30

3.2.3 Measurement procedure . . . . . . . . . . . . . . 31

3.3 Cell fabrication . . . . . . . . . . . . . . . . . . . . . . . 32

3.3.1 Synthesis of screen printing paste . . . . . . . . 32

3.3.2 Viscosity measurement . . . . . . . . . . . . . . . 34

3.3.3 Process of screen printing . . . . . . . . . . . . . 35

3.3.4 Thin GDC electrolyte on two different anode

supports . . . . . . . . . . . . . . . . . . . . . . . 36

3.3.5 Leakage rate test . . . . . . . . . . . . . . . . . . 36

3.3.6 In-situ optical dilatometry . . . . . . . . . . . . . 37

3.3.7 Fabrication of full cell . . . . . . . . . . . . . . . 38

3.4 Single cell performance test . . . . . . . . . . . . . . . . 39

4 characterization of ionic conductivity 41

4.1 Powder characterization . . . . . . . . . . . . . . . . . . 41

v



vi contents

4.1.1 Impurity level . . . . . . . . . . . . . . . . . . . . 41

4.1.2 Particle size distribution . . . . . . . . . . . . . . 41

4.1.3 Sintering behavior . . . . . . . . . . . . . . . . . 43

4.2 Microstructure of sintered ceramics . . . . . . . . . . . . 45

4.2.1 SEM cross-sectional observation . . . . . . . . . 45

4.2.2 Average grain size distribution . . . . . . . . . . 45

4.3 Conductivity characterization . . . . . . . . . . . . . . . 46

4.3.1 Temperature variation . . . . . . . . . . . . . . . 46

4.3.2 Bulk and grain boundary conductivity . . . . . . 47

4.3.3 Total conductivity . . . . . . . . . . . . . . . . . . 50

4.3.4 Grain size effects - a simple model . . . . . . . . 54

4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5 development of gdc electrolyte 59

5.1 Development of GDC electrolyte on NiO/YSZ anode . 59

5.1.1 Synthesis of screen printing paste . . . . . . . . 60

5.1.2 Calcination behavior . . . . . . . . . . . . . . . . 64

5.1.3 Improvement of green density . . . . . . . . . . 65

5.2 Development of GDC electrolyte on NiO/GDC anode . 66

5.2.1 Paste characterization . . . . . . . . . . . . . . . 66

5.2.2 Drying behavior . . . . . . . . . . . . . . . . . . 67

5.2.3 Sintering behavior . . . . . . . . . . . . . . . . . 68

5.2.4 Reducing behavior . . . . . . . . . . . . . . . . . 72

5.2.5 Single cell performance . . . . . . . . . . . . . . 75

5.2.6 Post-test analysis of the tested cell . . . . . . . . 78

5.3 Development of electronic blocking layer . . . . . . . . 78

5.3.1 PVD development . . . . . . . . . . . . . . . . . 78

5.3.2 Single cell performance . . . . . . . . . . . . . . 81

5.3.3 Single cell test at lower temperature . . . . . . . 87

5.3.4 Post-test analysis of tested cell . . . . . . . . . . . 89

5.4 SOEC performance . . . . . . . . . . . . . . . . . . . . . 92

5.4.1 I-V curve . . . . . . . . . . . . . . . . . . . . . . . 92

5.4.2 SEM observation . . . . . . . . . . . . . . . . . . 93

5.4.3 EIS measurement and DRT analysis . . . . . . . 94

5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6 summary and outlook 99

bibliography 103

abstract 119



Energie & Umwelt / Energy & Environment
Band / Volume 492
ISBN 978-3-95806-471-3

Energie & Umwelt / Energy & Environment
Band / Volume 492
ISBN 978-3-95806-471-3

Electrolyte development  
for a SOFC operating at low temperature
Jun Zhang

492

En
er

gi
e 

& 
Um

w
el

t
En

er
gy

 &
 E

nv
ir

on
m

en
t

El
ec

tr
ol

yt
e 

de
ve

lo
pm

en
t f

or
 a

 S
O

FC
 o

pe
ra

tin
g 

at
 lo

w
 te

m
pe

ra
tu

re
Ju

n 
Zh

an
g


	Acknowledgments
	Contents
	1 Introduction
	2 Background and Theory
	2.1 Solid oxide fuel cell (SOFC)
	2.1.1 Working principle
	2.1.2 SOFC development
	2.1.3 Electrochemistry
	2.1.4 Components
	2.1.5 Electrolyte

	2.2 Electrolyte for SOFC
	2.2.1 Requirements
	2.2.2 Oxygen ion transport in the electrolyte
	2.2.3 Materials

	2.3 Thin electrolyte film fabrication techniques
	2.3.1 Ceramic powder processing
	2.3.2 Sol-gel processing
	2.3.3 Physical vapor deposition

	2.4 Low temperature SOFC

	3 Experimental techniques
	3.1 Material characterization
	3.1.1 Electrolyte materials
	3.1.2 X-ray diffraction
	3.1.3 Chemical analysis
	3.1.4 Scanning electron microscopy
	3.1.5 Thermal analysis
	3.1.6 Archimedes characterization
	3.1.7 Particle size distribution

	3.2 Electrochemical impedance characterization
	3.2.1 Basic principle
	3.2.2 Impedance analysis of oxygen ionic conductors
	3.2.3 Measurement procedure

	3.3 Cell fabrication
	3.3.1 Synthesis of screen printing paste
	3.3.2 Viscosity measurement
	3.3.3 Process of screen printing
	3.3.4 Thin GDC electrolyte on two different anode supports
	3.3.5 Leakage rate test
	3.3.6 In-situ optical dilatometry
	3.3.7 Fabrication of full cell

	3.4 Single cell performance test

	4 Characterization of ionic conductivity
	4.1 Powder characterization
	4.1.1 Impurity level
	4.1.2 Particle size distribution
	4.1.3 Sintering behavior

	4.2 Microstructure of sintered ceramics
	4.2.1 SEM cross-sectional observation
	4.2.2 Average grain size distribution

	4.3 Conductivity characterization
	4.3.1 Temperature variation
	4.3.2 Bulk and grain boundary conductivity
	4.3.3 Total conductivity
	4.3.4 Grain size effects - a simple model

	4.4 Summary

	5 Development of GDC electrolyte
	5.1 Development of GDC electrolyte on NiO/YSZ anode
	5.1.1 Synthesis of screen printing paste
	5.1.2 Calcination behavior
	5.1.3 Improvement of green density

	5.2 Development of GDC electrolyte on NiO/GDC anode
	5.2.1 Paste characterization
	5.2.2 Drying behavior
	5.2.3 Sintering behavior
	5.2.4 Reducing behavior
	5.2.5 Single cell performance
	5.2.6 Post-test analysis of the tested cell

	5.3 Development of electronic blocking layer
	5.3.1 PVD development
	5.3.2 Single cell performance
	5.3.3 Single cell test at lower temperature
	5.3.4 Post-test analysis of tested cell

	5.4 SOEC performance
	5.4.1 I-V curve
	5.4.2 SEM observation
	5.4.3 EIS measurement and DRT analysis

	5.5 Summary

	6 Summary and outlook
	 Bibliography
	 Abstract
	Zusammenfassung

	Leere Seite
	Leere Seite



