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Abstract

The goal of this dissertation is to develop low temperature solid oxide fuel cells (SOFCs)
through the understanding of cell material and component fabrication technology. A
typical anode supported thin electrolyte cell structure has been adopted, fabricated by wet
ceramic processing and co-firing. Smy,Ce 3019 (SDC) electrolyte cells supported by Ni-
Yo.16Z10.3401.92 (YSZ) cermet substrates, with Smy 5Sry sCoO3 cathode and Ni-SDC anode,
demonstrate a high performance of 0.89 W cm™ at 600°C. A designed experiment
quantitatively reveals the internal shorting problem due to the mixed ionic and electronic
conductivity of the SDC electrolyte. The internal shorting current density of the thin SDC
cell reaches 0.85 A cm™ at 600°C under open circuit voltage (OCV) conditions, which
limits the fuel utilization to less than 65% and electrical efficiency to below 25%. In
order to eliminate the internal shorting problem, a unique bi-layered electrolyte structure
has been developed by adding a thin zirconia based electrolyte layer as an electronic
blocking layer. A YSZ/SDC bi-layered electrolyte cell prepared by wet ceramic
processing and co-firing generated 0.34 W c¢m™ peak power density at 650°C, with an
open circuit voltage (OCV) of over 1.0V. Further improvement of the cell performance
was achieved by using a Sc2Ce.01Z10.79019 (SSZ)/SDC bi-layered electrolyte. The cell
reached 0.50W cm™ at 650°C. Electrochemical impedance analysis reveals that the ionic
resistance of the bi-layered electrolyte prepared by co-firing is one order of magnitude
higher than the theoretical value, indicating that interaction between the two electrolytes
during the co-firing is a main limit. In order to eliminate the bi-layered electrolyte
interaction, pulsed laser deposition (PLD) technology is applied for the bi-layered
electrolyte cell fabrication. The cell fabricated by PLD reaches power densities of 0.95 W
cm™ at 600°C, and 1.37 W cm™ at 650°C with open circuit voltage (OCV) values larger
than 1.02 V, the highest performance ever reported in the literature. Nonetheless, the bi-
layered electrolyte cells exhibit relatively high degradation rates. A study on the
degradation of bi-layered electrolyte cells indicates that the cathode degradation is the
main contributor. Therefore, an optimization of cathode compositions and fabrication

conditions is important to improve the cell stability.

il



Table of Contents

F N 13 Tt APPSR il

Table Of CONLENTS ....ueit it e e e e e e aaeaae i1

LSt Of Tables. .. e viii
LSt Of FigUIS. ...ttt e Xi
NOMENCIALUTE. ...ttt e e e e e e e e e e XVi
LiSt Of ADDIeVIatioNS. ... ..ottt xviil
ACKNOWIEAZEMENLS. ... ..ot Xix
DedICAtION. ...ttt XXi
Co-authorship StateMENT. ... ..ooviiei ittt eeeenss XXii

1. Chapter One. SOFC Fundamentals and Literature Review on Low

TEMPEFATUIE SOFCS. ...ttt 1
1.1 SOFC fundamentals .........ccceeeerieriiniiiiieieniieieetesieeeee et 1
1.1.1  Nernst potential and thermodynamic efficiency............ccceevvevevieriincrieneennnn. 2
1.1.2  Cell voltage and cell reSIStanCe........cccveeriuiieriiieeiieeeiee et 4
1.1.3  Electrical efficiency and fuel utilization ............ccecceeveieiiininiiieniieiceeeee, 7
1.1.4  Stack voltage and OUtPUL POWET ........eeuieriieiiieiieeieeiee e 7
Example 1. Basic requirement of cell component resistances.........c.cceceeveerveereennnene 8
1.2 Conventional SOFC materials and performances..........c.cccceeevvevveecieeneencreennnenne. 8
1.2.1  Cell materials and PrOPETTIES ......ccueeerrreeriieeiieeeiieeeireeeieeeereeesreeesveeeeaneeens 8
Example 2. Operating temperature of YSZ electrolyte supported cell..................... 10
1.2.2  Cell structure and performance..............occeeeeeerieerieeiiienie e 13
Example 3. Anode supported planar cell with YSZ electrolyte...........c.ccccveevrennennne. 15
1.2.3  Planar stack COMPONENLS........c.eeeviuiiiiiiiieriieeciie ettt 16
Example 4. Fe-Cr alloy oxidation and contact resistance growth with time ............ 17
1.3 Advantages and challenges of SOFC...........cccociiiiiiiiiiniiiiieiece e 18
1.4  Literature review on low temperature SOFCS ..........cccoviiviiiiiiinciienieciecieeens 20
1.4.1 Electrolytes of high ionic conductivity .........ccceeevieeviiieriiierieeeiee e 21
1.4.2  Challenge and approach..........c..cocevieiiriiniiniiineeeeeeeee e 28
143 CathOde ..c..eoniieiiiiieieee et 29
L4 ANOAE ... oottt sttt et ens 35

il



1.5  Fabrication —thin film deposition techniques............cccooceevviieniiiciiinieiieeieee 35

L.5.1  WEt COTAMIC PTOCESSES ..eeruvrrerurreerrreearreenteeenreeesseeessseeessseesnsseeensseesssseesnsnes 36
1.5.2  Vacuum deposition teChNIQUES .........cccveeriiieriieeiiee et 37
1.6 SUIMMATY ..ottt ettt et sneenane e 40
1.7  Objective and outline of dissertation Worki...........cceccvevciienieiciieniienienieeeeeenn 42
1.8 RETEIENCES. ...eiiiiiiiiiiieieee et 45
Chapter Two. Cell Fabrication and Characterization .............c.cccccovvveiieeiievneenne. 56
2.1 Cell MALETIALS ...eeeevieeciiee ettt e e et e e et e e e ra e e e raeeenraeas 57
2.2 Cell SLIUCTUIES ..ottt ettt sttt et e b e 58
2.3 Cell fabIICAtION. ..c..iiiieieiieieciieteeee ettt 58
2.4 CompoSition and PrOCESSINE .......cueerruveeerrreeiieeerieeesreeesseeesssreesssreesssneessseeesssees 59
2.4.1  NiO-YSZ composition and tape Casting ..........coveevververveeruerieneenienieeneennens 59
2.4.2  Anode, electrolyte and cathode pastes and screen printing .................c....... 62
2.43  Cell co-firing and IrONING........c.eeeeruieeriieeeiieeeiieeeiee e eree e ereeeneree e 64
2.5  Pulsed laser deposition (PLD) ......c.ccooiiieiiiieiiiieciieeciee e 68
2.6 Cell CharacteriZation ...........ccecuiieeiiieeeiieeeieeeciee et e e eeeereeeareeeaaeeeaaeeenneeas 71
2.6.1  Physical characterization ............ccoecueeviierieeiiienie e 71
2.6.2  Electrochemical characterization ..............coceeeereenienienienieeieseeie e 72
2.6.3  PoSt-mOortem analysiS........ccecveeeiierieriiieniieeieeriee et esee et 73
2.7 SUIMNIMATY .ottt e e e ettt e e ettt e e e e abe e e e e s ateeeeennsseeeeannseeeeennneeas 73
2.8 RETCIEICES. . cciuiiiiiiie ettt ettt e et e et e e e aaeeebaeesaaeeeareeeenreeas 75
Chapter Three. Performance of LT-SOFCs with SDC Electrolytes..................... 76
3.1 INErOAUCTION.....eiiiiieiiieieee e sttt 76
3.2 Results and diSCUSSION ...c..eeeiuiiiiiiiiiiiiieiie ettt ettt s 78
3.2.1  Cell microstructural characterization and EDS analysis........c..ccccceeeruenneee 81
3.2.2  Zr-miCro-iS1ands.......ccooouiiiiiiiiiiiiiiie e 84
3.3 CONCIUSIONS ...ttt ettt ettt ettt e bt e et e bt e sabeenbeeens 86
34 RETCIENCES . ..ce ittt ettt et e 87
Chapter Four. Composite Cathode StUAY ..........ccovveieiiniiieie e 88
4.1 INrOAUCHION ..ottt ettt et sttt st e 89
4.2 Experimental proCedure ..........ccoevuiiriieriieiieeiieiee ettt ere e 90

v



4.3 Results and diSCUSSION .....coeveiiiiiieiieieiee e 92

4.3.1  SSCHSDC Phase StIUCTUIE ........cecvieiierieeiieeieereeereeieesveesreeereesseessneenseens 92
4.3.2  Open circuit VOltage (OCV ) ...ccuiiiiiiieiie ettt 93
4.3.3  Effects of Ts. on cell performance and electrochemical resistance............. 94
4.3.4  SEM ODSEIVALION. ...c..eiiiiiiiiieieiiieriteteeite sttt sttt 97
4.3.5 Effects of cathode thicKness.........c.cceoiviiiiiiinienieieceeeeeeeeeee e 98
4.3.6  Effects of wet contact Pastes........cevueeeiieeeiiieeiiiieciieeeiee e evee e evee e 102
4.4 CONCIUSIONS....ccuviiiiiieeiiieeciee et e et e et e et e e e taeeetaeeseseeessaeessseeessseeessseeensseeanns 105
4.5 REICTEICES ...cueitiiiiiiieieete ettt ettt 106
Chapter Five. Internal Shorting and Fuel Loss of an LTSOFC with SDC
o [=Tod £ 0] 1Y =TSSP USRS 107
5.1 INtrOAUCTION.....eiiiiiiiiiie ettt sbe e e b e e aeeeabeeeaaeeennaeas 107
5.2 Experimental procedure............cceiieriieiiieeiieiiieeie et 108
5.3 Results and diSCUSSION ....ccueruieriiriiiiiieiieieetesteete ettt 112
5.3.1 Cell electrochemical performance ...........ccceecueeerieeerieeeiiee e 112
5.3.2  Water amount and leakage current ............ccoeceeeiieniiiiieniieeseeeee 116
5.3.3 Internal shorting current density based on OCV deviation........................ 118

5.3.4 Low electrical efficiency due to internal shorting of the SDC electrolyte 120

5.3.5 The SDC conductivities in this StUdY..........ccceeevierireviierieniierieeieeeeeiens 122
5.3.6  Cathode CONtrBULION. ......cc.eiiiiiiiiiiieie e 123
5.3.7  Cell microstructure and EDS analysis .........ccccceveriiniininicnicneniineeee 124
5.4 CONCIUSIONS...c..tiiiiieriietteteeit ettt ettt sttt sb et sbe et e e b enee 127
5.5 RETBIENCES ..ot 129
Chapter Six. A Study on Sintering Aids for SDC Electrolyte............cccccevvernnennn. 131
0.1  INErOAUCTION......iiiiiieiiieeciee ettt e e e e e ave e e b e e eaaeeeneeas 131
6.2  Experimental procedure............ccoviiriieiiieeiieiieeieeeeeee e 132
6.3 Results and diSCUSSION .....c.evuieriieiiiiieiieieeeercee et 134
0.4 CONCIUSIONS ...ttt ettt ettt ettt e e s it e e b e e neeeeaeeas 142
0.5  REICIEINCES . ..cctiiiiiiiiciie et et e e e e e aee s 143
Chapter Seven. A study on the Interaction between Electrolyte Materials ....... 144
7.1 INErOAUCTION......iiiiiiiiieiie ettt 144



7.2 Experimental procedure ............ccoovieriiieiieeiiieiieeie et 145

7.3 RESUILS ettt ettt 146
8 T8 BN 3 111 ) 11V 146
7.3.2  X-ray diffraction .....c.ooouiiiiiiiecieee e 147

T4 DISCUSSION .uutiuiientieiteriteteeie ettt ettt ettt ettt et see e bt e e s bt e bt eatesaeenbeenaesseenaeenee 151

7.5 CONCIUSION ..ttt ettt ettt st enees 152

7.6 RETCIEIICES. ...oiutiiiiiiiieie ettt ettt e 153

Chapter Eight. Performance of LT-SOFCs with Bi-layered Electrolyte
SEFUCTUTE ... s 154

8.1 INrOAUCTION .. ..eiiiiiiiiiiiiiee ettt 154

8.2  Experimental ProCeduIe..........cccuiieiiieeiiie ettt 156
8.2.1  Starting materials and cell architectures ...........ccoceveevirciinieeninicnecnenne. 156
8.2.2  Cell electrochemical and morphological characterizations ....................... 157

8.3  Results and diSCUSSION .......ooeeriiiiiiiiieiieieeiee e 158
8.3.1  Electrolyte thickness CONtrol..........cccceeeouiieriiieniiiecee e 158
8.3.2  Cell teSt TESUIL ..ocueiiieiiiecie et 160

8.4 CONCIUSION ..ottt ettt st 164

8.5 RETEIENCES...couiiiiiiiiieee s 166

Chapter Nine. Stability Study of Cermet Supported SOFCs with Bi-layered
SDC-SSZ EIBCIIOIYLE ... e 168

9.1 INtrOUCHION . .....uiiiiiie ettt ettt et e e e e e e eaveeeareeeabeeesaeeensaeeennns 168

9.2 Experimental procedure...........ccoueriieiiieriiiiiieiieeieeete et 169

0.3 RESUIES ..ttt ettt st 171

L T B 1< | . USSP P RSTR 171
LR TR 1< | 1 2 SRS 174
0.3 3 CIl € ettt 176
0.3.4 CII D ettt 179
0.3.5 CRILE ettt sttt 180
9.4 DISCUSSION ...eeeutiieetieeeiteeetteeeiteeesteeesaeeesaseaessseeassseeasseeasseesssseeassseesssesenssesensses 182
9.4.1 INCUDAtION PETIOA ....vvieuiieiieiiieeiie ettt ettt et ee 182
9.4.2 Performance degradation .............cceevveeeiienieeieenieeieesiee e eseee e eene e 183

vi



9.4.3 Bi-layered electrolyte reSiStance..........ceoueeveeruieeieeniienieeiee e eiee e 185

0.5 CONCIUSIONS ...c.utiiiiiiiiieite ettt ettt ettt et e e 187
0.5 RETEIEINCES ....eeutieiieiiiee ettt et 188
10. Chapter Ten. LT-SOFCs with Pulsed Laser Deposited Bi-Layered
o 1= od € 0] Y = SO USSSSR 190
10,1 TNErOAUCTION.....eiiiiiiiiiiieeeeee et 190
10.2  Experimental procedure.........ccoeriiieiiieeiiieeiee et 192
10.3  Results and diSCUSSION ....cc.eeeuieiiiiiieiiieiie et s 196
10.3.1 On Si(100) SUDSIIALE .....oceveeeeiieeciiee ettt e 196
10.3.2 On NiO-SDC modified NiO-YSZ substrates..........cccceeveereererieneeneennenne. 199
10.4  CONCIUSION ..eniiiiiieiie ettt ettt ettt sb e et e bt e st e e nbee et eee 203
L0.5  RETEIENCES . ...eiuiieiieeiie ettt ettt ettt sttt et et e et esaaeenbeeee 204
11. Chapter Eleven. Summary of Dissertation Work and Outlook .......................... 205
11.1  Cell material develoOpmEent...........cccveeiiiiriiiiiieieeieece e 207
11.2 Cell SLIUCIUTE ..ottt sttt e 207
11.3  Ultra-thin electrolyte SOFCs operating at lower temperature ..........cc..cccueneee. 208
11.4  Electrolyte utilization in ultra-thin electrolyte cell...........cccoceviriinininnennene. 208

11.5 Low temperature cost-effective deposition approaches for bi-layered

ClECLIOLYLE COIIS ...viiiiiiiiecii e 209

11.6 Metal-supported LT-SOFC development ..........ccceeevieeiiieeniieeiiieeiee e 209
11.7  Cathode Stabilify ISSUE .....cc.cevuiruiirierieriienieeieet ettt 210
L1.8  RETEIENCES.....eiuiiiiiiieieiiteieee ettt e 211
I Y o] o 1= o [Tt SRS 212
Appendix A. Thermodynamic calculations ............cccccueeeeiieeiieeeciieceee e 212
Appendix B. Electrolyte conductivity and cathode characterization................c.......... 217
Appendix C. PUbLication [iSt.........ccceeviiiiiriiiiinieeiiee ettt s 223

Vil



List of Tables

Table 1-1 Nernst potentials and thermodynamic efficiencies of various fuels at

dIfferent tEMPETATUIES ......ccvvieiiieeeiieeeiee ettt e eteeeste e e e e et eeetaeesaeeessseeessseeessseeenns 3
Table 1-2 Conventional SOFC component materials and properties ...........ccceecvereenuennnene 9
Table 1-3 Ni-YSZ anode electrochemical performance (Ry)......ccceocvevieeriieniieniieniieienne, 11
Table 1-4 Typical performance of LSM cathodes in the literature............c.cccoceeveriennennne. 12
Table 1-5 Properties of LaggCay,CrOs and 430 stainless steel interconnects................... 13
Table 1-6 A comparison of the tubular, monolithic, planar, and segmented cells ............ 14
Table 1-7 Typical components and materials for a planar stack ...........cccoeeiniinniinncne 16

Table 1-8 Typical compositions and properties of MIEC cathodes from the literature

(Note: values in the parentheses are the cathode material reduction activation

ENErEIes 10 KT TOI™.) ..ottt se e 31
Table 1-9 Properties of BSCF cathode materials at different temperatures ..................... 31
Table 1-10 Typical performance of MIEC cathodes in the literature (Note: values in

the parentheses are the cathode reduction activation energy in kJ mol™.)................. 33
Table 1-11 A brief summary of thin film manufacturing processes...........cceeveereveeriunens 41
Table 2-1 Chemical composition, properties, suppliers of starting materials.................... 57
Table 2-2 Cell materials and properties in this WOrk...........coceveeviiiinininiiniiceee, 57

Table 2-3 Typical print thickness of different screen meshes (one pass before drying) ...63

Table 2-4 Samples of tape and printed CellS........cccuverviiieriiiieiiieeieeeece e 63
Table 2-5 Typical temperature profiles used in the cell fabrication..........c.cccoceevirenennne. 64
Table 2-6 SAMPIE CEIIS.......oiiiiiiiiie ettt et 67
Table 2-7 Physical characterization results of cells fired at 1400°C for 2hr. .................... 71

Table 3-1 Ionic conductivity (o;) and electronic conductivity (c.”) of YSZ, GDC and
their solid solutions at 800 OC.......cc.eiiiiiiiiiee e 85

Table 4-1 Material and thickness of cermet supported SDC cells in this study ................ 91

Table 4-2 Results of the cells operating at 600°C with composite cathodes of different

Table 4-3 Cell performance with SSC#3 cathode sintered at 1050°C.............ccceevuvrennnnee. 96
Table 4-4 Cathode loading and average thickness and the spacer thickness for the
stencil printing of cathode after sintering at 1000°C for 2hr.........ccceveniencncneenne. 99

viii



Table 4-5 Resistances and PPDs of cells with different cathode thicknesses operating

AL 000°C ..ttt sttt et b ettt sa et enees 100
Table 4-6 EIS resistances measured for the cell with 1000°C SSC#3 cathode using
170pm spacer, tested at 600°C .......coooviiiiiiiiniiiereeee e 105

Table 5-1 Cell performance and EIS results at different temperatures before water test 115
Table 5-2 Cell performance and EIS results at different temperatures after water test...115
Table 5-3 Water amount (for 20hr) and leakage current under open circuit condition

at different temperatures and at 0.5 A cm™ at 600°C ............ccoovvveveeeeerreererresrnns 117

Table 5-4 Leakage current densities based on either OCV value or measured water

AIMOUNE. ..ottt ettt ettt et b et et s bt et satesae et e easesbe e bt eanesbeeneeanes 119
Table 5-5 The conductivities of the SDC (GDC) electrolytes [14, 15, 18] ......cccuveeneee. 123
Table 6-1 Properties and supplier of starting materials ...........ccceeveueerieniiienieniieenieeee 133

Table 6-2 Composition, particle size and surface area of powders used in this study ....133

Table 6-3 Sintering temperature, density and grain size of SDC samples after

SINERTITIE . .. .vveeeevieeeitieeeiteeeeteeeeateeetteeetteeesseeasseeeasseeeasseeessaeensseeansseesnsseeansseensseeennseenn 138
Table 6-4 Electrolyte conductivity at 600°C.........cccorvvvevereeriririerereiisieeeeeseese e 139
Table 7-1 Supplied materialsS PrOPETties .......cccuieruieeiierieeiiienie ettt iee e eeeens 145
Table 7-2 Sample composition and sintering schedule.............cccoeevieeieiiiienieniiiiiens 146
Table 7-3 Powder mixture reSultS SUMMATY ........ccceovieriieiiieniieniienieeieeeieeieesneeaeeeaveens 151
Table 8-1 Cell materials, thicknesses, and processing conditions............cccceeveeeevveeenneen. 156
Table 8-2 SSZ printed thickness with different SSZ loadings (Binder:SSZ =8:92

WEIZNE TALI0) .eeetieiieeiie ettt ettt ettt stbe et e e s e et e e sabeenseessbeenseesnneens 158
Table 8-3 Cell performance and cell reSiStances ..........ceevveriierieeieenieeieereeeieesre e 162

Table 8-4 Tonic conductivity (i) and electronic conductivity (c.) of YSZ, GDC and

the mixed composites at 800°C [20].....veeeeuiieeiiieeiieeiie e e 163
Table 9-1 Cell materials, thicknesses, and processing conditions..........c.cceeevverveneennens 170
Table 9-2 Testing strategy of the five bi-layered electrolyte button cells ....................... 170
Table 9-3 Initial performance of cell A as a function of temperature .............ccceceevueenee. 171
Table 9-4 A summary of the performance and degradation rates of cell B..................... 176

X



Table 9-5 Summary of the cell resistances obtained in this work (initial and 116hr

(B), 150hr (C), 90hr(D) and 100hr(E) ) quantified using series and polarization

1eSIStANCE (650°C, OCV ) ciiiiiiiiieeeie ettt et e e e e sabee e ens 183
Table 10-1 Chemical composition, properties, suppliers of starting materials................ 193
Table 10-2 A summary of the cell electrochemical performance...........c.ccccccevueruenene. 2023

Table 12-1 Enthalpies and Gibbs energies of formation, entropies, and heat capacities

of the reaction species (Data from Lange’s Handbook 15" edition)....................... 213
Table 12-2 Thermodynamic calculation results of Reaction 1 using hydrogen as fuel...215
Table 12-3 Thermodynamic calculation results of Reaction 2 using methane as fuel ....215

Table 12-4 Thermodynamic calculation results of Reaction 3 using carbon monoxide

Table 12-5 Thermodynamic calculation results of Reaction 4 using carbon as fuel....... 215

Table 12-6 Relation of cell efficiency with cell voltage and cell resistance for

QIFFETENE TUCLS ... 216
Table 12-7 Information of the electrolytes and symmetric cells .........cccecvveercririnreeennenn. 217
Table 12-8 Conductivity results of the three electrolytes SDC, SSZ, and YSZ, in this

11014 | OO SUR U SRRPT 219
Table 12-9 Fitting results for electrolyte conductivity ..........ccceeeeeviierieeiiienieeiienieeneens 219

Table 12-10 SSC and SSC#3 cathode resistances on SDC electrolyte obtained from

82801001511 5 (o 1<) | PSR 221



List of Figures

Figure 1-1 Operational principle of an SOFC...........ccccoovieviiiiiiiiiiiieceeeece e 2
Figure 1-2 Cross-section of a planar stack configuration ............ccceeeevveevciieeeciieencieeceieens 16
Figure 1-3 The area specific resistance of the Fe-Cr alloy at different times [24]........... 17
Figure 1-4 YSZ electrolyte supported cell voltage 10sses [12]......ccceeveeriieiiienienciiennnens 20
Figure 1-5 Conductivity of SOFC eleCtrolytes ........cccueevuieriiiiiienieeiieciecieeeie e 21
Figure 1-6 Dependence of ionic conductivity and binding energy for (CeO;)os-
(LnOj 5)o2 at 800 °C on ionic radius of Ln*" [45] e 23
Figure 1-7 Concentration dependence of conductivity for Sm-doped CeO; [28] ............ 24
Figure 1-8 Schematic drawing of oxygen reduction path at cathodes..............cccccuvenneen. 30
Figure 2-1 Schematic drawing of cell types in this WOrk ...........ccccovveeiiiiniiiiiieniieiiienen, 58
Figure 2-2 Flowchart of cell fabrication by wet ceramic processing............cccveeeeveeennenn. 58
Figure 2-3 Ni-YSZ weight, volume and porosity with different NiO content.................. 60
Figure 2-4 Tape casting machine (in this study)-on the left and NiO-YSZ tape sample-
ON e TIZNL. .ooveiiiiiiiiece ettt e ebe e aeeenbeeneeas 61
Figure 2-5 Screen printing (left- a schematic of the printing process, right- the screen
printer used in this study, MC 212 Screen Printer)........ccccoceevervienienenicnicnenneennen. 62
Figure 2-6 Thermo gravimetric analysis of burn out of organics in the NiO-YSZ green
17 oSSR 65
Figure 2-7 Thermo-mechanical analysis of the sinterability of electrolyte powders........ 66
Figure 2-8 Linear shrinkage rate versus sintering temperature. ...........ccccceeveeereenveenneenns 66
Figure 2-9 Microstructures of a typical Type I cell with SDC electrolyte. ............c...c...... 68
Figure 2-10 Schematic of the PLD SETUP. ......ccoieiiiiiiieeieeiiecie ettt 69

Figure 2-11 A schematic setup of test equipment for cell electrochemical
ChATACLETIZATION. ...eeiiiiiiieieii ettt et ettt et e st esaaeebeesnneenees 72

Figure 3-1 I-V power curves of a cell with a 15 pm SDC single layer electrolyte co-
fired with the anode at 1400°C, and with SSC cathode sintered at 900°C, tested at
different operating teMPEIAtUIES. ........c.eeeviiieiiiieerieeeriieerieeesreeesreeesreeesereeesreeenneas 78

Figure 3-2 I-V power curves of a cell with Spm YSZ+15um SDC bi-layer electrolyte
co-fired with Ni-YSZ anode at 1400°C, and SSC cathode sintered at 900°C,

tested at different operating teMPEratures. ..........eeeveerieeriierieerieeeieeieeereeseeeereeseneens 79

Xi



Figure 3-3 Area specific resistances (ASR) of 15um thick SDC and 5um thick YSZ at
different teMPETATUIES. .....ccvviiiiieeeiie ettt e stee e sree e eeaee e e eaeeas 80
Figure 3-4 SEM observation of cell with SDC electrolyte (co-fired at 1400°C for 2hr).. 81

Figure 3-5 EDS elemental analysis at the cell cross-section. ..........cccccecevieneiiinieneennn 81
Figure 3-6 Microstructure and EDS analysis of the tested thin SDC cell. ....................... 82
Figure 3-7 Microstructure and EDS analysis of the tested thin YSZ+SDC cell............... 83
Figure 3-8 EDS elemental mapping of an irregular grain area...........cccceecveeevveeerveeennennn 84

Figure 3-9 SEM image of a cell with spin-coated SDC electrolyte fired at 1400°C........ 85

Figure 4-1 XRD patterns of SSC+SDC powder mixtures sintered at different
105001015 211141 92

Figure 4-2 Temperature dependences of OCV for the cermet supported thin SDC
electrolyte cells with cathode sintered at different Tsc. ....ceevveviiieiieniiiiniiiiieeeee, 93

Figure 4-3 Electrochemical performance of cells with thin SDC electrolytes with

cathodes sintered at different temperatures...........cccceeevveereeecieenieeiieenie e 95
Figure 4-4 EIS of cells with cathodes sintered at different temperatures. ........................ 96
Figure 4-5 SEM images of the tested cells. .......cccooiriiiniiiiniiniiiiieececee 97
Figure 4-6 Appearance of the cells before testing in this study..........ccccoeveviiiiniinennn. 98

Figure 4-7 Optical microscope images of SSC+SDC cathodes made with different
spacer thicknesses after SINTETING. ........cccvviiiriiieiiie e 99

Figure 4-8 Typical surface height profiles of an SSC#3 cathode (prepared with 170

um spacer, after sintering) characterized with a profilometer. ............c.ccocceennennee. 101
Figure 4-9 Cell peak power density vs. different cathode spacer thicknesses................ 102
Figure 4-10 Peak power density of the cell with 1000°C-sintered SSC#3 composite

cathode, tested repeatedly with or without contact pastes. ........ccccceeevveeerieeenveenns 103
Figure 4-11 Typical cathode with contact paste after cell testing. .........ccccceeeveerieenennee. 104
Figure 5-1 Schematic of cell Structure. ...........cccevciieriiieiiiiniieiieieeee e 109
Figure 5-2 Schematic of experimental SEtUP. .......c.ceeveeriiiiieiiiieniieeiieie e 111
Figure 5-3 OCV of the SDC electrolyte cells at different temperatures......................... 112
Figure 5-4 Cell performance at different temperatures...........ccceceeveevienieneenenreneennene 113

Figure 5-5 EIS of the cell at different temperatures, a) before water test, b) after water

Xii



Figure 5-6 Water amount collected at anode gas outlet and leakage current at different

cell temperatures, with and without the cathode............cccceevieeiiiiniiiiiiiiiicee, 116
Figure 5-7 Fuel utilization (Uf) and electrical efficiency (LHV) of the cell.................. 120
Figure 5-8 SEM images of the SDC electrolyte after cell test.........ccoceeveriininiinicnnnnn 125
Figure 5-9 EDS analysis results at regular grain(#1) and irregular grain(#2) on the

SDC electrolyte surface after co-firing (see Figure 5-8a)........ccceecvveiieriienieenenne. 126
Figure 6-1 TGA of SDC powders with 5at% Co(NO3)3 6Hy0.....cccoviiiiiiiiiiiiiiiieen, 134
Figure 6-2 TGA of SDC powders with 5at% Cu(NO3)2 3H20.....ccooieiiiiiiiiiieeee, 135
Figure 6-3 XRD patterns of sintered SDC with and without Cu or Co addition............. 136

Figure 6-4 SDC lattice parameter variation with Co or Cu (polished sample) content. 136

Figure 6-5 Linear shrinkage (displacement, %) versus sintering temperature at a

heating rate of 5°C MIN™...........coo.oviveeieeeeeeeeeeeeee e 137
Figure 6-6 Linear shrinkage rate versus sintering temperature at a heating rate of 5°C

TN ettt 138
Figure 6-7 Cyclic voltammetry curves at 600°C of three SDC electrolyte cells............. 139
Figure 6-8 SEM and EDS analysis of (a) SDC, (b) 1%Co-SDC, (c) 1%Cu-SDC. ........ 140
Figure 7-1 Density of sintered Samples .........cceevveviiieriieiiieniieiieee e 147

Figure 7-2 X-ray diffraction pattern for each temperature from 800 (lowest curve) to
1400°C (highest curve) for A/ pellets of 8YSZ-SDC, B/ pellets of 8YSZ-SDC-
1%Co, C/ pellets of 8YSZ-SDC-1%Cu, and D/ pellets of SSZ-SDC-1%Co. ........ 148

Figure 7-3 Lattice parameter of SDC (graph 1), 8YSZ, SSZ (graph ii) and the forming

phase (graph iii) for the different MiXtures. ...........cceeeveevieriiienieeciee e 150
Figure 8-1 SEM image of the bi-layered SDC/SSZ electrolyte surface.........c..cccceenue.e. 159
Figure 8-2 SEM image of cross-section of the bi-layered SDC/SSZ electrolyte. .......... 159
Figure 8-3 EDS element mapping (see Figure 8-2). ......cccccoverviriineiniiniiiniininieneeenn 159
Figure 8-4 I-V-Power curves of the bi-layer electrolyte cell at different operating

EETMIPETATUTES. .euvveeeiiieeeiieeeieeeeteeeeteeestteeeteeesateeensteeensaeesnsaeesnseeeanseeensseeensseesnsseennns 160
Figure 8-5 EIS spectra of the cell at different temperatures. ..........cccccveeevcieeerieeeeveeennee. 161

Figure 9-1 Nyquist plot of the impedance evolution of cell A, tested at OCV at 650°C.
Top: Nyquist plot. Bottom: imaginary impedance vs. frequency. The legend on

the right indicates the time in hours elapsed since the beginning of the test........... 172

xiii



Figure 9-2 Influence of H, dilution on the cell impedance. Top: Nyquist plot.
Bottom: imaginary impedance vs. frequency. Testing conditions: 650°C, OCV,
10, 20 and 100 % H,, balance N / air (flow rates for both anode and cathode are
100 ML TN ).t e e e e eeereeeaens 172
Figure 9-3 Current density delivered by cell B as a function of time, in potentiostatic
mode at 0.75V. After a short activation period, the performance decays steadily
throughout the tesSting tiME. ........ceeviiieiiieeiieeeeee e e e 174
Figure 9-4 1-V and power density curves showing the time evolution of the
electrochemical performance of cell B. The decay is more significant below 0.3
A cm™ than it is at high polarizations. Legend indicates time elapsed in hours.... 175
Figure 9-5 Nyquist plot of the impedance evolution of cell B, taken at OCV at 650°C.
An excursion to 1000°C took place between 138 and 144hr. Legend indicates
time e1apsed 1N NOUTS. .....cc.oiiiiiiiiiie ettt e 175
Figure 9-6 Potential delivered by cell C as a function of time, in galvanostatic mode
at 0.5 A cm™. The data point indicated with the arrow was calculated based on
the polarization curve performed at 307hr.........coocieiiiiiiiiiiee e, 177
Figure 9-7 Nyquist plot of the impedance evolution of cell C, at OCV at 650°C. An
excursion to 0.75 V (OCV=0.983 V) took place after S3hr..........ccceeevvervrrcriennnns 178
Figure 9-8 I-V and power density curves showing the time evolution of the
electrochemical performance of cell C. Legend indicates time elapsed in hours... 178
Figure 9-9 Nyquist plot of the impedance evolution of cell D at OCV at 650°C. The
cell temperature was increased to 700°C before the first test indicated as Ohr....... 179
Figure 9-10 I-V and power density curves showing the time evolution of the
electrochemical performance of cell D. Legend indicates time elapsed in hours.. 180
Figure 9-11 Current density delivered by cell E as a function of time, in potentiostatic
MOAE At 0.70V . .ot 181
Figure 9-12 I-V and power density curves showing the time evolution of the
electrochemical performance of cell E. Legend indicates time elapsed in hours. . 181
Figure 9-13 Polarization resistance evolution with time for cells B, C, D and E.

Average Rp increase is 2.5 MmO cm® N ..o 184

X1V



Figure 9-14 SEM micrograph of the bi-layered electrolyte in contact with the
electrodes of cell D. While SSZ shows excellent sintering, SDC exhibits some
porosity that could partially contribute to the abnormally high initial series
resistance observed in all cells. The line scan mark in the SEM imageshows the
location of the element analysis. The element analysis results are shown in the
TIGNE FIGUIC. ©oeieiiiiieiece ettt e et e e s aaeeseessseensaens 186

Figure 9-15 Post-test SEM micrograph showing a delamination between the SSZ and
SDC electrolyte layers in cell D. This separation was observed in several spots
across the cell, and may have been partially responsible for the large initial series
resistance observed in all SPECIMENS.......c.cccvieriieiiieriieiie e 186

Figure 10-1 A schematic drawing of the cell structure and its fabrication methods. ..... 193

Figure 10-2 XRD spectra of SDC/SSZ bi-layer films deposited on silicon wafers at (a)
200 °C and (b) 600 °C in 40 MTOIT On..eeovveeveeeeeeeeeeeeeeeeeeeeeeeeeeee e 197

Figure 10-3 FE-SEM micrographs of SSZ/SDC bi-layer films deposited on silicon
wafers at a substrate temperature of (a) 200, and (b) 600°C in 40 mTorr of O;. ... 198

Figure 10-4 SEM Micrograph of surface view of (a) unmodified NiO-YSZ anode, (b)
NiO-SDC modified NiO-YSZ and (c) cross-sectional view of NiO-SDC modified

NIO Y SZ ettt sttt et a et ettt ettt e bt et eatesaeens 200
Figure 10-5 Cross section images of cell with bi-layered electrolyte deposited by PLD.201
Figure 10-6 I-V and power curves at different temperatures............cceerveeeeieerrveeennen. 202
Figure 10-7 EIS results at different temperatures. ..........cccceceeveeviinieneenenieneeeneenene 202

Figure 12-1 Measured conductivities of SDC, SSZ, and YSZ electrolytes used in this
SEUAY . 1ottt ettt e et e e e ta e et e e etaeenbeensaeenseennreenns 218

XV



Nomenclature

Note: It is customary in the SOFC community to normalize currents using centimeters,

because the relevant electrode areas of both test cells and commercial prototypes are of

the order of a few square centimeters. Therefore, cm” is the preferred unit to express

output values for current densities and area-specific resistances. Likewise, micrometers

and millimeters occasionally describe geometrical quantities such as thickness, lengths

and widths.
Symbol
Eqer

En

F
/
I
i

)

Po,

el

S

N NS

Description Unit
activation energy kJ mol™
Nernst potential \Y
Faraday’s constant Coul mol
frequency Hz
current A or mA
current density Am? or Acm?
exchange current density Am?

number of electrons transferred in a reaction

electrical power (density) W (W cm™)
system gas pressure Pa or atm
partial oxygen pressure atm
universal gas constant Jmol! K
(area-specific) resistance of electrolyte Q cm’
(area-specific) polarization resistance Q cm’
(area-specific) series resistance Q cm’
(area-specific) total resistance Q cm’
electrochemically active surface area m’
absolute temperature K
utilization

cell operating voltage v
real axial coordinate in area-specific impedance spectrum Q cm’
imaginary axial coordinate in area-specific impedance spectrum Q cm’
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Symbol Description Unit
a charge transfer coefficient,
p factor coefficient depending on porosity and waviness of the TPB
£ electrical efficiency
o generic conductivity S cm™
Op thickness of layer p pm or mm
AC, heat capacity change Jmol 'K
AG free energy change J mol™
AH enthalpy change J mol™
A8 entropy change Jmol 'K
Subscripts

a anode h hole

c cathode i ionic

cell cell L leakage

cond conductive oc open circuit

cont contact ox oxidation

e electronic red reduction

el electrolyte t total (includes: a, ¢, and el)

f fuel
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AFC
ASC
ASR
BSCF
CTE
EIS
ESC
EVD
GDC
LNF
LSGM
LSC
LSCF
MIEC
ocv
PAFC
PEFC
PLD
PPD
SDC

SOFC
SSC
SSZ

TPB
TSC
YSZ

List of Abbreviations

alkaline fuel cell

anode supported cell

area specific resistance (Q cm?)

Ba;SrCoiyFe 035 (x=0.1-0.5, y=0.2-0.8)

coefficient of thermal expansion (1/K)

electrochemical impedance spectrum or spectroscopy

electrolyte supported cell

electrochemical vapor deposition

gadolinia doped ceria, Gdy 1Ce901.95, or Gdp2Ce 5019 in this study
La Ni; FexO3.5 (x=0.2-0.8)

La;.Sr,Ga;.yMg,O3_,, electrolyte material with pervoskite structure
La;x SrxCo03.5 (x=0.1-0.7)

La;SrCoiyFey035 (x=0.1-0.5, y=0.2-0.8)

mixed ion and electron conductor

open circuit voltage (V)

phosphoric acid fuel cell

polymer electrolyte fuel cell

pulsed laser deposition

peak power density (W cm™)

samaria doped ceria electrolyte material with fluorite structure, typically
SmyCe 30 9 in this study

solid oxide fuel cell

Smy 5Srp sCo0O3, standard cathode material in this study

scandia stabilized zirconia electrolyte material with fluorite structure,
typically (Sc203)0.1(Ce02)0.01(Z1O2)o.79 or 10Sc1CeZrO,.s, in this study
three-phase boundary, or triple phase boundary

tape casting, screen printing, and co-firing

yttria stabilized zirconia electrolyte material with fluorite structure,

typically (Y203)0.0s(ZrO;)o.92 in this study
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1. Chapter One. SOFC Fundamentals and Literature
Review on Low Temperature SOFCs'

Solid oxide fuel cells (SOFCs) efficiently convert chemical energy in fuels into
electricity at high temperatures. Their demonstrated efficiency is up to two times higher
than that of existing thermal power plants. All types of available fuels, after reforming to
H; and CO, can be supplied to SOFCs to generate electrical power. Therefore, the SOFCs
are an attractive power generation technology, fitting well with the present fossil fuel
energy infrastructures and the future clean, sustainable and renewable energy solutions.
Conventional SOFCs typically operate at 700-1000°C to achieve an adequate performance
(power density P > 0.3W cm?, i.e., total area specific resistance R, < 0.4~0.5 Q cm™), that
generates cost and lifetime issues. Low temperature SOFC (LT-SOFC) research and
development are motivated by the needs of reducing material restriction and cost,
improving system reliability and durability, and widening SOFC application to versatile
power sources. Since cell performance decreases exponentially with operating temperature,
it is critical to develop cell material and fabrication technology to fulfill this mission. In
this chapter, a brief introduction of SOFC operating principles, conventional cell materials
and performances, advantages and challenges are presented. Later on, a literature review on
LT-SOFC, including new electrolyte materials, optimal compositions, compatible anodes
and cathodes, various cell fabrication methods, and main challenges and approaches are

addressed. At the end, the scope and the structure of the dissertation work is outlined.

1.1 SOFC fundamentals

The SOFCs generate electricity by combining a fuel and an oxidant
electrochemically [1, 2]. The cell unit generally consists of three components: anode,
electrolyte, and cathode, as illustrated in Figure 1-1. The anode and the cathode are

separated by an electrolyte. Both the anode and the cathode are porous for gas transport,

! Note: In accordance with current convention, the term "low’ is used here for temperatures below 650°C while the term

‘intermediate’ refers to the temperature range 650-850 °C, and ‘high’ refers to temperatures in the range 850-1000 °C.



electrochemically active to the reactants, and electronically conductive for the electron
flow. The electrolyte is a dense and gas-tight layer with high O* ionic conductivity.

At the cathode, the electrochemical reaction consumes oxygen (from air) and
generates oxygen anions (O”). The O* migrates through the electrolyte to the anode. At the
anode, the fuel (H, and/or CO) is combined with O* to form the product, H,O and/or CO,,
depending on the fuel composition. The electrode reactions are electronically balanced by a
transfer of two electrons per O® ion through an external electrical circuit. Thus it generates
electrical power with fuel and air supply. Meanwhile the reaction products of H,O and/or
CO; as high quality hot exhaust are suitable for use in cogeneration or bottoming cycles to

generate additional electrical power.

Fuel (H, or CO)

Anode
Electrolyte

Cathode

Hot exhaust
Oxidant (air)

Figure 1-1 Operational principle of an SOFC

1.1.1 Nernst potential and thermodynamic efficiency

The operational principle of the SOFC is well illuminated by thermodynamics and
electrochemistry [3, 4]. The maximum cell potential (voltage), i.e. Nernst potential, Ex,
under thermodynamically reversible condition, is expressed as Equation 1-1, indicating

the SOFC is an oxygen concentration cell.



_RT N Po,c Equation 1-1

E =—
! 4F pOZ,a

Here, R is the gas constant (8314 J mol™ K™), T is the absolute temperature (K), F is the

Faraday constant (96485.3 C mol™) and Po,.and p, . denote the oxygen partial pressures
(atm or Pa) at anode and cathode, respectively. Commonly p, .= 0.21atm for using
ambient air at the cathode; therefore, the magnitude of £, only depends on the anode

oxygen partial pressure, p,, ,, and thus on the type and composition of the fuel fed to the

anode.

Thermodynamic efficiency is defined as the change of free energy (AG) divided by
the change of enthalpy (AH) of a fuel oxidation reaction, i.e., AG/AH. It represents the
highest efficiency that a fuel cell potentially reaches through an electrochemical process,
and is determined by the 2" Law of Thermodynamics.

Table 1-1 lists the thermodynamic calculation (see Appendix A) results of Nernst
potential (Ey) and thermodynamic efficiency at different operating temperatures with H or
CO as anode fuel and air as cathode gas under ambient atmosphere. Because of the
negative change in entropy (AS<O0), the values of Ex and AG/AH of both H, and CO
decrease with temperature. Therefore, reducing the SOFC operating temperature leads to

higher thermodynamic cell voltage and efficiency.

Table 1-1 Nernst potentials and thermodynamic efficiencies of various fuels at different

temperatures

Anode gas T[K] 673 773 873 973 1073 1173 1273
Ex[V] [1.1765 1.1651 1.1537 1.1423 1.1309 1.1195 1.1081

97%H,+3%H,0

AG/AH 0.863 0.842 0.820 0.799 0.778 0.757 0.737

97%CO+3% Ex[V] 1.2432 1.2100 1.1768 1.1436 1.1104 1.0772 1.0441
CO, AG/AH 0.787 0.755 0.723  0.692 0.660 0.629  0.597




1.1.2 Cell voltage and cell resistance

The cell voltage of the SOFC at open circuit condition is commonly known as open-
circuit voltage, Voc or OCV. The exact OCV depends on temperature, oxygen partial
pressure, reactant and product concentration, and electrolyte and seal material and quality.
When the electrolyte is purely ionically conductive with good gas-tightness (dense), the
OCV value is close to the Eyx value (Vocx En), approximately 1.0-1.1V. When the
electrolyte is constructed with a mixed oxygen-ion and electronic conductor, electronic
current can flow through the electrolyte even at the open circuit condition, leading to an
internal leakage (or shorting) current, I;. Based on the equivalent electric circuit of the
SOFC, the leakage current density, i, and the OCV follow Equation 1-2 and Equation 1-3,
respectively [5].

_ oc,0 E, t,o E,
l = = .
L (0, +0,)0, o, Equation 1-2
_ Equation 1-3
ocv=—2"_F -tE, a
o, +0,

Here o; and o, are the ionic and electronic conductivities of the electrolyte, respectively, t;
is the ionic transference number, and J is the thickness of the electrolyte.

The OCV can also be reduced by reactant cross-over due to the existence of physical
defects in the electrolyte such as pin-holes, micro-cracks, or cell sealing leakage. This type
of OCV reduction can be easily explained by the Nernst equation by the changes of the
oxygen partial pressure between anode and cathode. Both the internal current leakage and
the reactant cross-over lead to losses in the reactants and cell performance.

The cell voltage under operating condition is smaller than the OCV due to irreversible
losses or cell polarization. Generally, the cell polarization comes from electrode
overpotential, concentration polarization, and cell ohmic loss from the electrolyte
resistance and the electrode contact resistance. Since the electrode processes have fast
kinetics at high temperatures, the cell voltage losses generally follow an ohmic resistance
behaviour, i.e. the voltage drop is linear with the current density, at temperatures above

700°C. Equation 1-4 is applicable to the SOFC under most practical operating conditions.



(Note: All the resistance data presented in this dissertation work are area specific

resistances in units of Q cm?)

Vet = Ex — (T i)R = Vo —iR¢ Equation 1-4
and
R¢ =Ry +R¢ tRer + Reont Equation 1-5
Here, V. is cell voltage, Ex is cell Nernst potential, i is cell current density, ip is leakage
current density, R, is total cell resistance, Voc is open circuit voltage (also OCV in
common usage), R, represents anode resistance, R, is cathode resistance, R is electrolyte
resistance, and Ry 1S contact resistance.

The anode and cathode resistance, R,, R; can be obtained according to Butler-Erdey-
Volmer (BEV) equations or the value of the Tafel slope. The exchange current density, i,
is a function of the electrode catalytic properties, reactant and product concentration,
reaction mechanisms and temperature.

Equation 1-6

RT . i
=——In(—
n=— =)

o

Here, 7 is electrode over-potential, R is universal gas constant (8.314 kJ mol K™), T is

absolute temperature(K) , a is charge transfer coefficient, n is the number of electrons, F is
Faraday’s constant (96483.5 C/mol), 1 is current density, and iy is exchange current density.
Under weak polarization (close to OCV), the following equations are

electrochemically valid for R, and R, calculations.

n, RT 1 Equation 1-7
R, == ()
i nF i,
Equation 1-8
and, R, = e :E(L) q
i nF i,

Since the exchange current densities ip, and ip. follow Arrhenius equations, i.e., they
are exponentially dependent on temperature, both R, and R, will increase exponentially
with the decrease in operating temperature. That is, we have Equation 1-9 and Equation

1-10.



R =R .Texp( E.. ) Equation 1-9
= exp(———
a a,0 p RT

and R =R, Texp( % ) Equation 1-10
’ RT

Here, R, and R are the pre-exponential factors for the anode and cathode, respectively.
E.ct. o and E,¢ ¢ are the activation energies for anode and cathode process, respectively.

The electrolyte resistance, R can be calculated according to the Ohmic Law:

Re1 = 8ei/Cel Equation 1-11

Here &g is the thickness of the electrolyte and o is the conductivity of the electrolyte.

The ionic conductivity ¢ of the electrolyte is represented by Equation 1-12, indicating
its thermally-activated ionic conducting mechanism.

_ Oy E e Equation 1-12
Cu =0 eXP(—W)

The values of ¢° and the activation energy (Ea..) vary with material composition,
microstructure, thermal history, aging time, and surrounding atmosphere, and are also
sensitive to trace element contamination.

The contact resistance, R (or defined as R. for total electronic conducting
resistance including that of the anode layer, cathode layer, interconnect (IC) layer, and
contact media layer) normally depends on the material and structure of the electrodes,
contact media, and interconnect, as well as the compressing force (contact pressure). It
varies with cell and stack design. In the case of metallic interconnects, the metal oxidation

contributes to the increase of R The effect of oxidation can be normally described by

Equation 1-13 [6]

K t —(/mE _+E Equation 1-13
Rcont 97y 2 TeXp( ( /m) ox c()nd)
o RT

(m=2, for parabolic growth of oxide)

Ko and m are the constants of the oxide growth kinetics, o, is the conductivity of the
oxide, E is the activation energy for the oxide growth, and E.,nqg is the activation energy
for oxide conductivity. In most cases, Reont 1S considered small [6, 7] (at least one order of
magnitude lower than the R,, R., or Ry)), and therefore, is often neglected, except for the

case of cathode supported tubular cells with a long current path or steel-interconnect oxide



growth at elevated temperature with service time (see page 17, Example 4: R.on increase

due to oxide growth).
1.1.3 Electrical efficiency and fuel utilization

The overall electrical efficiency of the FCs, g, is determined by the product of

thermodynamic efficiency, the ratio of V. to Ex, and the fuel utilization, Uy.

e :EXV&?H XUf
AH E, Equation 1-14

The fuel utilization Uy is defined as the ratio of moles of reactants (fuel) consumed in
the fuel cell to the moles of reactants supplied into the fuel cell. Since high utilization of
fuel results in increased reactant concentration polarization, SOFCs are often operated at Uy

of 0.6-0.9.
1.1.4 Stack voltage and output power

Individual cells are assembled into a stack to achieve certain electrical power outputs
for particular applications. The stack voltage (V) and power (Ps) from a typical stack in a
series-connection are simply the sum of the number (n) of the individual cell voltages (Vi)
and power outputs (P).

N

Equation 1-15
Equation 1-16

Py =IxV,= JZ": V,= z P

It is necessary to know basic requirements of cell component resistances for an

SOFC having an adequate performance at a designed operating temperature.



Example 1. Basic requirement of cell component resistances

Assuming a cell fuelled with 97%H;+3%H,0 and air at 873K with an OCV (V) of
approximately 1.0V and at targeted electrical efficiency of 50% at a current density of 0.5A
cm'z, according to Equation 1-14, Equation 1-4, and Table 1-1 data, we know that the
SOFC has to be operated at V ;=0.80V and U;=0.80, and the total cell resistance, R;,
should be less than 0.4Q cm® (refer to Appendix A). Since both the cathode and the
electrolyte practically show higher resistances than that of the anode, especially at reduced
operating temperature, a rational allocation for cell component resistances: R, R,, and R,

is 0.15, 0.10, and 0.15 Q cm?, respectively.

1.2 Conventional SOFC materials and performances

The first solid oxide fuel cell was operated at 1000 °C by Baur and Preis in 1937 [3]
using the oxygen-ion conductive stabilized ZrO, electrolyte discovered in 1899 by Nernst
[4]. Since then SOFC research and development have mostly encompassed optimization of
the electrolyte composition, development of compatible anodes, cathodes, and interconnect
materials, minimization of the cell resistance, reduction of operating temperature, and
development of cost-effective thin-film fabrication methods. Nowadays, many companies,
such as Siemens Westinghouse, Mitsubishi Heavy Industries, Tokyo Gas Co. Ltd., Sulzer
Hexis, and Versa Power Systems, are pursuing stack and system level development. This
section gives a brief summary of the conventional SOFC materials and structures,

fabrication methods, and state-of-the-art performances.
1.2.1 Cell materials and properties

Conventional cell units use YSZ (YxZrixOzxn, x=0.16 or 8mol% Y,03) as the
electrolyte, Ni-YSZ as the anode, and LSM (La;_,SryMnO3_5, y=0.1-0.3)-YSZ composites
as the cathode, and doped LaCrO; (with Sr, Ca or Mg) as interconnect. This material
system has provided the best fulfillment of strict requirements for high temperature SOFCs.

Table 1-2 lists the conventional SOFC component materials and properties.



Table 1-2 Conventional SOFC component materials and properties

Conductivity Thermal expansion

Component Material Composition [S cm'l] coefficient
at 1273K [10° K™

Anode Ni-YSZ 30-35vol.%Ni ~1000 12-13
30-50%porosity

Electrolyte  YSZ Dense (gas-tight) ~0.1 10-11
<5% porosity

LSM-YSZ 50-100vol.% 60

Cathode LSM ~100 11-12
30-50%porosity

Interconnect Doped- Dense (gas-tight) 3

LaCrO; <5% porosity 10-11

1.2.1.1 Electrolyte

The ionic conductivity of the YSZ electrolyte comes from oxygen ion (O”) movement
through the oxygen vacancies (V") created by the substitution of Y* to zr*, and is

influenced by dopant concentration, temperature, atmosphere, grain size, and aging time.
Equation 1-17 gives the ionic conductivity of the YSZ as function of temperature over the
range from 800°C to 1050°C, and partial pressure of oxygen over the range from 0.21 atm
to 1077 atm [4].

~76.2x10° Equation 1-17

G,y =1.63x10 exp(T) [S cm™]

Under these conditions the electronic conductivities (electron, ., ysz and hole, onysz)
are negligible (as calculated by the equations below) [4]. Thus, the YSZ electrolyte is

regarded as a purely ionic conductor under operating conditions.

e,YSZ 1.31X107 e’(l‘_)(—Xl)p_i/4 [S -1] Equa on 8
h,YSZ 2.35x1 : p(llé—ﬂ)pg:‘ [S Cm—l] Eq 9



From Equation 1-17, the ionic conductivities of the YSZ electrolyte are
approximately 0.12 S cm™ at 1000°C, 0.066 S cm™ at 900°C, and 0.032 at 800°C. The low
ionic conductivity of the electrolyte material is the main reason why the conventional
SOFC typically operates at high temperature. The following example gives a further

explanation.
Example 2. Operating temperature of YSZ electrolyte supported cell

A typical YSZ electrolyte supported cell has an electrolyte thickness of 150um to
provide sufficient mechanical strength to the cell. In order to achieve cell performance as
stated in Example 1 (see section 1.2) R = 0.15 Qcm? or lower is required. The YSZ ionic
conductivity needs to be 0.12 S cm™ or higher based on Equation 1-17, which corresponds
to an operating temperature of 970°C according to Equation 1-11. Therefore, YSZ
electrolyte supported SOFCs are commonly regarded as high temperature SOFCs operating
at temperatures of 950-1000°C.

1.2.1.2 Anode

Nickel has been used as anode catalyst in the SOFC since the early 1960s [8]. It
meets most requirements of the anode material for the SOFC: good catalytic activity for
fuel oxidation, high electrical conductivity (10° S cm™). NiO is normally used as Ni anode
starting material, which is chemically stable up to 1500°C, chemical compatibility with
common electrolytes and interconnects, and relatively cheap. The thermal expansion
coefficient (16x10° /K) of nickel is practically matched to the YSZ electrolyte material
(10.5x107° /K) by mixing with YSZ powder to form a Ni-YSZ cermet anode. Generally, the
Ni content in the cermet anode is well controlled to a range of 30-35v% in order to balance
the requirement for the electronic conductivity and the thermal expansion match with the
YSZ electrolyte [9], which is very important in the development of anode supported planar
SOFCs for good interfacial bonding strength and cell flatness. Besides thermal expansion
matching, adding YSZ enhances the anode triple phase boundary (TPB) length, which
increases the anode performance, and increases the microstructural stability by making the

anode more resistant to coarsening of the Ni during the operation due to sintering. Table
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1-3 lists the Ni-YSZ anode electrochemical resistances (R,) at different operating

temperatures, reported in the literature.

Table 1-3 Ni-YSZ anode electrochemical performance (R,)

Anode Anode area specific resistance, Ra nivsz [Qcm?]  Ea Ref.
composition  "500°C  600°C  700°C _ 800°C  900°C  *Jmol®

Ni+ YSZ (1) 0.04 0.02 10
Ni+YSZ (2) 1.0 125 11
Ni +YSZ (3) 1.1 0.7 0.4 12

(1) Anode sintering temperature, Ts,a: 1400°C for 2-4 hours, anode supported (10um) YSZ electrolyte cell
fabricated by co-firing with LSM-YSZ cathode. (2) T;,: 1430°C for 2hr, symmetric anode supported cell. (3)
150 um YSZ electrolyte-supported cell with 50pum thick Ni-YSZ anode, operated at 100mA cm™.

Although the SOFC has good fuel adaptability, pre-reforming or large steam-carbon
ratio of a hydrocarbon fuel is necessary before the fuel contacts the nickel anode because of
carbon deposition. Besides, many fuels containing sulphur species can cause poisoning of
the nickel in the anode at ppm levels of sulphur, resulting in cell performance loss and cell
structural damage. Therefore, adding de-sulfurization and fuel reformation sub systems to
process fuel is necessary for the SOFC system, which increases system complexity,
malfunction possibility, and total investment cost. In addition, Ni anodes deteriorate under
redox cycling. Therefore, alternative anode materials with good carbon-, sulphur-, and

redox-tolerance are of importance in future SOFC development.
1.2.1.3 Cathode

La; 4SrxMnOs_5 (LSM, x=0.1-0.3) shows sufficiently high electronic conductivity
(~200-300 Scm™ at 900-1000°C) and electrochemical activity for the oxygen reduction
reaction, chemical stability and compatibility with the YSZ electrolyte, and a thermal
expansion rate (12 x10° /K) that is close to that of YSZ. The addition of YSZ (15-50
vol.%) to the cathode forms a composite electrode with enhanced reaction area of the

electrode and enhanced interfacial bonding with the electrolyte.

LSM (x=0.2) cathodes exhibit limited oxygen ion conductivity, 107 S cm™ at 800 °C
[2, p305]. Even at 1000°C in air, the oxide ion diffusion co-efficient in LSM is

approximately 10" cm” /s and the surface exchange coefficient of oxygen on LSM is
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approximately 107 cm/s [3, p128 and p242]. The overall cathode reaction occurs at the
triple phase boundary (TPB) of LSM (e) / YSZ (O*) / O, (gas phase, air), which limits the
cathode performance and the cell performance. Barbucci et al [13] reported that at low
temperatures, an activation energy for the cathode reaction E,;smv = 1.21eV
(1eV=96.5kJ/mol) is obtained, while at high temperatures it is 1.50 eV. The discrepancy
between low and high temperature activation energies has been observed by Divisek et al.
[14] for pure LSM cathodes with E, in the order of 2 eV between 800 °C and 1000 °C and
of approximately 1eV for temperatures below 800 °C. Table 1-4 lists area specific
resistance R rsm data of LSM cathodes reported in recent publications. It is clear that the
LSM cathode is most suitable for high temperature SOFCs operating over 800°C. Recent
research on cathodes for both intermediate and low temperature SOFCs (see Section 1.4.3)

is active on novel cathode materials with mixed ionic and electronic conductivity (MIEC).

Table 1-4 Typical performance of LSM cathodes in the literature

Cathode Cathode area specific resistance, R Lsw [Q2cm?]  Ref.
composition 500°C  600°C  700°C  800°C  900°C

LSM +YSZ 1~2 ~0.5 0.2 10
LSM(1)+50v%YSZ 52.5 15.3 2.6 0.32 0.10 13
Lay sSro,MnO; 0.3 15
LSM(2)+50v%YSZ 0.5 16
LSM(3) +YSZ 0.58 17

LSM(1): (Lag.75510.25)0.90sMnOs3; LSM(2): (Lag $Sr92)0.0sMnOs; LSM(3): Lag 35Sr9.1sMnO;

1.2.1.4 Interconnect (IC)

Lanthanum chromite doped with an alkaline-earth element (Sr, Ca or Mg) has been
the only qualified interconnect material for the high temperature SOFC although it is
expensive and mechanically weak. The conduction mechanism of doped LaCrO; in air is
based on an exchange reaction of electrons between Cr’* and Cr*" ions, and is thermally-
activated with an activation energy of approximately 10-20 kJ mol” for different
compositions. The oxygen ion transference number is less than 0.01 even in reducing

atmospheres. Thus, oxygen leakage through the interconnect is negligible. The thermal
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expansion exactly matches with the YSZ electrolyte. However, the loss of oxygen in a
reducing atmosphere leads to lattice expansion, approximately 0.1-0.3% at 1000°C, which
has the potential of causing cracking problems [3]. In addition, the sinterability of this type
of material is relatively low, which generates fabrication challenges. Interaction (or
interdiffusion) between the doped LaCrO; interconnect and the doped LaMnOs; cathode,
and Cr-poisoning from the interconnect to the cathode cause durability problems at high

temperature.

In recent decades, with the development of intermediate temperature SOFCs (700-
800°C), metallic interconnects have been attractive [2, 3]. The advantages of using metallic
interconnects instead of ceramic interconnects are obvious: much lower material and
fabrication costs, better electrical and thermal conductivity, and more flexible interconnect
configuration. Currently Ni-based, Cr-based and Fe-based alloys are under investigation.
Since Fe-Cr ferrite alloys have better thermal expansion coefficient match with the
conventional cell components, and are cheap and commercially available, they have been
widely adopted by many intermediate temperature planar SOFC developers. Table 1-5 lists

properties of Lag gCapCrO; and 430 stainless steel interconnects.

Table 1-5 Properties of Lag sCay,CrO; and 430 stainless steel interconnects

Materials Electronic Thermal Thermal Mechanical Material
conductivity | conductivity | expansion strength[MPa] cost
[Scm™] [W (mK)™"] | coefficient | bending [ tensile | [$ kg]
[K™]
LagsCap,CrO; | 35, at900°C | 1.5-2 10-11x 10° | 20-60 200-500
Fe-Cr alloy 10°-10°, 25°C | 200 11-12x 10° 500 <3

1.2.2 Cell structure and performance

Because of its use of all-solid-state construction, the SOFC can be configured into
many geometries. Tubular, monolithic, planar, and segmented-cell designs are well-
developed cell structures. With a mechanical support, the cell components can be

extremely thin to reduce internal resistance losses and material costs. Table 1-6 gives a
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comparison of the tubular, monolithic, planar and segmented cells developed at the

industrial level [7].

Generally speaking, the cathode-supported cell structure is relatively expensive due to
its high material and fabrication cost. Low mechanical strength of the porous structure
limits the cell configuration to tubular and/or flattened and ribbed tubular. Relatively low
conductivity of the cathode support and long current collection paths require that tubular

cells even with thin YSZ electrolytes of 30-50um operate at temperatures over 900°C.

Since the 1990s, modern technologies such as tape casting, screen printing, wet
spraying and thermal spraying and co-firing promise lower costs for the fabrication of
anode-supported planar cells. In this type of cell structure, the electrolyte resistance is
further reduced, and the power density of a cell with a 10um thick YSZ electrolyte can
reach 0.5 W cm™ with hydrogen or reformate at 700-800°C [9, 20]. SOFCs operating at
this temperature range, commonly called intermediate temperature SOFCs, allow the use of
cheap steel for the stack components and the balance of plant (BOP). Table 1-6 gives a

comparison of different cell configurations.

Table 1-6 A comparison of the tubular, monolithic, planar, and segmented cells

Cell structure Advantage Disadvantage

Tubular ! Siemens Westinghouse ~Mature fabrication

30-50um YSZ (by electrochemical

Long current collection
Easy gas-sealing path

Less thermal stress

vapour deposition, EVD)
LSM cathode-support (by
extrusion)

Ni-felt interconnect

0.2-0.3W cm™ 900-1000°C, 85%

fuel utilization, U

than all of others
Longer lifetime than

all of others

Low power density

High material cost

High thermally-activated
cell component

degradation

Monolithic'*' Mitsubishi Heavy

Industries
50-150um YSZ (by co-firing)
Doped LaCrOs; interconnect-

support

Relatively high power
density

Relatively easy
assembly

Relatively easy flow

Difficult fabrication
Difficult gas-tight sealing
Strict requirement on
thermal expansion match

High thermally-activated
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Cell structure

Advantage

Disadvantage

0.2-0.3W cm™ 900-1000°C, 80%Us

arrangement

cell component

degradation

18,221 Versa Power

Planar !
Systems
~10 um YSZ or less (by screen
printing and cofiring)

Anode (cermet)-support (by tape
casting)

0.3-0.5W cm™ 700-750°C at 60-
70% Us

Fe-Cr steel interconnect

Compressive ceramic seal

Low fabrication cost

Potentially low

material cost by using

steels

High power density
Ease in flow
arrangement
Suitable for small

POWET source

Difficult gas-tight sealing
Relatively high assembly
cost

Strict requirement on
thermal expansion match
Relatively high
degradation due to IC
oxidation and Cr-cathode
poisoning

Size limitation of cermet

support

Segmented-cell ™! Rolls-Royce
10-20 um YSZ or less (by screen
printing and co-firing)

Porous ceramic support for anode

side (by tape casting)

Simplest stack
Relatively low cost
High durability
Suitable for small

PoOwer sources

Difficult fabrication and
quality control

Low power density

950°C, cell resistance R; 0.4" Q cm?

Example 3. Anode supported planar cell with YSZ electrolyte

Similar to Example 1 calculations, for an SOFC with a practical target operating
voltage of 0.75V and a power density of 0.3W cm?, the cell resistance, Ry, should be less
than 0.5 Q cm® The current anode supported planar SOFC with YSZ electrolyte of
thickness 10-15um needs to operate at 700°C or higher temperature to meet the R, = 0.15
Q cm? cell performance target. However, the contribution of R; and R,, to the R, value will
increase due to slow electrode kinetics, especially R.. New cathodes such as Sr-doped

LaFeO; show better performance than LSM [21].
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1.2.3 Planar stack components

The conventional high temperature SOFC uses a tubular design because of its relative
stability against mechanical and thermal stresses, and intrinsically easy sealing. The
disadvantage of this design is high ohmic resistance for current collection, leading to low
power density and high stack and system cost. The anode-supported planar configuration
has become popular since the 1990s. It has advantages of high power density and energy
density, 700°C-800°C operation, easy fabrication, and low cost. Figure 1-2 illustrates
components in a planar SOFC stack with anode-supported cells. Table 1-7 lists the typical

components and materials for a planar stack.

Interconnect 1

- ! - - ' -w -W - Seal, contact media

(cathode side)

RS0 T -

Anode supported cell

" o
Tt LT

Seal, contact media
(anode side)

Interconnect 2

Figure 1-2 Cross-section of a planar stack configuration

Table 1-7 Typical components and materials for a planar stack

Component Material Thickness Porosity
Cell Cathode LSM-YSZ or LSF* 30-50pm 30-50%
(ASC) Electrolyte 8YSZ 8-10um <5%

Anode Ni-YSZ 0.5-1.5mm 30-50%
Interconnect Fe-Cr ferritic alloy  1-3mm Dense
Anode contact media Ni foam 1~2mm >70%
Cathode contact media ~ LaCoOs paste 50-200 pm 30-50%
Seal Glass-ceramic Based on stack Dense or low

composites design porosity

* LSF, Sr-doped LaFeO;
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Example 4. Fe-Cr alloy oxidation and contact resistance growth with time

The durability of planar SOFC stacks is a big challenge today. The reported
degradation rate is approximately 4-6% per 1000hr [22], much higher than the 0.3%/khr
degradation rate target set by the Solid State Energy Conversion Alliance (SECA) of the
US Department of Energy (DOE) for a lifetime of 40,000hr [23]. The oxidation of the Fe-
Cr alloy interconnects is one of the degradation causes of the intermediate temperature
SOFC. According to the Equation (1-13) with the experimental values in air, Hou et al [24]
ploted the area-specific resistance (ASR) of a typical Fe-Cr alloy vs. temperature and at
speculated times (1000h, 10000h, 25000h) (cf. Figure 1-3). It can be seen that the area
specific resistance (ASR) of the Fe-Cr alloy increases exponentially with an increase in
temperature. Based on the increase of the ASR value at different times, if a cell is operating
at 700°C at 0.5A cm™ with an initial cell voltage of 0.75V, a calculation reveals that the
degradation rate owing to cathode contact resistance growth is 3.5%/khr for the 1* khrs,
1.2%/khr for the 1* 10khrs and 0.8% for 25khr. It indicates that for a stack using Fe-Cr
alloy interconnects operating over 700°C, it is difficult to meet the lifetime requirement
(0.3%/khr for stack degradation rate). However, if the operating temperature moves down
to below 600°C, the projected loss due to interconnect oxidation can be as low as 0.4%/khr

for 25khrs operation, which is close to the degradation criteria set by SECA.

0.8
Fe-26Cr-1Mo alloy tested in air

0.7
25,000h
ya

0.4 /l0,000h
0.3 / /
/ /

0.2
// 1,000h
0.1 /

T T T T T T
300 400 500 600 700 800 900 1000

ASR, Q cm?

0

Temperature, °C

Figure 1-3 The area specific resistance of the Fe-Cr alloy at different times [24] (© The

Eelectrochemical Society Inc., 1999, by permission)
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1.3 Advantages and challenges of SOFC

The SOFC has a number of advantages in comparison to other types of fuel cells [7].
Firstly, because of its solid electrolyte, the SOFC does not need complex electrolyte
management to maintain an optimal three-phase boundary condition, and to prevent
electrolyte vapour loss and composition change. The corrosion of stack components by the
electrolyte is completely avoided. Secondly, because of the use of all-solid-state
construction, the SOFC can be configured into various geometries such as tubular,
monolithic, planar, or segmented cells, offering flexibility in cell and stack design,
simplicity of system management, and potentially low fabrication costs. The cell
components can be very thin to reduce material costs and internal resistance losses (for
example in a cermet-supported cell structure). Further, the SOFC operates at the widest and
highest temperature range, typically 700-1000°C, at which conventional yttria stabilized
zirconia (YSZ) electrolytes become highly conductive of oxygen ions (O*). This operating
temperature range is required for processing hydrocarbon fuels, and therefore simplifies
thermal management at the system level (through internal reforming). The high operating
temperature also makes noble metal catalysts unnecessary and allows CO to be used as a
fuel and not a poisoning gas to the anode. The typical nickel-based anode materials and the
lanthanum-manganite-based cathode materials are both much cheaper than Pt- electrodes
commonly used in other types of fuel cells: Alkaline Fuel Cell (AFC), Polymer Electrolyte
Fuel Cell (PEEC) and Phosphoric Acid Fuel Cell (PAFC). Moreover, the O*-conducting
electrolyte intrinsically permits the use of all types of hydrocarbon fuels, H,, CO, H,S, and
even coal-based fuels in the SOFC to generate electricity without the need for the extensive
fuel purification (as required by AFC, PEFC, and PAFC). Furthermore, high temperatures
facilitate the electrode process kinetics and the mass transport of reactants and products,
leading to high electrical efficiency of 45-50% in a practical operation with power density
over 0.3 W cm™ [7, 25]. In addition, high temperature exhaust from the SOFC is suitable
for use in cogeneration or a bottoming cycle, which provides additional electrical
efficiency of 25-35% by a gas turbine. Finally, using SOFC-Gas Turbine combined power
generation, both the fossil fuel consumption rate and CO, emission to the atmosphere can

be reduced by half compared to existing thermal power generation.
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For commercial application, the durability and reliability of the SOFCs need to be
demonstrated along with cost reduction. These are the biggest challenges for the SOFC and
for other types of fuel cells. Although the SOFC has many advantages (as mentioned
above), its high operating temperature also generates issues, such as 1) low durability of
stack performance due to thermally-activated material degradation, including electrolyte
aging, electrode coarsening and/or sintering, cathode Cr poisoning, and non (or less)
conductive phase generation at various interfaces; 2) high thermal stress in the cell and
stack level due to either thermal expansion mismatching between functional components or
non-uniform operating conditions across the cell, causing failure during the start-up,
operation and cool-down, resulting in low reliability; 3) high operating temperature also
leads to high cost in materials and fabrication due to material restrictions on the cell, seal,
interconnect, and balance of plant; 4) meanwhile, high operating temperature limits the
application for portable power sources and transportation due to time and energy
consumption during start-up and cool-down. Therefore, a major thrust in the current SOFC
development is trying to reduce the SOFC operating temperature to below 650°C to further
alleviate the afore-cited adverse effects of high temperature on the durability, reliability
and cost.

From the SOFC operational principle, we know that the conventional YSZ-based cell
material system limits further operating temperature reduction. Figure 1-4 shows typical
150 um thick YSZ electrolyte-supported cell performance and the cell voltage losses of the
cell components vs. temperature [12]. In this figure, AUcathode> AUanode, a0d AUclectrolyte Stand
for the voltage losses from the cathode, the anode, and the electrolyte, respectively. The
area specific resistances of R, R,, and R, are calculated based on the voltage loss under
operating current density at 650°C. Obviously, this type of cell operating at 650°C will
only have 0.05 W cm™ peak power density with the individual component resistance (listed
on the right side of the figure) one order of magnitude higher than the values required (see
Example 1). Therefore, there are many challenges to material scientists and processing

engineers to maintain an adequate performance in SOFCs at lower operating temperature.
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Figure 1-4 YSZ electrolyte supported cell voltage losses [12] (© Journal of the European

Ceramic Society, 2001, by permission)

1.4 Literature review on low temperature SOFCs

As discussed in previous sections, the operating temperature of an SOFC depends
on the total cell resistance. The conventional SOFC with a 15um-thick YSZ electrolyte in
an anode supported cell structure needs to operate at 700°C or higher temperature if only
based on the Ry < 0.15 Q cm? requirement. Re values calculated for a 10 pm-thick YSZ
become appreciable at 600°C, approximately 0.5 Q cm?, and very large at 500°C, ~ 2Q
cm® [26]. While significantly thinner YSZ electrolytes would allow lower operating
temperatures, the long-term stability and reliability of ultra-thin electrolytes as well as
fabrication cost are the main issues. Meanwhile, the resistance from other cell components
(anode, cathode and electrical contact) is also exponentially increased with a decrease in
operating temperature, so only reducing the thickness of the electrolyte is insufficient to
retain the SOFC at high power density at or below 650°C. For example, the value of R¢,1sm
at 650°C is one order of magnitude higher than the required 0.15 Q cm™ (see Figure 1-4).

Therefore, each cell component is the subject of a great deal of research.
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1.4.1 Electrolytes of high ionic conductivity

As a primary material in the SOFC, an electrolyte of high ionic conduction and
good compatibility with high performance electrodes is essential to retain adequate
performance at lower operating temperatures. Several alternative electrolyte materials of
high ionic conductivity have been discovered and studied for LT-SOFC development, such
as Er-doped BiO,;s [27], Sm-doped CeO, (SDC) [28], Gd-doped CeO, (GDC) [29],
(LaSr)(GaMg)Os.s (LSGM) [30], and scandia-doped ZrO, (SSZ) [31]. Recent reviews on
the electrolytes for SOFCs can be found [32, 33]. Figure 1-5 reproduces the reported
conductivities of these electrolyte materials in their optimal composition along with YSZ at
a temperature range from 800 °C to 400°C in ambient air. From the interception of
conductivity curves with the dotted line in Figure 1-5, with a 15um thick electrolyte at R
=0.15 Q cm’, those oxygen-ion conductors can be used for operation below 650°C, while

the same thickness of YSZ has to be operated above 650°C.

T(°C)
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1.ESB (Er -doped BiO »)
2.SDC(SII1 0‘2C60A801,9)
3GDC(Gd 0.1 Ceo,901,95)
4.LSGM(La ¢.85Sr0.15Ga0.sMgo203.x)
5.S¢SZ(10Sc1CeZrO,.)
6.YSZ(8YSZ)
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2
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c
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Figure 1-5 Conductivity of SOFC electrolytes
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1411 SSZ

Doped ZrO, is known to have a high ionic conductivity with 8-12 mol% Sc,0;
dopant. It is stable under both reducing and oxidizing atmospheres and is purely ionically
conductive. The highest conductivity of SSZ with 8 mol % Sc,0O3 at 800°C was found to
be 0.159 S cm™ [34], while only 0.032 for 8YSZ. The higher conductivity of SSZ is
attributed to the smaller mismatch in size between Zr'" (0.086nm radius) and Sc**
(0.089nm), as compared to that between Zr'" and Y°* (0.098nm), leading to a smaller
energy for defect association, which increases mobility and thus conductivity [4, 31]. ZrO,
with 8-12mol% Sc,0; exhibits a significant aging effect at high temperature. With
annealing at 1000°C, its conductivity drops from 0.3 S cm™ to 0.12 S cm™ after 1000hr
[35]. The conductivity of SSZ below 500°C is similar to that of YSZ, indicating that the
activation energy for conduction in SSZ tends to increase with decreasing temperature [36].
It has been well reported that the highly conductive cubic phase of SSZ transforms to a low
conductive thombohedral phase at lower temperatures [37-39]. The phase change can be
alleviated or avoided by co-doping with other oxides, such as those of cerium [31],
ytterbium [38] or bismuth [40]. The mechanism of the stabilizing effect has been
introduced in [41]. The typical composition of SSZ is 10 mol%Sc,03 and 1mol% CeO, co-
doped ZrO,, with conductivities of approximately 0.09 S cm™ at 800°C and 0.01 S cm™ at
600°C, showing no degradation over 600 hrs at 1000°C [31]. The reported activation
energy is approximately 62.7 kJ mol™ [42] and 60-80 kJ mol™ [40] in the temperature range
of 800-1000°C, the thermal expansion coefficient is between 10x10° K [3] and 11.9x10°®
K [34], and the mechanical strength is approximately 250 MPa [3], similar to that of YSZ.
The problem with SSZ is the difficulty in synthesis of the electrolyte. A high sintering
temperature 1s needed to densify SSZ. SSZ powders often lack compositional uniformity,
and the conductivity of the sintered solid depends on the preparation methods [43].
Currently only Daiichi Chemicals (Daiichi Kigenso Kagaku Kogyo, Japan) company
provides pre-commercial SSZ powder. Since scandium is rarer and more expensive than

yttrium, SSZ powder is relatively costly.
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1.4.1.2 Doped Ceria

Doped ceria has the same fluorite structure as doped zirconia. As shown in Figure
1-6, the highest conductivity occurs with dopants Sm®” (ionic radius: 0.110 nm) and Gd*"
(0.108nm) of the lowest size mismatch with Ce* (0.111 nm) [28, 44, 45]. Like zirconia, the
conductivity increases with increasing dopant concentration to a maximum (Figure 1-7), at
0.10-0.20 for both Sm [28] and Gd [46], and then decreases. The conductivities for
Cep3(Gdy,0;9 and CepoGdy 10,95 are close, and Cepo9Gdg 0195 has been shown to have
better stability than Ce(3Gdo20;9 at low oxygen partial pressures [47]. The most widely
used ceria-based electrolytes CepsSmg20;9 (SDC) [28] and Cey9Gdo 10195 (GDC) [29]
have higher conductivity and lower activation energy [48], particularly at temperatures
below 650°C, in comparison to those of YSZ or SSZ (Figure 1-5). The conductivity of the
SDC is approximately 0.1- 0.15 S cm™ at 800°C in air, slightly higher than that of GDC
[28, 29], with the activation energy 40-65 kJ mol™ [4]. The thermal expansion coefficients
of both are approximately 12 —13 x10° K [33].
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Figure 1-6 Dependence of ionic conductivity and binding energy for (CeO;)s-(LnOj 5)0.2
at 800 °C on ionic radius of Ln’" [45] (© Solid State Ionics, 1989, by permission)
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Figure 1-7 Concentration dependence of conductivity for Sm-doped CeO, [28] (© Journal
of Applied Electrochemistry, 1988, by permission)

The primary disadvantage of ceria is electronic conduction at low oxygen partial
pressures [49-54]. The oxygen ionic conductivity (o;) and electronic conductivity (o, ) of

the doped-ceria electrolyte can be estimated as

O-Oi Ea i .
o, = ——exp(—+ Equation 1-20
=7 p( RT) q
~1/4
O, =0, %%exp(— Ra]’f ) Equation 1-21

For Gdy1Cep9O19s, Goi = 2.706x10° [S K m™'], Eq; = 61.748x10° [J mol]; oo, =
2.342x10" [S K atm"* m™'], E,. = 238.78x10° [J mol"'] [54]. However, Mogensen et al
[49] reported much lower E, . approximately, 20-40 x 10° [J mol'l], much lower than their

reported E,; value of 67.5 x 10° [J mol™], according to the mobility of electron and oxygen
ion in GDC.
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Due to the electronic conduction, the maximum efficiency based on the Gibbs free
energy is 50% at 800°C and 60% at 600°C [51, 52]. An SOFC with an SDC electrolyte
should be operated at temperatures below 600°C to avoid such efficiency loss due to
electronic leakage. Theoretical analysis indicates that under operation temperature below
600°C with ceria-based electrolytes, the efficiency loss is limited to low current densities.
At cell voltages of 0.6-0.7V the penalty is small and acceptable [33, 55]. A thin coating of
YSZ can effectively prevent the electronic conduction of the ceria electrolyte [56].
However, the performance of bi-layered electrolyte cell is not encouraging, and inter-

diffusion at the YSZ/ceria interface could be an issue in practical use [55, 57].

Although the stability of ceria in low oxygen partial pressures ( p,, ) is inferior to that

of zirconia, the chemical compatibility of ceria with cathode materials is superior to that of
zirconia. Both GDC and SDC have been shown to be stable with a wide variety of
electrodes including mixed ion and electron conductor (MIEC) cathode materials, such as
LSCF [53] and BSCF [58]. In fact, GDC and SDC are also commonly used as anode
materials mixed with Ni or NiO for high performance anode application [59, 60]. Because
of the excellent stability with cathode materials, ceria-based interlayers are applied between
YSZ and MIEC cathodes to prevent detrimental interactions [61-63]. However, interaction
occurs between the YSZ and the ceria layer at high temperature [64-66]. Since both the
ceria and YSZ have the same cubic fluorite phase structure, interdiffusion can occur and
results in the formation of a region with low conductivity. Therefore, strict processing

conditions have to be followed.
1.4.1.3 LSGM

Perovskite-type LSGM possesses an ionic conductivity higher than that of stabilized
zirconia and close to or lower than that of GDC or SDC below 550°C. The maximum ionic
conductivity (0.175 S/cm at 800°C, with activation energy E,; ~82 kJ mol™) is achieved
with the composition of LaggsSro15GagsMgo20s-5, and further acceptor-type doping leads
to progressive vacancy association processes [67, 68]. A decrease in conductivity is also
observed on doping with a smaller radius A-site cation, or creating A-site deficiency.
Surprisingly, introduction of small amounts of cations with variable valence, such as

cobalt, onto the gallium sites increases the ionic conduction in LSGM, and produces only a
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small increase in the electronic conductivity [69-71]. However, the concentration of
transition metal dopants should be limited to below 3—7 mol%, as further additions lead to
increasing electronic and decreasing ionic conductivities. Similarly to zirconia electrolytes,

the electrolytic domain of LSGM extends to substantially lower oxygen partial pressure

( po, )» and LSGM exhibits pure ionic conductivity, and has relatively lower thermal

expansion (11x10° 1/K) than those of the ceria-based electrolytes. Disadvantages of
LaGaOs-based materials include possible reduction and volatilization of gallium oxide,
formation of stable secondary phases in the course of processing, the relatively high cost of
gallium, and significant reactivity with perovskite electrodes under oxidizing conditions as
well as with metal anodes in reducing conditions [72-74]. The interaction of LSGM with
electrodes makes it almost impossible to use wet ceramic processing to fabricate either
anode supported or cathode supported thin LSGM electrolyte cells, which is necessary for
LT-SOFC to reduce the electrolyte resistance. The reaction of LSGM with cathodes is
different from that of zirconia or ceria, because most of the common cathode materials
have the perovskite structure. Thus, rather than forming a separate phase, the interaction
typically occurs through interdiffusion. The most common diffusion species is cobalt [75,
76]. Interdiffusion also occurs between LSGM and LSCF [77] and lanthanum nickelate
cathode [78]. Therefore, the cathode sintering temperature is normally below 1100°C to
avoid interdiffusion induced low cathode performance. Since small amounts of Co, Ni, and
Fe can be beneficial to electrolyte performance, and there is no highly resistive layer
formed at the electrolyte/cathode interface, therefore, the electrolyte-cathode intrediffusion
is not necessarily detrimental to fuel cell performance, but it will generate long-term
stability concerns. Excessive interdiffusion would eventually degrade the properties of both
components, so a ceria layer has been applied to prevent cobalt diffusion from LSC into
LSGM [79]. However, a resistive phase can form between GDC (SDC) and LSGM and
degrade fuel cell performance [80, 81]. The most common anode material is a Ni-based
cermet. For LSGM electrolytes, a resistive phase can form between the LSGM and Ni-
containing anode at 1300°C or even lower temperature [60, 82]. Alternative anode
materials are being developed including pervoskite oxides, such as (La,Sr)(Cr,Mn)Os.
However, easy interdiffusion between anode and electrolyte was observed during

processing, leading to a resistive phase. Such degradation can be avoided by limiting the
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sintering time and temperature [83]. However, restrictions on the processing conditions can
be a substantial challenge for the fabrication of thin LSGM electrolytes by cost-effective

Processes.
1.4.1.4 Doped Bismuth Oxide

Doped bismuth oxides have extremely high oxygen ionic conductivities in
comparison with the above-mentioned ceramic electrolytes. Bismuth oxide (Bi,O;) itself
exhibits a number of polymorphs, a, B, y and d-phases. In the fluorite structure of the o-
Bi,0; phase (BiO;s), a quarter of the available oxide ion sites are vacant. This fact,
together with the polarizability of the Bi 6s” lone pairs and suitable conduction pathways,
results in high ion conductivity in this compound [84, 85]. In pure Bi,0O3, the d-phase is
only stable over a narrow temperature range from 730-825 °C [84]. Substitution of Bi by
Er, Y, Yb, or Nb [85-87] results in the stabilization of this phase to room temperature
through solid solution formation with oxide dopants. At 20%-25% substitution of Bi by Er,
the cubic d-phase of formula BisErO7.x shows the highest conductivity in air (see Figure
1-5), 0f 0.023 Sem ' at 500°C, and 0.37 Sem ' at 700°C, with an ionic transference number
equal to unity [85]. Verkerk and Burggraaf showed that the conductivity of
(B1203)0.8(Er203)02, in the temperature range 300—-1100 K, displayed a clear bend in the
Arrhenius behaviour [88]. The activation energy was found to change from 115 to
52 kJ mol ™" at temperatures between 550°C and 650°C. At low temperatures below 870 K,
short-range ordering in the oxygen lattice was apparent, while at higher temperatures the
short-range ordering diminishes. This decrease brings about an increase in the lattice
constant and a subsequent decrease in the activation energy. Unfortunately, doped bismuth
oxide decomposes easily at low oxygen partial pressures, which prevents it from being
used in solid oxide fuel cells. One approach of overcoming this limitation is to combine
doped bismuth oxide with a ceria-based electrolyte, with the ceria at the anode side and the
bismuth oxide at the cathode side [89, 90]. If the thicknesses are selected appropriately, the
bismuth oxide will remain above the oxygen partial pressure of its decomposition and the
electronic conduction in the ceria will be blocked by the bismuth oxide [91]. However, the

effectiveness of this approach has not been well demonstrated.
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1.4.2 Challenge and approach

Although the new electrolyte materials have higher ionic conductivity, material
stability and compatible electrodes are remaining issues. For example, doped ceria and
Bi,0O; are thermodynamically unstable in reducing environments. Thermodynamic

calculations on Bi/Bi,0; indicate a stability down to only 107" atm oxygen partial pressure

(Po, ), thus limiting the SOFC cell voltage to ~ 600mV at 700°C (relative to air) [85]. The

lower p,, limit of ceria materials is dictated by an increase in electronic conduction with

reduction from Ce*" to Ce®", resulting in mixed ionic and electronic conduction (t; <1) with

decreasing p,, and increasing temperature [92]. This limits the usefulness of CeO, as an

electrolyte due to the lower open circuit voltage (OCV) and the power loss caused by the
electronic conduction through the electrolyte. As stated previously, although LSGM
exhibits pure ionic conductivity and suitable thermal expansion, disadvantages of this type
of material include possible reduction and volatilization of gallium oxide, formation of
stable secondary phases in the course of processing, the relatively high cost of gallium, and
significant reactivity with perovskite electrodes under oxidizing conditions as well as with
nickel cermet anodes in reducing conditions [93, 94]. The interaction of LSGM with
electrodes makes it difficult to use wet ceramic processing to fabricate either anode
supported or cathode supported LSGM electrolyte cells. Therefore, an alternative
electrolyte configuration is necessary to reduce the electrolyte resistance so that the
electrolyte can be used in LT-SOFCs [95, 96].

As a compromised approach, bi-layered electrolytes have been investigated in order
to overcome the inherently limited thermodynamics and chemical stability of highly
conductive oxides and to take advantage of the high ionic conductivity of the new
electrolyte materials [26, 56, 97]. These investigations can be catalogued into 2 types based
on the purposes:

1) A thin layer (dense if possible) of a more stable oxide protects these highly
conductive materials from reduction by preventing contact with the reducing gas. For
example, Yahiro ef al [56] demonstrated that a thin protective layer of YSZ on the fuel
side of a Y-doped ceria electrolyte SOFC increased the OCV and enhanced power

density. Recently, Wang et al [98] used a multi-layer tape casting procedure to
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fabricate an anode-supported Sum SSZ/10um GDC bi-layered electrolyte cell. With an
LSCF-GDC composite cathode sintered at 1100°C, they obtained a maximum power
density of 0.63 W cm * and an area-specific resistance (ASR) of 0.99 Q cm? at 850°C
in the single cell with H,/O, as the operating gases.

2) A thin layer (dense if possible) of oxide(s) more chemically compatible with the
electrodes enhances the electrode performance and the cell durability. For example,
doped ceria electrolyte on ZrO,-based electrolyte SOFC prevents the possible
detrimental interaction between the cathode and the ZrO; electrolyte. By introducing a
doped-ceria barrier layer at the cathode side, cobalt-containing cathodes of high
performance can be implemented. A high performance of 0.5 W cm™ at 700°C has been
demonstrated by Nguyen et al [99, 100]. However, there is little success when using
this cell structure operating below 650°C to meet cell performance requirements for

commercial application.
1.4.3 Cathode

The cathodes reviewed in this section are made of mixed ionic-electronic
conducting (MIEC) perovskites (ABO3) of which both the A site and the B site can be
substituted in order to tailor the material properties. Commonly, the A-site is a rare earth
element, such as La, Sm, Gd, or Pr, partially substituted by alkaline-earth elements with
similar ionic radius, such as Sr, Ba, or Ca; while the B-site is a transition metal, such as Co,
Ni, Fe, Cu, Mo, or Mn, either a single element or a combination of two or more elements.
For example, in La; SrxCoO;_5 (LSC, x = 0.1-0.7) cathode materials [101, 102], the A-site
is partially substituted by strontium. The substitution of La®" by Sr** creates a fully ionized

acceptor (Sr,,) whose charge is compensated by holes (Co?,) in the valence band and

oxygen vacancies (V") at the O-sites. Therefore, LSC perovskites are p-type electronic

conductors with a noticeable amount of oxygen vacancies [103, 104]. Because of the
presence of oxygen vacancies, oxygen can be transported through the bulk of the MIEC
cathode by diffusion. Thus as illustrated in Figure 1-8, the cathode reaction zone expands

to the full cathode area and is no longer limited to the three-phase boundary (TPB) area as
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in the case of LSM [105]. It has been well reported that the cathode performance of certain
MIEC: is sufficiently high even below 650°C.

Triple phase boundary (TPB) Cathode reaction zone
02
LSM
“ Y
Electrolyte 02'L Electroly-tei OZ-i

Figure 1-8 Schematic drawing of oxygen reduction path at cathodes

The concentrations of the defects in the MIECs are dependent on the chemical
composition, the microstructure (particle size), the temperature, the oxygen partial pressure
and the electrochemical potential. The electrical conductivity of LagSry4C00;s is as high
as 1500 S cm™', with an ionic conductivity of 0.22 S cm™ at 800°C in air [3, 4]. Other well
known MIEC cathode materials are Sm;_xSrxCo0O3.5(SSC, x = 0.2-0.7) [106], La; «SrxFeOs.
s (LSF, x =0.2-0.7) [21], LaNi;<Fe«O3.s (LNF, x = 0.2-0.8) [107, 108], La;.Sr«Coi.yFe,O3.5
(LSCF, x = 0.1-0.5, y = 0.2-0.8) and Ba;_SryCo;.,Fe,03.;(BSCF, x = 0.1-0.5, y = 0.2-0.8)
[109].

Typical composition and properties of LSC, SSC, LNF, LSCF, and BSCF are listed
in Table 1-8. In this table, o, is the electronic conductivity, o; is the ionic conductivity, ks
is the surface exchange coefficient, Do is the oxygen diffusion coefficient, and CTE is the
coefficient of thermal expansion. It is clear that the Co-containing MIEC cathode materials
show higher ionic conductivity (o;) and higher coefficient of thermal expansion (CTE) than
those of LNF, LSF and LSM. The higher CTE of the Co-containing MIEC materials is due
to formation of oxygen vacancies, reduction of the smaller Co*" ions to the larger Co®"

ions, spin-state transitions associated with Co®” from low spin (‘::¢+, r = 0.0545nm) to

high spin ( eH , 1 =0.061nm), and the relatively weaker Co-O bond compared to the Fe-
O, Ni-O and Mn-O bonds [110]. In general, the variations in CTE could be related to the
tendency to form oxygen vacancies, and thus to the ionic conductivities. Ullmann et al

[111] presented an empirical correlation between the CTE and o; at 800°C in air, for MIEC
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cathode materials and certain electrolyte materials such as LSGM, presented in Equation 1-

22.

Log 6;=-7.08 + 2.9 x10° CTE

(ciin Scm™, CTE in 10° K™

Equation 1-22

Table 1-8 Typical compositions and properties of MIEC cathodes from the literature (Note:

values in the parentheses are the cathode material reduction activation energies in kJ mol™.)

Cathode Typical Composition ¢, ks Do i CTEx10° Ref
sem? cms? em?s?! sem? 1K

LSM Lag sS1o.MnOs_s 175 10% 10" 107 11-12 3,4
(8.7)

LSC Lag 6S104C005.5 10° 10° 107 0.22 22-26 3,4

LSF Lag ¢Sro4FeOs 5 158 0.004 12.8,149 21,112

SSC Smy 5S1g.sC005.s 10° 10 10° >0.1 19-22 3,113

LNF LaNig¢Feo40s.5 257 11.4 107, 108
(4-6)

LSFC Lay St 2FesC0020;3.5 83 10° 10" 0.0023  14.8 112

LSCF Lay §S102C0g sFe 2055 10 10° 107 0.08 18-22 114,115

BSCF Bay sS102C00 sFe0 2035 254 10° 10 0.88 19-23 112,

116, 117

Note: For LSM: CTE for 25-1000°C and other properties at 1000°C, in air
For other cathodes: CTE for 25-800°C and other properties at 800°C, in air

Table 1-9 Properties of BSCF cathode materials at different temperatures [116] (© Solid

State lonics, 2006, by permission)

T S Dv x10° o

°C cm?s™t Scm’
700 0.258 1.72 0.53
750 0.270 2.26 0.70
800 0.282 2.87 0.88
825 0.289 3.25 1.01
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BSCF shows the highest ionic conductivity among the reported cathode materials.
Based on the oxygen permeability experimental results, Lu et al [116] calculated the
oxygen nonstoichiometries 9, oxygen vacancy diffusivity Dy and oxygen ion conductivities
o at different temperatures, as listed in Table 1-9. Clearly, the vacancy concentration and
diffusivity as well as the ionic conductivity increase with temperature, i.e., are thermally
activated.

J. Fleig [118] conducted modeling on the MIEC cathode, and found that only if the
ci value is of the order of magnitude of the electrolyte conductivity does a broadening of
the electrochemically active zone occur in order to lower the current constriction resistance
in the electrolyte. Assuming that the MIEC cathodic reaction via the bulk path occurs
mainly close to the three-phase boundary (TPB), the corresponding cathode resistance R is

almost proportional to the inverse TPB length, and a resistance per TPB length can be

defined as
L E .
R = P quation 1-23
po i MIEC

Here, L, is the particle size, and B is a factor coefficient depending on porosity and
waviness of the TPB. A value of 4 has been derived for B [118, 119]. Since the cathode
particle size is normally approximately 1um in a real cell, for cathode resistance to be 0.15

Q cm’® the necessary value of O, yuze 18 approximately in the range of 107 to 10* S cm™

according to Equation 1-23.

The performance of cathodes is not only influenced by the choice of the cathode
material, but also by the microstructure and the processing, as well as the electrolyte
materials. To provide an overview of cathode performance, Table 1-10 lists reported
cathode resistance R data for several types of cathodes. Different performances of the
same material are included on purpose, to illustrate the broad range of performance that can
be achieved by nominally the same material. From Table 1-10, it is noticeable that the
cathode performance generally follows the order of the o; value of the MIEC cathode

materials, i.e., BSCF > SSC > LSC > LSCF > LSFC> LSF > LNF > > LSM. The high
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performance of BSCF demonstrates the importance of high o; for the MIEC cathode

materials.

Table 1-10 Typical performance of MIEC cathodes in the literature (Note: values in the

parentheses are the cathode reduction activation energy in kJ mol™.)

Cathode, electrolyte and | Area specific resistance, R. [Q cm?] Ref.
sintering temperature 550°C 600°C 650°C 700°C 800°C
LSM+50v%YSZ on YSZ, | 33.8 15.3 6.5 2.6 0.32 13
1200°C-2hr
LSM on SASZ*, 1300°C- 2.5 1.3 (60) 120
4hr
LSC 1.2 0.23 121
LSC+45wt%La-doped 0.61 0.16 121
Ceria
SSC on LSGM, 1150°C-2hr | 5.5 2.0 0.74 0.33 0.10 113
(133)
SSC on GDC, CCVD|3.6 1.6 0.70 0.32 (120) 122
(1300°C)
SSC+30%SDC on SDC, | 0.27 0.15 (77) 123
950°C-2hr
SSC+10%SDC  on SDC, | 0.61 0.33 (78)
950°C-2hr
LSF 5.5 0.13 124
LSFC+30%GDC on GDC, | 0.65 0.20 0.084 0.026 0.01 125
(124)
LSFC+30%GDC on YSZ, 2.5 1.0 0.29 0.13 0.03
(135)
LSFC+30wt% GDC on 0.2- (134-138) 126
GDC, 1000°C 0.3
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Cathode, electrolyte and | Area specific resistance, R. [Q cmz] Ref.
sintering temperature 550°C 600°C 650°C 700°C 800°C

BSCF on GDC, 1100°C-3hr 0.80 0.52 0.17 127
BSCF on SDC, 1000°C-5hr | 0.19 0.07 0.03 0.01 (121) 109
LNF on SASZ*, 1000°C- 1.6(initial) 128
2hr 0.5(after100hr)

LNF on SASZ*, 1000°C- L.5 0.6 (64) 120
4hr

LNF on YSZ, 1000°C-2hr 2.5 129

* SASZ: 71O, stabilized with 10%Sc,O3 and 1%A1,0;

Although MIEC cathodes show good performance at lower temperature, challenges
for MIEC cathodes still exist. One is the large CTE mismatch with the electrolyte. This
mismatch will generate thermal stresses between the cathode and the electrolyte during
fabrication and operation, leading to cathode cracks and delamination. LSFC is a good
candidate from the viewpoint of the better CTE match with the electrolyte compared to
BSCF and SSC; however its low temperature cathode performance is not high. Therefore,

the balancing of sufficient o, ;- and CTE match with the electrolyte is an engineering

challenge. An effective approach is using composite cathodes, i,e., adding an electrolyte
material composition to the MIEC, such as LSC-GDC or SDC, or SSC-SDC, to tailor the
cathode CTE. A second challenge is the interaction with the doped-ZrO, electrolyte. Most
of the Co-containing cathode materials have the tendency to react with the ZrO,-based
electrolyte during the cell fabrication and operation [108, 130, 131]; thus either ceria based
electrolytes or protective layers of ceria [108] or LSGM [107, 109, 110] on YSZ
electrolytes should be used. The third challenge is the long-term stability issue. The
cathode long-term stability of the MIEC materials has not been fully investigated in the low
temperature SOFCs. As for BSCF, although it shows the highest performance at lower
temperature, both its electronic conductivity and stability are lower than LSFC and SSC. Its
low conductivity limits the composite cathode approaches to accommodate its larger CTE
mismatch with the electrolyte. Furthermore, its low chemical stability in CO, containing

atmospheres causes real concerns regarding long-term stability [132].
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1.4.4 Anode

Anode materials for the low temperature SOFCs are commonly the same as those for
the high or intermediate temperature SOFCs, i.e. based on Ni catalyst. Depending on the
electrolyte materials the cermet anode can be either Ni-YSZ (and/or Ni-SSZ) for ZrO,-
based electrolytes, or Ni-SDC (and/or Ni-GDC) for ceria-based electrolytes and for LSGM-
based electrolytes as well. Since the anode process is kinetically fast enough, the anode
resistance R, for the typical Ni-YSZ is less than 0.1 Q cm?®[10] at 600°C. Therefore, the
electrochemical resistance of Ni-based anodes in low temperature SOFC development is
not an issue. In fact since the SDC or GDC behave as MIECs under reducing atmospheres,
those Ni-SDC or Ni-GDC cermet anodes show a better performance in comparison to the
Ni-YSZ anode. The main issues of the anode are still its multi-fuel capability, impurity
tolerance and redox resistance. Recently Goodenough et a/ [133] and Sun ef a/ [134] have
reviewed anodes for SOFC. Some interesting MIEC anode materials have been introduced
such as Ceg g4Ti0.15Pt0.0102-5 and Cu-Ru + GDC in a fluorite structure, La;SryCrgsMng s05.
s In a perovskite and Sr;Mg; \MnMoQOg.s in double perovskite structure, and showing
certain performance advantages with hydrocarbon fuels and with fuel containing high
content of H,S impurities. However, those ceramic anode materials are less active in

comparison to Ni-based anodes, and are still in an initial R&D stage.

1.5 Fabrication —thin film deposition techniques

Traditionally, tubular cells were fabricated by extrusion of the cathode tube, then
electrochemical vapour deposition (EVD) was used to deposit the YSZ electrolyte on the
cathode tube. The anode Ni is deposited by slurry coating, and YSZ is impregnated by
EVD to form the Ni-YSZ cermet anode layer [3]. For the monolithic cell, the layers of the
anode, cathode, and electrolyte are prepared by tape casting or wet slurry coating, then
corrugated through molding and stacked with green LaCrOs interconnect, and co-fired at a
temperature of approximately 1400 -1600°C. For the planar SOFC, cells are made by tape
casting the NiO-YSZ anode support, fabrication of the YSZ electrolyte either by screen
printing or by tape calendaring to combine with the anode, co-firing at a high temperature

over 1350°C, then applying the LSM-YSZ cathode and sintering it at a lower temperature,
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approximately 1100-1250°C. Details on the fabrication process for the SOFCs can be
found in [3, 4]. Porosity of an electrode can be tailored either by adding a pore-former to
the electrode slurry or by sintering at a different temperature [135].

A great variety of new techniques have been developed in the past decades, such as
physical vapour deposition; chemical or electrochemical vapour deposition; thermal spray
deposition; and wet ceramic processing. Here I briefly summarize the wet ceramic

processing techniques and vacuum deposition techniques based on the reference [136].

1.5.1 Wet ceramic processes

Wet ceramic processes are used extensively to produce coatings and thin films for
fuel cells, protective coatings, or microelectronic devices. The different techniques used
to apply the coating material to the substrate can be divided into dipping, spinning,
spraying, and screen-printing, normally followed by drying, thermal decomposition, and
high temperature sintering [136]. The ceramic thin film can be formed either from liquid
precursors or from crystallized ceramic particulates. Thin films can be deposited on

surfaces in patterns by standard photolithographic lift-off processes or shadow masks.
1.5.1.1 Forming ceramic thin film from liquid precursor

Spin-coating and dip-coating: The spin-coating and dip-coating processes are

utilized to produce thin ceramic coatings on a variety of substrate materials. Thin film
deposition with spin-coating consists of applying a precursor solution on one side of a
rapidly rotating substrate, whereas during the dip-coating process the substrate is partly
or fully immersed in the precursor solution and then withdrawn from the liquid. A

variety of precursors may be used for these techniques [136].

Spray pyrolysis deposition (SPD): In SPD, a fine aerosol, or a mist of droplets, of a

liquid precursor solution is generated by atomization, which is then directed towards a
hot substrate surface. The droplets evaporate or decompose completely to form a
particulate before, upon, or after their landing on the substrate. Perednis and Gauckler
recently reviewed thin film deposition using SPD with emphasis on SOFC electrolyte

materials [136, 137]. In terms of atomization method and heat source, SPD can be
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further categorized into electrostatic spray deposition [138-140], flame spray deposition
[141-144], pressurized gas spray deposition [145-152], and ultrasonic spray pyrolysis
[153]. Perednis et al. [147-148] reported the successful deposition of dense YSZ films
with thicknesses <500 nm and porous buffer layers of yttria doped ceria (YDC). Cells

fabricated with these films reached power densities in excess of 750 mW c¢m ~ at 770 °C.

1.5.1.2 Forming ceramic thin film from crystallized particulate

Electrophoretic deposition (EPD): EPD is a simple and fast deposition technique
to produce thin films from colloidal particles. Powder particles are charged and
suspended in a colloidal system. Under the forces of an externally applied electric field,
the particles move to the substrate surface and coagulate in a compact layer [136]. Liu et
al. [154, 155] utilized EPD to deposit dense YSZ layers on porous LSM cathode
substrates, and others ([156, 157]) have deposited YSZ on NiO-YSZ anode substrates.

Slurry-coating: Dip-coating or spraying with ceramic particulate or colloidal
suspensions (“slurry-coating”) produce films with thickness generally larger than a few
microns and limited sometimes to the particle diameter in the dipping solution, which is
usually a few hundred nanometers [136, 158, 159]. Advances towards finer particulate

suspensions for YSZ electrolyte layers have been reported [160].

Screen printing: Screen printing is a process by which an “ink” consisting of a

suspension of the deposition material and binder is forced through a fine wire mesh, or
printing frame, depositing the ink on the substrate surface. Screen printing is a moderately
priced process, with good process capability for 3-5um films [161, 162]. In this study,
precise screen-printing technology was used for preparation of cell functional components

such as anode, electrolyte, and cathode.

1.5.2 Vacuum deposition techniques

Vacuum deposition techniques are generally categorized into physical vapour

deposition (PVD) and chemical vapour deposition (CVD). For thin film growth in
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vacuum deposition, gas-phase atoms of the chosen material are transported from the
source to the substrate, upon which the film will nucleate and grow. The whole process
takes places in a vacuum chamber, where the atmosphere and gas-phase reactions can be
controlled carefully [136]. Review of the application of vacuum techniques to SOFC
materials in general can be found in [163, 164]. The main disadvantages of vacuum
deposition techniques are that both are expensive techniques from the point of view of

equipment, and have similarly low deposition rates of a few nm per minute.

1.5.2.1 Physical vapor deposition (PVD)

PVD techniques have the common feature that atoms are brought to the gas phase
through a physical process from a solid or molten target. Simple oxides and nitrides can
be grown from metallic substrates by introducing oxygen or nitrogen gas during
processing. The processes include: evaporation, sputtering, laser ablation and hybrid
methods. The most prevalent of these techniques for SOFC materials is sputtering, but
pulsed laser deposition (PLD) is becoming more and more popular. Since many SOFC

components are complex materials, evaporation is difficult and scarcely used [136].

Sputtering: In the sputtering process, material is removed from a solid cathode
target by bombardment with charged ions emitted from a noble gas (commonly Ar)
discharge at high voltage (3—5 kV) in a process of momentum transfer [136]. A radio
frequency (RF) source is needed for sputtering dielectric materials. Deposition is usually
performed at low temperature (<400 °C) in a partial pressure of oxygen on the order of
10 mTorr [136]. Post-deposition thermal treatment in air is then necessary for
crystallization and densification of the electrolytes. The sputtering process was employed
prior to PLD for thin film deposition in the SOFC field. Thin film electrolytes have been
prepared, particularly YSZ [165, 166] and GDC [167, 168]. However, porous Ni/YSZ
anodes [169] on dense YSZ substrates as well as anodes and electrolytes on porous
substrates such as alumina [170] have been successfully grown as thin films. The
deposition of the cathode material lanthanum strontium cobaltite (LSC) was also

reported [171]. Even the deposition of an entire SOFC was reported [172].
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Pulsed laser deposition (PLD): PLD uses a pulsed laser beam, usually of

wavelength in the UV range, to ablate a target composed of the desired thin film
material, which is subsequently deposited onto a substrate [136]. PLD has attracted much
attention over the last 20 years, as it enables fabrication of multi-component
stoichiometric films from a single target. The obstacle for the application of PLD in
industrial production is the difficulty in scaling-up the process. However, possible
evolutions of PLD that would allow for large-scale deposition have been proposed [172,
173]. Reviews on applications of PLD to SOFCs can be found elsewhere [174, 175].
Porous and dense perovskite electrodes [176-178], electrolytes such as GDC [179-181],
YSZ [182], lanthanum strontium gallium manganite (LSGM) [183, 184] and samaria
doped ceria (SDC)/LSGM bi-layers [185] have been deposited by PLD. Amorphous
dense films or nano-size grains can be obtained in low oxygen partial pressure
(<10 mTorr) at low temperature and then crystallized by annealing in air. In the cases of
GDC and YSZ, it was found that the porosity and the presence of cracks were strongly
influenced by the deposition pressure [186], and higher density was obtained at lower

pressure.

1.5.2.2 Chemical vapor deposition (CVD)

In the CVD process, gaseous precursors of the desired materials are transported to
the substrate. They react or decompose under the energy provided by heaters or by a
plasma discharge to form a film of desired material on the substrate [136]. CVD does not
require the use of high vacuum, and enables the production of high quality and high
purity films. It is widely employed in the semiconductor industry. For SOFC application,
CVD processes have been mainly used to produce dense, gas-tight, electrolyte films, 1—
10 um thick, on dense and porous substrates [187-191]. Another example is
electrochemical vapour deposition (EVD), where film growth proceeds because of an
electrochemical potential gradient existing between the two sides of the substrate [192].
EVD has been extensively used for SOFC cathode supported cell fabrication by Siemens
Westinghouse [3].
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1.6 Summary

SOFCs electrochemically convert chemical energy in available fuels into electricity
at high temperature. Conventional SOFCs with YSZ electrolyte operate at 700° - 1000°C in
order to obtain an adequate power density (> 0.3W cm? ie., R, < 0.4~0.5 Q cm?).
Although cell performance decreases exponentially with operating temperature, low
temperature SOFC development is a way to meet the lifetime and the cost requirements
from the market.

Among the electrolyte materials reviewed in low temperature SOFC development,
ceria based materials show a good combination of higher ionic conductivity and better
compatibility with the high performance electrodes than the conventional zirconia-based
electrolyte, especially mixed ionic and electronic conductive (MIEC) cathode materials
which are promising for low temperature SOFC development. However, these benefits of
ceria-based electrolytes are partially offset by their considerable electronic conductivity
under operating temperature and atmosphere conditions. Cells with bi-layered electrolyte
structures seem like an effective way to tackle this issue.

Since thin film deposition is crucial for low temperature SOFCs, various processes
have been suggested to enable cost effective and high volume manufacturing of SOFCs
[193]. Table 1-11 gives a brief summary of specific processing techniques reviewed so far.
Plasma spraying, showing advantages in metal supported SOFC fabrication, is also listed in
the table. Each of these processes has been reported to produce workable cells in a
laboratory setting. However, to insure cell performance, control of process variability for
process parameters such as material thickness, in-film defect levels, material dopant
concentrations, and porosity, becomes critical for each process. Up to now, ceramic wet
processing has been the dominant fabrication method for the planar anode supported thin
electrolyte cell development, well adopted by most of the planar SOFC developers and

research groups due to its low cost, easy parameter control, and scalable manufacturability.
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Table 1-11 A brief summary of thin film manufacturing processes

Process Materials | Cost Pros Cons
Electroche- YSZ, High Widely used in High reaction temp,
mical vapour | cermet microelectronics+SOFCs. precursor
deposition anodes Produces uniform, adherent | corrosiveness, low
(EVD) films, good conformality deposition rates
Pulsed laser | YSZ High Suitable for almost any Vacuum, Film
deposition material, intermediate cracking, uneven
(PLD) deposition temperature, deposition reported
controllable microstructure
Magnetron YSZ High Good film conformality, Thermal cracking
Radio material deposition during annealing,
Frequency flexibility, good deposition | dimension limitation
(RF) rate control, low deposition
Sputtering temps
Plasma YSZ, NiO, Multi-layer devices by More process
spraying LCO, single spray process, dense | optimization needed
LSM, SSZ films, porosity controlled, for dense electrolyte
high deposition rates and porous electrode
Tape YSZ Moderate | Multi-layer deposition Crack formation
calendaring capability, can deposit on
porous or dense substrates
Electrophore- | YSZ, Moderate | Less substrate shape Inhomogeneous
tic deposition | GDC, restriction, high powder thickness, cracking
(EPD) LSGM, packing density, when thickness over
LSFC manufacturability, dense 50um. multiple
film, fast deposition rates parameters.
Tape casting | YSZ Low Robust multilayer tech., Crack formation, not
manufacturability for thin film <25pum
Screen YSZ, Ni- Low Multi-layer deposition, film | Minimum deposit >
printing YSZ, SDC, thickness down to Sum, Sum,
Ni-SDC good uniformity, porosity Co-firing cracks

control
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Process Materials | Cost Pros Cons
Slurry YSZ Low Robust tech., good dense Crack formation risk
coating film, no shape restriction
Sol gel YSZ, LSM, | Low Create fine structure and Crack risk, low
coating SSC high density films, sintering | deposition rates,
at lower temps, good time consuming.
thickness control

1.7 Objective and Outline of dissertation work

The general goal of this dissertation work is to obtain a thorough understanding of
cell materials and cell processing technologies in order to develop solid oxide fuel cells
(SOFCs) operating at temperatures below 650°C. The ultimate objective of this work is to
develop a cell technology by rational cell material and structure design through a cost-
effective fabrication process that can deliver the cell performance to meet the following
practical cell performance:

Cell operating temperature (Tp): 600 £ 50°C

Cell operating voltage (Ven): 0.70-0.75V

Cell power density (PD): >0.30W cm™

For meeting the targeted cell performance, the scope of the dissertation work includes:

1. Establish cell material system. According to the literature review in this chapter, the
following cell material system has been selected: Smg,Ce 3019 (SDC) as the main
electrolyte candidate, Ni-SDC as anode, Smy 5Sro sC003.5 (SSC) or composite SSC-
SDC as cathode.

2. Define cell structure. In order to reach high cell performance, planar-anode
supported electrolyte cell structures with Ni-YSZ cermet as cell support are adopted
for cell development in this work. Two types of cell structures are investigated. One
type of cell is with single layered SDC electrolyte, the other type of cell is with bi-
layered electrolyte.

3. Develop cell fabrication processes. Both wet processing and PLD processing are

investigated. The electrolyte deposition processes used in this study are either
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screen-printing and high temperature co-firing or low temperature pulsed laser
deposition (PLD). Cell size is scaled up for short stack development. With these,
thin electrolyte cells are fabricated and used for cell characterization and
performance evaluation.

4. Cell material characterization and cell material studies. Powder morphology,
particle size, surface area, phase purity, electrochemical properties, and thermal
properties of raw materials used for cell components and cell fabrication are
characterized. Cell material studies cover the enhancement of SDC electrolyte
sinter-ability and electrolyte material interaction. Transition metal oxides are used
as dopants to facilitate the SDC sintering with a purpose of engineering the bi-
layered electrolyte for low temperature SOFCs by cost-effective wet processing
methods.

5. Composite cathode study. Since the cathode is one of the important components at
low operating temperatures, composite cathodes are investigated with the purpose
to enhance the cathode performance by optimizing composition, microstructure,
and processing condition.

6. Internal shorting of low temperature SOFC with SDC electrolyte. The severity of
the internal shorting is studied and a mechanistic understanding is reached.
Consequently, bi-layered electrolyte structure solutions are proposed.

7. Low temperature SOFC with bi-layered electrolyte. A thin purely ionic conducting
zirconia-based electrolyte is added between the anode and the main SDC electrolyte
with a purpose to eliminate the electronic conductivity of the electrolyte. Cells
prepared by both wet processing and PLD processing are investigated.

8. Stability of low temperature SOFCs with bi-layered electrolyte. The stability of
cells developed in this work is studied to understand the potential degradation

mechanism.

Chapter one has been devoted to the basics of SOFCs and a literature review on low
temperature SOFCs. Chapter two describes cell structure, fabrication technology and
experimental methods. The results of the cermet supported thin SDC electrolyte cells are

reported in chapter three. In chapter four, a study on composite cathodes and cathode
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thickness is presented. Chapter five discusses internal shorting, fuel utilization, and
electrical efficiency of thin SDC electrolyte cells. In chapter six, a study on sintering aids
for SDC electrolytes is presented. Chapter seven presents a study on interaction between
different electrolyte materials. In chapter eight, low temperature SOFCs with bi-layered
electrolyte fabricated by TSC and the cell performance are presented. Chapter nine
discusses the stability of low temperature SOFCs with bi-layered electrolyte fabricated by
TSC. In chapter ten, low temperature SOFC with bi-layered electrolyte fabricated by PLD
and the cell performance are presented. Conclusions and future work are presented in
Chapter eleven. In appendices, thermodynamic calculations of various fuels are included,
and the details of materials properties characterization are also presented. Finally, a list of

journal papers and conference presentations during the dissertation work is also attached.
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2. Chapter Two. Cell Fabrication and Characterization?

The success of SOFC technology depends on producing a cost competitive product
within performance specifications that match or exceed those of other alternative energy
sources. Practical and cost-effective fabrication processes of SOFCs are currently based on
the fabrication technologies initially designed for the microelectronics and materials
manufacturing industry [1]. One of goals of this dissertation work is to understand and then
apply those manufacturing technologies to the low temperature SOFC fabrication. Two
fabrication technologies are used in this work. One is wet ceramic processing, such as Tape
casting, Screen printing, and Co-firing of cell components (TSC in short [1]) in multi-
layered ceramic structures, and the other is physical vapour deposition, such as Pulsed
Laser Deposition (PLD in short). Both technologies provide a platform for cell fabrication
with which a certain level of design of electrolyte configuration can be performed at the
several micron level (by screen printing) and submicron level (by PLD). Low temperature
SOFCs with two types of electrolyte are developed in this dissertation work. They are
single layered SDC electrolyte cells, designated as Type I, and YSZ (or SSZ)/SDC bi-
layered electrolyte cells, designated as Type II. Both types of electrolyte are fabricated in a
typical Ni-YSZ cermet supported cell structure, a common cell configuration used by many
developers and researchers in the world. The characterization of cells includes 3 stages:
physical characterization, electrochemical measurement and post-mortem analysis.

This chapter describes the cell materials and cell structures, details of the above-
mentioned two fabrication methods and processing conditions, and experimental and

instrumental details for cell characterization.

2 A version of this chapter has been published as:

a) X. Zhang, M. Robertson, C. Decés-Petit, Y. Xie, R. Hui, S.Yick, E. Styles, J.Roller, O. Kesler, R. Maric,
D. Ghosh, NiO-YSZ cermets supported low temperature solid oxide fuel cells, J. Power Sources 161 (2006)
301.

b) X. Zhang, M. Robertson, C. Deces-Petit, Y. Xie, R. Hui, S. Yick, O.Kesler, R. Maric and D. Ghosh,
Fabrication and characterization of cermet supported cell with SDC electrolyte, ECS Trans. 7 (2007) 899.

¢) D. Yang, X. Zhang, C.Decés-Petit, R. Hui, R. Maric, D. Ghosh, Low temperature SOFCs with Pulsed laser
deposited bi-layer electrolyte, J. Power Sources 164 (2007) 182.
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2.1 Cell materials

Table 2-1 lists chemical compositions of starting materials used for the cell

fabrication in this dissertation. These starting materials are purchased from reliable powder

suppliers, such as YSZ powder from Tosoh (Japan) and NiO from Novamet (Inco.,

Canada). Organic materials (binders, dispersants, and solvents) and equipment for tape

casting are supplied by specialist supplier Richard E. Mistler, Inc.

Table 2-1 Chemical composition, properties, suppliers of starting materials

Component | Material compositions Supplier
Cathode Smy 5SrpsCoO3; (SSC) Praxair
Electrolyte | (SmOj5)92(Ce0,)os (SDC)
YSZ Tosoh
10Sc1CeZrO,.5 (SSZ) Daiichi Kigenso
Anode (SmO; 5)02(Ce02)os (SDC) Praxair
YSZ Tosoh
10Sc1CeZrO,.5(SSZ) Daiichi Kigenso
NiO Novamet
Cermet NiO
support YSZ Tosoh

Table 2-2 Cell materials and properties in this work

Component Material Thickness Porosity
Cell Cathode SSC or SSC+SDC composite ~ 30-50pm 30-50%
Type Electrolyte SDC (or SSZ) 10-30pum <5%
(D Anode Ni-YSZ, Ni-SDC, Ni-SSZ 10-20pm 30-50%
Cell  Cathode SSC or SSC+SDC composite ~ 30-50pm 30-50%
Type Electrolyte SDC (at cathode side) 4-10pm <5%
(IT) YSZ or SSZ (at anode side) 1-5 <5%
Anode Ni-YSZ, Ni-SSZ, or Ni-SDC ~ 10-20pum 30-50%
Cermet support Ni-YSZ 0.8-1.0 mm 30-40%

57



2.2 Cell structures

Figure 2-1 schematically illustrates the Ni-YSZ cermet supported thin SDC
electrolyte cells and YSZ (or SSZ)/SDC bi-layered electrolyte cells developed in this work.

Cell materials and properties of the components are listed in Table 2-2.

Cathode

| Electrolyte
. Anode

Figure 2-1 Schematic drawing of cell types in this work

2.3 Cell fabrication

The typical flowchart of cell fabrication by wet ceramic processing is outlined in

Figure 2-2.
Tape casting Punch Screen printing Screen printing
—> > > > —
| T T T
i cermet support | | shapes i anode i electrolyte
i ! ! : !
' | | : |
| Recycle I S e
|
v |
Cathode Print Ironing Co-firing : Punch
sintering, T cathode T; T, shapes
A 4 ;
Cell Cermet support
for testing for PLD

Figure 2-2 Flowchart of cell fabrication by wet ceramic processing
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This process consists of (1) tape casting of the cermet support layer, (2) screen
printing of the anode layer and electrolyte layer on the cermet support layer, (3) co-firing of
the multi-layer of cermet support, anode and electrolyte together into half cells, followed
by visual inspection of the half cell quality, (4) ironing the half cells followed by physical
inspection of the half cells, and (5) printing cathode and sintering cathode, followed by the
cell characterization and electrochemical measurement. The dotted line path in the

flowchart is used for fabricating cermet support for PLD cell preparation.

The selected wet processing methods for fabricating SOFCs, such as tape casting and
screen printing, are low cost and proven technologies. The formulations and processes are
controllable and scalable, and the waste is minimized by simple recycling. Cell material
knowledge and component fabrication skills are important in cell fabrication because each
layer is different in chemical composition, thermal property, and sintering behaviour. Cell
fabrication requires good understanding of starting material morphology and sintering
behaviour and careful design of component structure and composition of the different cell
component layers in order to obtain the final cell in good condition without (or with
minimum) cracks, pinholes, warping, and detrimental interaction during high temperature
firing. The defined cell co-firing temperature profile should accommodate the evaporation
and burnout kinetics of organics and closely match the shrinkage rates of each cell
component layer during sintering. Combination of suitable powders is an effective
approach to tailor the sintering behaviour and to meet the different microstructural

requirements of the multi-layered ceramic cells.

2.4 Composition and processing

2.4.1 NiO-YSZ composition and tape casting

According to the literature (cf. Chapter 1. anode section), in order to achieve a good
balance of high conductivity and good thermal expansion match with the subsequent layers
of anode and electrolyte, the volume fraction of Ni in a final Ni-YSZ cermet should be
within 30~35 vol.% (under an assumption of starting from a dense NiO-YSZ body) [2]. In
this study, approximately 32 vol% is selected for the NiO-YSZ support, which corresponds
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to a 57wt%NiO + 43wt%Y SZ powder mixture based on the calculation as shown in Figure

2-3.

. % v 1
[ )j/j

1 T ‘ {1
I Assume:
[ Initially dense NiO-YSZ body
09 1 NiO completely reduced to Ni
i No net volume change of overal cermet
08 during the reduction ‘
0.7 L | —O0— Ni vol ratio r/
> | | -0 Niweightratio f
‘» [ | —A— porosity after reduction
© 06 ¢
o - /
o |
K] 1
c 057 /
© |
2
)
©
{5
=

0 01 02 03 04 05 06 07 08 09 1
NiO/(NiO+YSZ) weight ratio

Figure 2-3 Ni-YSZ weight, volume and porosity with different NiO content

The same composition was chosen for both NiO-YSZ and NiO-SSZ anodes. For
NiO-SDC anodes the composition was changed to 53wt%NiO+47wt%SDC in order to
yield the same Ni volume percent (32 vol.%) as in the NiO-YSZ or NiO-SSZ anode and
NiO-YSZ support according to the density difference between YSZ (5.98 g cm™) and SDC
(7.08 g cm™).

The NiO-YSZ support was fabricated by tape casting. Tape casting is a common

ceramic forming technique, which mainly involves 4 steps:
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1. Binder solution preparation to dissolve the binder, the dispersant, and the plasticizer
in the solvent.

2. Slurry preparation to mix the ceramic powders with binder solution, and make it
homogeneous then degas it to remove existing air bubbles.

3. Casting the slurry on a moving carrier belt, by passing it under a stationary ‘doctor
blade’ to adjust the tape thickness.

4. Drying the cast tape with hot air and forming rubber-like- sheet, normally called
green tape, which can be easily peeled off from the carrier film.

The NiO-YSZ green tape undergoes quality inspection to check for bubbles, tape
thickness evenness and green tape density. It was noticed that slurry formula, casting
parameters, drying speed, and thickness control are of importance for this process and
subsequent processes of cell fabrication. In general, the tape quality is affected by the
slurry properties, which are related to the solvent polarity, hydroxyl content of PVB binder,
and surface characteristics of the NiO powder and the YSZ powder. One of common
approaches is to use a mixture solvent to obtain a suitable solvent polarity. The dissolving
power of the solvent used should be sufficient to dissolve processing organic additives
(especially the binder) but should not prevent the adsorption of these additives on the
particles [3].

In this study, the obtained NiO-YSZ green tape after drying is approximately 1.0
mm in thickness. The measured green tape density is 3.80 g cm™, with powder loading of
86.5wt% (after solvent evaporation). Figure 2-4 shows the laboratory used casting

machine, and the NiO-YSZ tape for cell substrate.

Figure 2-4 Tape casting machine (in this study)-on the left and NiO-YSZ tape sample-on
the right.
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2.4.2 Anode, electrolyte and cathode pastes and screen printing

The designed anode, electrolyte and cathode pastes have 50-60wt% ceramic powder
loadings in the pastes [4], and the binder content is 8-10wt% of the ceramic powder, with
the balance consisting of dispersant and solvent. Pastes were prepared by first ball milling
the mixtures, and then they were gone through a 3-roll mill for quality control. A paste of
viscosity within 10,000 to 30,000 cp is suitable for printing.

On adding the ceramic powder, the viscosity is changed with the powder loading.
The suitable powder loading range of NiO-SDC compositions was selected as 55-57wt%,
while for SDC the selected powder loading range was 53-56wt%.

The screen printing is carried out at room temperature in a clean environment (clean
room). Figure 2-5 shows the screen printing process. The left drawing is a schematic of the
printing process, and the right photo is the screen printer used in this study (MC 212 Screen
printer, USA). Tailored NiO-YSZ green tapes are used as cell supports in this case.

a- printing direction b- squeegee
c- screen frame d- NiO-YSZ tape
Figure 2-5 Screen printing (left- a schematic of the printing process, right- the screen

printer used in this study, MC 212 Screen Printer).

Table 2-3 lists the typical print thickness of different screen meshes based on measurement
of one pass before drying. It can be seen that the screen mesh is critical to determine the
desired print thickness. In fact, it has the largest effect on the printed layer properties.
While the screen mesh and emulsion thickness (i.e., the masked portion of screen) provide
the main control of print thickness, some variation (perhaps up to + 20%) can be made by
altering the squeegee pressure and speed. Increased pressure gives a decreased print
thickness. Conversely, increased speed gives an increased print thickness. The print

thickness generally will decrease after drying. The thickness of the printed layer will
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will further decrease after sintering. Commonly, for electrolytes printed with a 325# mesh
screen (note: mesh number means the number of openings per square inch area), one print
pass will produce a dense layer with a thickness of approximately 5um after sintering.
Samples of the tapes and of the printed cells are shown in Table 2-4. Button cells (one inch
cells or half inch cells) are generated after screen printing with punches of 30mm or 19mm
in diameter.

Table 2-3 Typical print thickness of different screen meshes (one pass before drying)

Screen mesh # | Wire Diameter [um] | Typical print thickness [pum]

100 81 50
200 41 25
325 28 15

Table 2-4 Samples of tape and printed cells

NiO-YSZ Tapes Printed 65mm x 65mm cells

Button cells after die-cut

A B
A)Printed with NiO-YSZ
anode,

B) with YSZ electrolyte, and
. C) after co-firing

C

green tape by tape casting | printed with SSZ

A B
A)Printed with NiO-SDC
anode,

e LS i B) with SDC electrolyte, and
green tape by tape casting | printed with SDC electrolyte

C

C) after co-firing
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2.4.3 Cell co-firing and ironing

Printed cells without the cathode were co-fired at high temperatures to build
mechanically strong cells with fully dense electrolyte layer. Table 2-5 lists the typical

temperature profiles used in cell fabrication.

Table 2-5 Typical temperature profiles used in the cell fabrication

Firing | Temperature, °C Ramp speed, °C/hr or dwell time
Cell co- | Room temp. (T;) to 150 150
firing 150 to 350 50
350 to 450 25
450 to 600 100
600 Hold for 1hr
600 to sintering temp. (Ts) | 200
Ts (typically 1400°C) Hold for 2hr
Tsto T 200
Cell T,to T; 250, with certain load on top of cells
Ironing | T;, (T; = Ts— 50) Hold for 2hr
Tito T, 200
Cathode | T, to sintering temp. (Tsc) | 200
sintering | T (typically 1000°C) Hold for 2hr
Tse to T 200

The temperature profiles are designed based on the results of organics burnout of
the green tape and the sintering behaviour of each component layer. Thermo Gravimetric
Analysis (TGA) was conducted to examine the burn out process of organics used in cell

fabrication. The organic burnout of the green tape is illustrated in Figure 2-6.
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Green tape: 30.2mg
Air: 60ml/min

Ramp: 40 °C/min

1
00]

weight loss, %
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20
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temperature, °C

Figure 2-6 Thermo gravimetric analysis of burn out of organics in the NiO-YSZ green tape.

It can be seen that the weight loss of the green tape starts at 160°C, which reflects
the beginning of evaporation of the dispersant and plasticizers, while the decomposition
and burn out of binders and other organic remnants starts at approximately 345°C and is
completed by approximately 600°C. It is important to use relatively slow ramp rates during
the de-binding process to remove the organics in cells in order to avoid cracking or

warping.

The final sintering temperature (Ts) depends on the type of electrolyte materials and
their sintering ability. Figure 2-7 and Figure 2-8 show the thermo-mechanical analysis
results of the electrolyte materials used in this study. It can be seen that the maximum
shrinkage rates for SDC, 8YS, 8Y, and SSZ occur at 1278°C, 1338°C, 1256°C, 1168°C,
respectively. In order to obtain fully dense electrolytes, reasonable sintering temperatures
Ts for SDC, 8YS, 8Y, and SSZ are 1400°C, 1400°C, 1300°C, and 1260°C, respectively. It
may be necessary to modify ramp rates during the sintering stage to avoid cracking or

warping due to potential shrinkage rate mismatching of different cell components.
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Figure 2-7 Thermo-mechanical analysis of the sinterability of electrolyte powders.
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Various cell samples are illustrated in Table 2-6. Samaria-doped ceria (SDC)
electrolyte cells with Ni-SDC anode and SSC-SDC composite cathode have been
successfully fabricated by using the wet ceramic processing technology and the cell size
has been enlarged from 2”- 1” button cell (for laboratory cell material and cell structure
studies) up to 8cm x 8cm square cell with or without holes (for short stack development by
industrial partners). Along with the cell fabrication technology development many
engineering challenges, such as end-tape surface bubbling during tape casting, cell
functional layer cracks during screen-printing, electrolyte crack and spallation and cell
deformation during co-firing, and hole-zone induced cell cracks, have been solved in a
timely manner. In this dissertation work, hundreds of cells of SDC electrolyte (Type I) and
bi-layered electrolyte (Type II) with a uniform and dense electrolyte, of thickness down to

10um, have been fabricated and tested.

Table 2-6 Sample cells

Type I cell Type I cell

-||r|'!.|||||||||||11”1|'|“ e ————— T T T
1 | L S cmme e Fisher Scientific (£ Fisher Scientifique  us

Prorrroe vyt YR PO R YT PR AT AT A R (TN AR A

1 inch (1) button cell half inch (1/2”) button cells
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Figure 2-9 shows the microstructure of a typical cell (Type I) after cell testing. The
cell had a uniform porous substrate of approximately 1mm thickness prepared by tape
casting, a functional anode of approximately 15-20um thickness applied by screen printing
with a #200 mesh screen, and a dense SDC electrolyte of 10um thickness by screen
printing with a #325 mesh screen. The cathode was also screen printed by using a #100

mesh screen, showing a thickness of approximately 40um. The cell component

compositions as marked in the figure were in wt%.

Figure 2-9 Microstructures of a typical Type I cell with SDC electrolyte.

2.5 Pulsed laser deposition (PLD)

This work was conducted at the Industrial Manufacturing Institute (IMI-NRC,
London, Ontario) with the support of our collaborators. The experimental setup is
schematically shown in Figure 2-10. It consisted of a KrF excimer laser (A = 248 nm,
Lambda Physik LPX-210i), a variable beam attenuator (10-90% transmission, Microlas),
and an advanced PLD system (PVD. Inc., PLD-3000) that incorporated beam steering and
shaping optics, and a high-vacuum stainless steel chamber. The pulsed laser beam (20 ns
pulse duration at FWHM, pulse energy < 700 mJ) was first directed through the attenuator
and a pair of expanding/collimating lenses. It was then focused onto the surface of a

circular SDC target (SDC, 99.9%, from Praxair), or an SSZ target (prepared by IFCI-NRC)
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by means of a 100 cm focal length lens and two guiding mirrors. To avoid trench formation,
the target was rotated at 35 rpm and the laser beam was rastered during deposition.

Rastering was performed using a programmable kinematic mount for the last mirror of the

optical train. The laser beam spot size at the target surface was approximately 2.5x1 mm?

and the optical system permitted continuous adjustment of the on-target energy density

between approximately 50 mJ/cm? and 12 J/em?. The beam-entrance port of the chamber
had a special design that incorporated a sacrificial uncoated quartz disc to protect the
antireflective-coated inlet quartz window from ablation-generated vapours. It also included
an energy-meter (Molectron, J25), that permitted the in-situ measurement of the on-target
laser beam energy. The sacrificial quartz disc could be rotated to expose a new clean area
whenever the measurement of the on-target energy revealed a noticeable decrease. In the
experiments, the energy was measured at the beginning and end of each deposition run; a
maximum drop of approximately 15% was measured for the longest runs. A clean area of

the sacrificial window was exposed at the beginning of each experiment.

75 mm Diameter
Substrate

Programmable
KrE Mirror L

Quartz Lamps

1,
|V||

Laser N 2V
(248 nm)
Water
Focusing Cooled
Aperture Lens Shields
Beam ——— - \
Attenuator ; 1
Mirror 1d_ vV, T Pump
B Mirror .
Exp:r?crlgr Rastered Rotating

Beam Target

Figure 2-10 Schematic of the PLD setup.

The substrate to be coated was facing the target, with a stand-off distance of 11.5
cm. The substrate was simply supported by a ring at its circumference; it was not clamped
or bonded. Silicon wafers [(100) orientation, p-type, p = 10-30 Q.cm] of 75 mm diameter
were used as substrates for initial experimental condition study. Before introducing a wafer
into the deposition chamber, it was cleaned according to the following procedure: (i)

acetone, ultrasonic, three minutes; (ii) isopropyl alcohol, ultrasonic, three minutes; (iii) 2.5
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% HF acid etch, five minutes, and (iv) de-ionized water overflow rinse, three minutes.
Once the PLD processing parameters were determined, the anode ceramic discs were used
as the substrate for the PLD of electrolytes. The anode substrate was a NiO-YSZ cermet
consisting of 57wt% NiO and 43wt%YSZ, prepared by tape casting. A NiO-SDC modified
layer, used as the anode, was applied by screen-printing on the cell substrate. The
composition of the NiO-SDC anode was 47wt% SDC and 53wt% NiO. The Ni volume
percent (32 vol.%) in the modified layer is the same as that in the NiO-YSZ cermet

substrate. After loading the substrate, the system was pumped down to a base pressure

below 2x10 Torr using a turbo-molecular pump. For any experiment to be performed at
high temperature, the substrate was then heated, under vacuum, using a programmable non-
contact radiative heater. The input to the controller that drove the power to the quartz lamps
was given by a thermocouple, placed above the wafer with no contact. A readout permitted
the monitoring of the temperature. An ex-situ infrared pyrometer (Mikron, MOOH-1X) was
used to control the value of the temperature at the substrate surface (for T > 350°C). The
oxygen gas (99.995%, Air Liquide) was subsequently introduced into the chamber and its
flow was controlled through a mass-flow controller in the range 1-10 sccm. The processing
pressure was set by adjusting the inlet flow and throttling the gas into the turbo-molecular
pump. After all the parameters were adjusted and stabilized, a pre-cleaning of the target
was performed for one minute with the same settings of the laser as those used for the
process run. Only then, the shutter that hid the substrate surface from the ablation plume
was opened and the deposition started. After a given processing time, the laser was
stopped, the oxygen inlet valve was shut off, and the substrate was allowed to cool down

(when necessary) under vacuum.

In order to improve the quality of deposited layers, a nano-scale fine layer of
approximately 1um of anode NiO-SDC was first deposited by PLD on the cermet support
before the electrolyte deposition. The electrolyte thickness used in this study is
approximately 5-6um for SDC, and 1-2um for SSZ (in bi-layered electrolyte cell
structures). The average deposition rate was approximately lum/hr for all the layers

deposited by PLD.
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2.6 Cell characterization

Cells used in this work generally went through a 3-stage characterization process
consisting of: 1) physical characterization, 2) electrochemical characterization, and 3) post-

mortem analysis [4].
2.6.1 Physical characterization

The physical characterization methods used to evaluate the cells included
dimension, density, optical microscopy, and helium leakage test. If no or a very low He
leak rate (less than 0.01 ml min™ cm™ at 1 psi = 6.9 kPa He) was observed through the
electrolyte, then the cathode was applied on the cell for electrochemical characterization.

The results of the physical characterizations of typical cells are summarized in
Table 2-7. It was found that the SDC electrolyte could be sintered to fully dense at 1400°C,
while the YSZ electrolyte could be fully sintered at 1350°C. The well-sintered electrolytes
appear transparent, and allow no detectable helium gas cross leakage even at 13.8kPa
(approximately 2psi), indicating that the electrolyte layers were fully dense. After the
electrolyte quality characterizations, each cell was characterized by an Archimedes density
measurement to obtain the cermet substrate density and porosity. The measured cell
densities are 5.15 g cm™ on average, corresponding to 19% porosity in the NiO-YSZ
cermet substrate based on a composition of 57wt% NiO (nominal density of 6.355 g cm™).
The substrate porosity would increase to approximately 37% after NiO reduction to Ni

based on calculation.

Table 2-7 Physical characterization results of cells fired at 1400°C for 2hr.

Cell Type SDC single layer | YSZ + SDC bi-layer
electrolyte electrolyte

Electrolyte appearance transparent transparent

Cell linear shrinkage [%] 15.6 15.8

Cell density [g cm™] 5.15 5.16

Substrate porosity [%] 19.1 18.8

Helium leakage rate Not detectable Not detectable

[ml min™ cm?] (at 13.8kPa) (at 13.8kPa)
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2.6.2 Electrochemical characterization

Figure 2-11 shows a schematic setup for button cell electrochemical tests. A split-
tube furnace (Thermcraft Incorporated, USA) was used for cell temperature control. The
thermocouple for furnace temperature control was located approximately 2mm away from
the cell at the anode side. The cells were mounted for electrochemical testing at the end of
an alumina tube and sealed with a commercial sealing paste (ceramabond #552, Aremco,
USA) or home-made glass-tape seals. A thin layer of SmsSrosCoO; (SSC) paste was
applied to the Pt mesh at the cathode side to create a good contact between the cathode and
the cathode current collector (Pt mesh) in the testing apparatus. A constant spring loaded
force was applied to the cathode air supply alumina tube, of approximately 1.0 kgf
according to the deformation of loading springs. The cell was heated up at a ramp rate of
300°C h™' to the desired temperature, and held for 1-2 hr for cell reduction and cathode in-
situ sintering (if the cathode was not ex-situ sintered). The temperature for cermet and

anode reduction was typically 600-700°C. The hydrogen partial pressure on the anode side

Tubular furnace

\

Alumina tube

Cathode gas outlet

Pt wires — Pt {s
Anode gas inlet
g 4—— (athode gas inlet
Thermocouple Anode seal/ & porous support
v
Humidifier

Figure 2-11 A schematic setup of test equipment for cell electrochemical characterization.
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was gradually increased (10, 20, 40, 60, 100% H,, balance Ny, at 15 minute intervals) to
reduce the NiO to Ni. The cell reduction time was approximately 1.5 hrs. The anode fuel
stream, with a flow rate of 100 ml min™, passed first through a bubbler humidifier before
entering the anode chamber, corresponding to a 3%H,0 content in the anode feed, while
ambient air (100 ml min™) flowed on the cathode side. Cell electrochemical measurements
were carried out after cell reduction.

Electrochemical measurements were performed at temperatures ranging from 700
to 450°C for the SDC single-layer electrolyte cells and 850 to 500°C for SDC+YSZ (or
SSZ) bi-layer electrolyte cells under ambient pressure. Cell performances were measured
with a Multi-channel Potentiostat/Galvanostat (Solartron 1480 8-channel multi-stat) with a
computer interface and Z-plot (for impedance measurement) and Corr-ware (for cell
polarization measurement) software (Solartron, USA). Impedance measurements were
performed at OCV with a perturbation amplitude of 50 mV rms. The frequency range was
0.1 Hz to 100 kHz, with 10 frequencies per decade. The I-V polarization curves and power
curves were obtained using linear sweep voltammetry at a sweep rate of 4 mV s™' from
OCV to 0.3 V for cells with single SDC electrolyte or OCV to 0.3-0.5V for cells with bi-

layered electrolytes.
2.6.3 Post-mortem analysis

The morphologies of the tested cells were observed using a scanning electron
microscope (SEM, Hitachi S-3500N, Japan) coupled with energy dispersive spectrometry
(EDS) for elemental analysis. Generally plan-view and cross-section view microscopy was
performed on hand-broken samples or polished samples embedded in epoxy resin and

coated with Au-Pd alloy by sputtering.

2.7 Summary

Wet processing (Tape casting, Screen printing and Co-firing, i.e. TSC) and physical
vapour deposition (pulsed laser deposition, i.e., PLD) were used for low temperature SOFC
fabrication. NiO-YSZ cermet supported cells with single layered SDC electrolytes (Type )
or with bi-layered YSZ (or SSZ)-SDC electrolytes (Type II) have been successfully

developed. Cell characterization procedures, experimental equipment setup and test
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protocols have been established and were used to study the performance of fabricated cells.

Results are presented in the following chapters.
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3.Chapter Three. Performance of LT-SOFCs with SDC
Electrolytes®

Solid oxide fuel cells with thin electrolytes of two types, Smg,Ceps019 (SDC)
(15um) single-layer and 8mol% yttria stabilized zirconia (YSZ) (Sum) + SDC (15um) bi-
layer on NiO-YSZ cermet substrates were fabricated by screen printing and co-firing.
Smy 5Srp sCoO; cathodes were printed and in-sifu sintered during cell performance testing.
The SDC single-layer electrolyte cell shows high electrochemical performance at low
temperature, with 1180 mW cm™ peak power density at 650°C. The YSZ+SDC bi-layer
electrolyte cell generates 340 mW cm™ peak power density at 650°C, and shows good
performance at 700-800°C, with open circuit voltage close to theoretical value. Micro-
islands with high Zr-content were found on the SDC electrolyte surface prior to the cathode
preparation. The influence of co-firing temperature and thin film preparation methods on

the Zr-islands’ appearance was briefly investigated.

3.1 Introduction

During the last decade, nickel-yttria stabilized zirconia (Ni-YSZ) anode supported
solid oxide fuel cells (SOFCs) with thin-film electrolytes have been widely adopted by
industrial pioneers and research groups around the world. Encouraging performance in the
intermediate temperature range (700-800°C) with thin—film YSZ electrolytes has been
achieved [1]. However, a high degradation rate in cell performance in a stack has been
observed, which is related to thermally activated materials degradation, and in particular,
high temperature corrosion of steel interconnects [2, 3]. Extensive R&D efforts are
continuing to decrease cell operating temperatures to 650°C or below.

The practical operating temperature of SOFCs is mainly determined by the

conductivity and thickness of the electrolyte. Doped ceria is a promising option for an

? A version of this chapter has been published as:
X. Zhang, M. Robertson, C. Deces-Petit, Y. Xie, R. Hui, S.Yick, E. Styles, J.Roller, O. Kesler, R. Maric,
D. Ghosh, NiO-YSZ cermets supported low temperature solid oxide fuel cells, J. Power Sources, 161
(2006) 301.
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electrolyte material for low temperature use. It has an ionic conductivity that is 2-3 times
higher than that of YSZ, and better compatibility with Co-containing electrodes. Its thermal
expansion coefficient (12.5x10° K') is also more compatible with that of the Ni-YSZ
cermet substrate and commercial ferritic stainless steel interconnect, compared with YSZ.
A maximum power density of 0.25 W c¢m™ at 550°C with an anode-supported thin ceria
based electrolyte cell has been reported [4, 5]. The main disadvantage of a ceria-based
electrolyte is that it becomes a mixed conductor in anodic conditions, which causes cell
voltage loss and fuel efficiency loss due to internal shorting. Chemical and mechanical
stability, thermal cycle capability and redox tolerance are also concerns for long-term
service.

To lower manufacturing cost, efforts have been underway to bring proven
microelectronics manufacturing technology to SOFCs, such as Tape casting of cermet
substrates, Screen printing of functional layers, and Co-firing of cell components (TSC
technology in short). Interest is also growing in applying metal supported cell structures [6,
7].

In this study, TSC technology was used to fabricate NiO-YSZ cermet supported
cells with thin electrolytes of two types, Smy,Ceys019 (SDC) (15um) single-layer and
8mol% yttria stabilized zirconia (YSZ) (Sum) + SDC (15um) bi-layer. It has been found
that the SDC single-layer electrolyte cell shows very high performance at temperatures
below 650°C, while the YSZ+SDC bi-layer electrolyte cell shows good performance over
700°C, with open circuit voltage close to the theoretical value. Elemental analysis revealed
many high-Zr-content micro-islands on the surface of the thin SDC layer and at the cross-
section of the SDC electrolyte. The influence of co-firing temperature and thin-film
preparation methods on the appearance of the Zr-islands has been investigated.

The cells used in this study were 15mm in diameter, with cermet substrate thickness
of approximately 0.6mm. Smy sSrysCoO; (SSC) cathodes of 0.40-0.41cm? were applied at
the centre of each cell by stencil printing, and dried at 100°C for 1h. The cathode thickness
was approximately 20-30um after in-situ sintering. Details of cell fabrication and

experimental procedure can be found in Chapter 2.
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3.2 Results and discussion

Cell electrochemical performance

Figure 3-1 shows the performance of a single-layer SDC electrolyte cell. It can be
seen that the maximum power densities of the SDC electrolyte cell reached 1187mW cm™
at 650°C, 886 mW cm? at 600°C, and 459mW cm™ at 550°C. Interestingly, the maximum
power density at 700°C is 1040 mW cm™ lower than that at 650°C. These values are higher
than reported data in the literature with similar cell configurations in this temperature range
[4, 5, 7, 8]. The main differences between the present cells and the cells reported in the
literature are the in-situ sintering of the cathode, and a slightly thinner SDC electrolyte

layer in this study.
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Figure 3-1 I-V power curves of a cell with a 15 um SDC single layer electrolyte co-fired
with the anode at 1400°C, and with SSC cathode sintered at 900°C, tested at different

operating temperatures.

The performance of a cell with YSZ+SDC bi-layer electrolyte is presented in Figure

3-2. Although the performance is reasonably high at an elevated temperature range, the low
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temperature performance is much lower than that of the SDC cell. The maximum power
density is only approximately 340mW cm™ at 650°C. It can be seen that the OCV of this
bi-layer electrolyte cell is much higher than that of the SDC single layer electrolyte cell,
and is very close to the theoretical OCV value in the tested temperature range. This result
indicates that the dense YSZ layer prevents the anodic reducing atmosphere from directly
contacting the SDC electrolyte layer, thereby preventing the electronic conductivity in the

SDC electrolyte.

1.2 1.2
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Figure 3-2 I-V power curves of a cell with Sum YSZ+15um SDC bi-layer electrolyte co-
fired with Ni-YSZ anode at 1400°C, and SSC cathode sintered at 900°C, tested at different

operating temperatures.

The low cell performance of the bi-layer electrolyte cell likely results from the
combination of a low ionic conductivity of the additional YSZ layer, a detrimental inter-
reaction between the SDC and YSZ layer, and a lower anode performance of Ni-YSZ in

comparison with Ni-SDC.
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Figure 3-3 Area specific resistances (ASR) of 15um thick SDC and Sum thick YSZ at

different temperatures.

Figure 3-3 shows the area specific resistances (ASR) of the 15um thick SDC and
Sum thick YSZ at different temperatures. The points were generated from the reported
conductivities of SDC [9] and YSZ [10]. It can be seen that the ASR value of 15um thick
SDC is almost equal to that of Sum thick YSZ in the listed temperature range, indicating
that the predicted ohmic loss of the bi-layer electrolyte cell will be twice as high as that of
the single layer SDC electrolyte cell. However, the calculated electrolyte ohmic loss at
650°C is only 50mV at 1A cm™, which is insufficient to explain the low performance of the
bi-layer electrolyte cells at this temperature. Because SDC has a higher ionic conductivity
and catalytic activity than YSZ, it is likely that the Ni-SDC anode in the single layer SDC
electrolyte cell may perform better than the Ni-YSZ anode in the bi-layer cell. The
difference of anode gas composition between the SDC electrolyte cell test (97.5% H;) and
bi-layer electrolyte cell test (48.5% H;) will also have an influence. But the main
contributor to the low performance of the bi-layer electrolyte cell is a detrimental

interaction between YSZ and SDC.

80



3.2.1 Cell microstructural characterization and EDS analysis

Figure 3-4 and Figure 3-5 show plan and cross-section views of the tested cells,

including EDS elemental analyses of the cross-section with the electrolyte/anode/support

interfaces.

A) plan view of the SDC electrolyte B) cross-section view of the cell

Figure 3-4 SEM observation of cell with SDC electrolyte (co-fired at 1400°C for 2hr)

Celal. 14 Smlb1.5 ] 5

Figure 3-5 EDS elemental analysis at the cell cross-section.

It can be seen that the SDC electrolyte was fully dense with irregular grain size
ranging from 1-5pum. The Ni-SDC anode, the Ni-YSZ support, and the SDC electrolyte
were tightly sintered (bonded) together with each other. However, the cathode after testing
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showed some delamination, which can be explained due to the low sintering temperature

and the high thermal expansion coefficient mismatch with the SDC electrolyte. The SDC

electrolyte thickness was 15um, while the anode and the cathode were both approximately

20um thick.
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Figure 3-6 Microstructure and EDS analysis of the tested thin SDC cell.

A. Plan view of SDC cell electrolyte surface without cathode;

B. Cross-section of the tested SDC cell (polished);

C. EDS analysis result of SDC electrolyte at a regular grain (see site#1 Figure 3-6.A);

D. EDS analysis result of SDC electrolyte at an irregular grain (see site#2 in Figure 3-6.A).

Many irregular grains on the SDC electrolyte surface were observed after the
1400°C - 2hr co-firing and prior to cathode deposition. EDS analysis results (Figure 3-6.
D) show that the irregular grains have a high Zr content, and have the appearance of micro-

islands, so they are referred to as Zr-micro-islands in this work. The cross-section of the
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SDC electrolyte after sample polishing also reveals dark pore-like inclusions (Figure 3-6B),
which in fact are Zr-content inclusions as verified by EDS analysis. There are many more
of these Zr-micro-islands in the YSZ+SDC bi-layer electrolyte cell (Figure 3-7A) than in
the SDC single-layer electrolyte cell (Figure 3-6A). Figure 3-7D shows the Zirconium
element mapping of the cross section of the YSZ+SDC bi-layer electrolyte cell as a
mechanically fractured sample without polishing (Figure 3-7B). It proves that the YSZ
layer (approximately Sum) applied adjacent to the anode has not chemically mixed with the
subsequently deposited SDC layer after high temperature co-firing. It is hard to see from
Figure 3-7D the existence of Zr (if any) present in the cross section of the SDC layer,
which could be attributed to this SEM sample being unpolished.
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Figure 3-7 Microstructure and EDS analysis of the tested thin YSZ+SDC cell

A. Plan view of YSZ+SDC cell electrolyte surface without cathode;

B. Cross-section of the tested YSZ+SDC cell (not polished);
C. EDS analysis result of the SDC bulk surface;
D

. Zirconium mapping of the cross-section of the YSZ+SDC cell.
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3.2.2 Zr-micro-islands

EDS analysis was used to examine one of the irregular grain areas at higher
resolution. Figure 3-8 hows the results. It can be seen that the irregular grain shows not
only a high Zr-content, but also an enriched Sm content, while the Ce content is
substantially decreased in comparison with the SDC. This result suggests that a second
phase, containing Sm, Zr and Ce, separates from the SDC phase. High Sm content in the
irregular grain indicates that Sm has a higher solubility in the new phase. Furthermore,
since the grain size of the Zr-island is larger than that of the normal SDC grains, this
second phase likely also has a higher vapour pressure or lower melting point, a faster grain

growth rate, and higher sinterability than that of SDC during the cell co-firing.

Figure 3-8 EDS elemental mapping of an irregular grain area

The Zr-micro-islands are potentially detrimental to the cell performance. Tsoga et
al [11] reported that the Zr-Ce-Gd-Y-O phase exhibits a conductivity 1-2 orders of
magnitude lower than that of either GDC or YSZ. Table 3-1 lists their conductivity data,

recorded at 800°C. Since Sm-doped ceria and Gd-doped ceria have very similar
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conductivities, it is likely that the Zr micro-islands observed in this work may also consist
of a very low conductivity phase, based on the analyzed compositions and on their
similarity with the compositions studied by Tsoga et al.

Table 3-1 Ionic conductivity (o;) and electronic conductivity (c.°) of YSZ, GDC and their
solid solutions at 800 °C [11] (© Solid State Ionics, 2000, by permission)

Material Nominal composition ci(Sem™) o’ (Scm™)
YSZ Zr0.85Y0.1501.93 0.054 7.29x107"
GDC Ce0.50Gd02001.90 0.087 8.18x10°
Reaction product Cep37Z1038 Gdp 18Y 00701 .87 0.00125 3.99x10°
Interlayer Ce43Z10.43 Gdo.10Y 0.0401.93 0.00603 3.88x10°

Figure 3-9 SEM image of a cell with spin-coated SDC electrolyte fired at 1400°C

The formation mechanism of the Zr-micro-islands is not clear. The SDC electrolyte
paste was investigated and no any Zr contamination was found. The influence of sintering
temperature was also studied, and it was found that lower sintering temperatures produced
fewer obvious irregular grains. Cells co-fired at 1250°C did not show any irregular grains,
which suggests either that no Zr migration (and Zr-micro-island formation) occurred, or
that the grains have not grown large enough to be detected, due to the slow grain growth
rates at the low sintering temperatures. No clear location showing a high Zr content on the

cells sintered at 1250°C was found. Spin coating of the electrolyte layers was conducted to
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determine whether the formation of Zr-islands results from potential inter-contamination
during screen-printing. Similar irregular grains on the SDC surface were found after firing
at 1400°C (Figure 3-9). The formation of Zr-micro-islands is therefore likely related to Zr

migration from the NiO-YSZ substrate during the co-firing process.

3.3 Conclusions

SDC single-layer electrolyte cells and YSZ+SDC bi-layer electrolyte cells
supported by Ni-YSZ substrates were prepared by tape casting, screen printing, and co-
firing technology. Using in-situ sintered SSC cathodes, high performance of over 1180 mW
cm™ peak power density at 650°C was obtained from the SDC electrolyte cells. The bi-
layer cells did show higher OCV values, but their performances were much lower than
those of the SDC cells at low operating temperatures. Zr-micro-island formation on the
SDC electrolyte was observed, with compositions indicating that an interaction between

YSZ and SDC took place during the high-temperature co-firing of the cells.
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4. Chapter Four. Composite Cathode Study”

The cathode is a key component in low temperature solid oxide fuel cells. In this
study, composite cathodes with the composition 75wt% Smy sSrysCoO; (SSC) + 25wt%
SmyCe 3019 (SDC) were fabricated in cermet supported thin SDC electrolyte cells made
by tape casting, screen-printing, and co-firing. The following two studies have been
performed.

(1) Cathode sintering temperature T study: Single cells with composite cathodes sintered

at three different temperatures Ts.: 950°C, 1050°C, and 1150°C were tested from 400°C to

650°C. The best cell performance, 0.75 W cm™ peak power density operating at 600°C, was
obtained from the 1050°C-sintered cathode. The measured thin SDC electrolyte resistance
Rywas 0.128 Q cm? and total electrode polarization resistance R, 5+ was only 0.102 Q cm’
at 600°C.

(2) Thickness study of the composite cathodes: Different cathode thicknesses ranging from

15 to 110um in average were studied both with and without cathode contact pastes. All the
cathodes were sintered at 1000°C for 2hrs. The cathode morphology and the cathode
performance were investigated. The best cell, showing peak power density of
approximately 0.86 W cm™ operating at 600°C, was obtained with the average cathode
thickness of 50um with or without contact paste. The measured thin SDC electrolyte
resistance Ry was 0.093 Q cm? and total electrode polarization resistance Rp,q+c was 0.118
Q cm® at 600°C. It was found that with cathode contact paste the individual cell
performance could be slightly improved. The contact paste not only reduced the ohmic loss
of the total cell but also the electrode reaction resistance, i.e., cathode electrochemical

overpotential in this study.

* A version of this chapter has been published as:

X. Zhang, M. Robertson, S.Yick, C. Deces-Petit, E. Styles, W. Qu, Y. Xie, R. Hui, J. Roller, O. Kesler, R.
Maric, D. Ghosh, Smy sSr;sCo0O;+ Smy,Ce( 30, ¢ composite cathode for cermet supported thin Smg,Ce 30,9
electrolyte SOFC operating below 600°C, J. Power Sources 160 (2006) 1211.
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4.1 Introduction

Various processes are associated with cathode resistance in a solid oxide fuel cell
(SOFC): the transport of oxygen gas through the porous cathode, the adsorption of oxygen
onto the cathode surface, the reduction and dissociation of the oxygen molecule (O;) into
the oxygen ion (0”), and the incorporation of the oxygen ion into the electrolyte, to be
transported across to the anode. As the operating temperature of an SOFC is lowered to
reduce system and material cost and degradation, the cathode begins to limit the cell
performance. The cathode resistance was 70-85% of the total cell resistance from 550-
800°C for anode supported SOFCs with the standard (La,Sr)MnO; (LSM)-YSZ composite
cathode on YSZ electrolyte [1]. There is extensive interest in mixed ionic/electronic
conductor (MIEC) cathode materials for SOFCs that operate below 600°C, such as
Smy 5SrysCo0O3 (SSC) [2, 3], (La,Sr)CoOs (LSC) [4] (La,Sr)(Co,Fe)O; (LSCF) [5], and
(Ba,Sr)(Co,Fe)O; [6], as well as their combination with Sm(,Ceps0;9 (SDC) or
Gdp,Cep3019 (GDC) to form composite cathodes [2, 5, 6]. Those new cathodes have
provided a superior performance compared to (La,Sr)MnO; (LSM) cathodes due to
electrochemically active area extension from just the triple phase boundary (TPB) to the
entire MIEC surface. For example, low-current polarization resistance at 600°C of LSCF-
GDC cathodes on a YSZ electrolyte was measured as 0.3 Qcm” [7], and on a GDC
electrolyte was measured as 0.19 Q cm’ [5]; and for BagsSrosCoogFep203 on an SDC
electrolyte, it was measured in the range of only 0.055-0.071 Q cm? at 600°C [6].

Smy 5S19sCo0O3; (SSC) has been studied as a cathode material for SOFCs with YSZ,
LSGM, and SDC or GDC electrolytes [2, 3, 8-14]. Dense SSC showed overpotential
approximately 50% lower than that of LSC under similar conditions. The rate-determining
step of dense SSC cathodes was shown to be adsorption-desorption at the surface of the
electrode, the same as for LSC, but the adsorption and desorption rate constants of SSC
were approximately one order of magnitude larger than the corresponding values for LSC
[2]. Furthermore, the electrochemical performance of SSC porous cathodes can be
improved by adding doped ceria, which results in the suppression of growth of SSC
particles, thereby maintaining the porosity and increasing the TPB area. The performance
can also be improved by optimizing the conductivity and size distribution of particles of

each solid phase to yield a larger TPB contact area that is accessible for oxygen reduction.
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Adding SDC to the SSC cathode is also believed to be of benefit by narrowing the
difference of thermal expansion coefficients between the electrolyte and cathode. SSC is
also compatible both chemically and physically with ceria electrolytes [3].

In this study, the sintering temperature and thickness of 75wt% SSC (Smy 5Sr(5C03)
+ 25wt% SDC (Smy,Cey3019) composite cathodes were studied using SDC as an
electrolyte and Ni+SDC as anode materials. Single cells were tested in the temperature
range of 400 to 650°C. The cell performances with the cathodes sintered at different

temperatures were also studied using electrochemical impedance measurements.

4.2 Experimental procedure

Test Cell-- Materials and Fabrication

Ni-YSZ cermet supported thin SDC electrolyte cells were fabricated by tape-
casting, screen-printing, and high temperature co-firing, followed by cathode printing and
sintering. The composite cathode consists of SSC and SDC at a weight ratio of 75% SSC :
25% SDC, and is labeled as SSC#3 in this dissertation work. Table 4-1 lists the cell
structure materials and thicknesses. Three different cathode sintering temperatures, 950,
1050, and 1150°C, were used to study the influence of T, on cathode performance and
microstructure. For the cathode thickness study, tape masks of different thicknesses were
used as spacers for cathode preparation. The thickness of the cathode after sintering at 950,
1000, 1050°C was measured. Table 4-1 lists the cermet supported single layer SDC
electrolyte cells for the cathode thickness study. The SSC#3 cathode area of an individual
cell was measured using an image analysis program (Optimas 6.1) on an optical
photograph of the cathode, after sintering. The cathode area was in the range of 1.33-
1.34cm” for the T study and 0.52-0.55 cm” for the thickness study.

Before applying the cathode, each cell was characterized by Archimedes’ density
measurements and helium gas cross leak tests. The average cell density was approximately
5.15g cm™, corresponding to 37% anode porosity after NiO reduction based on the cermet
substrate composition of 57wt%NiO. A helium gas cross leakage check was conducted
with 6.9kPa (1 psi) He at room temperature, with a gas permeability test jig. All the cells
transmitted zero gas bubbles in 5 mins, indicating that the SDC electrolyte layer was fully

dense.

90



Table 4-1 Material and thickness of cermet supported SDC cells in this study

Cell Typel | Ni-YSZ cermet supported thin SDC cell
Material | Thick [um] Ts [°C]

Cathode 75%SSC 20-40 for Ts.study, 1.33-1.34 cm’ 950-1150
(SSC#3) +25%SDC | 20-100 for thickness study, 0.52-0.55 cm® | 1000
Electrolyte SDC 18-20 for T study 1400

10-15 for cathode thickness study 1380
Anode Ni-SDC 10-15 As electrolyte
Cermet Ni-YSZ 800-1000 As electrolyte
Substrate

Cell characterization

Each cell with a sintered cathode was mounted on a horizontal alumina tube with a
gasket seal made from a highly dense ceramic fibre sheet. A thin SSC#3 contact paste was
applied for good contact between the cathode and the Pt mesh-cathode current collector for
the T, study. For the cathode thickness study, cathodes both with and without cathode
pastes were studied. A constant spring loaded force was applied by the cathode air supply
alumina tube, of approximately 1.5 kgf. A split-tube furnace (Thermcraft Incorporated,
USA) was used for cell temperature control. The thermocouple for furnace temperature
control was located just behind the cell on the anode side.

Electrochemical measurements were performed from 650 to 400°C under ambient
pressure. Humidified (3%H,0) hydrogen was used as the fuel and air as the oxidant, both
at a flow rate of 100ml min™. I-V curves were measured using linear sweep voltammetry at
a sweep rate of typically 1-4 mV s”. The electrochemical impedance spectra (EIS) were
typically measured in the frequency range from 0.1Hz to 65kHz. The cell resistance (R.)
was calculated using data fitting from the I-V curve, and the electrolyte resistance (R;) and
electrode resistance (R;) were calculated using EIS data fitting.

Powder characterization of the cell materials was performed by specific surface
area (Surface area analyzer SA3100, Beckman Coulter, USA) and particle size

(Mastersizer 2000, Malvern instruments, USA) measurements and by XRD phase analysis

91



(D8 Advance, Bruker AXS, USA). The morphologies of the tested cathodes were observed
using a scanning electron microscope (SEM, Hitachi S-3500N) coupled with EDS analysis.

4.3 Results and discussion

4.3.1 SSC+SDC phase structure

A powder mixture of SSC and SDC at 50% weight ratio sintered at elevated
temperatures (up to 1300°C) was investigated by XRD for potential interactions between
SSC and SDC. The sample sintered at 1300°C was completely melted, and no powder
sample was obtained for XRD analysis. Figure 4-1 shows the XRD analysis results. It can
be seen that sharpening of SSC peaks is observed during the heat treatment attributable to
further crystallining of the powder. However, no obvious reaction happens for the
composites heated up to 1200°C for 4h. Similar results were reported by Xia et a/ [2]. They
found that other phases were present when SSC with 10wt%SDC composite was fired at
1250°C for 4h. It seems that SSC+SDC composite is a chemically stable cathode material
for SDC electrolyte-based SOFC when the sintering temperature is below 1200°C.
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Figure 4-1 XRD patterns of SSC+SDC powder mixtures sintered at different temperatures.
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4.3.2 Open circuit voltage (OCV)

Figure 4-2 are the temperature dependences of OCV for a hydrogen/air fuel cell
based on a cermet supported 20pm thick SDC electrolyte cell with cathodes sintered at
different temperatures, Ts.. The theoretical OCV using an SDC electrolyte, as reported by
Matsui et al [15], is also shown in this figure. It is obvious that the recorded OCV data of
the tested cells are much lower than the theoretical OCV. The recorded OCV value
decreased from 0.99V at 400°C to approximately 0.85V at 650°C. It is well known that
electronic conductivity in the SDC electrolyte is increased at high temperatures under
anodic fuel cell conditions. However, the recorded OCV data in this study were lower than
those reported with thick SDC electrolytes. The OCVs for 0.4mm SDC electrolyte cells
under the same test conditions were 1.08V at 400°C and approximately 0.90V at 650°C [2].

1.20
] O Ts,c950°C
1.15 + O Ts,c 1050°C
A Ts,c 1150°C
1.10 —— OCV (theoretical)
S 1051
5_ ]
3 1.00 7+
0.95 +
0-90 1" ssc#3 cathode, area: 1.33-1.34cm”
97%H2>+3%H, 100ml/min
0851 Air, 100ml/min
350 400 450 500 550 600 650 700

temperature, °C

Figure 4-2 Temperature dependences of OCV for the cermet supported thin SDC

electrolyte cells with cathode sintered at different T.
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It is clear that decreasing SDC electrolyte thickness leads to a lower OCV at the
temperatures studied. The OCVs were 0.98V and 0.94V at 600°C for SDC electrolyte-
supported cells of thicknesses 2.2mm and 1.19mm, respectively [15], only 0.91V for a
0.4mm thick SDC electrolyte-supported cell [2], and 0.879V for the cermet-supported
20pm thick SDC electrolyte cell used in this study. Furthermore, it was found that there
was a slight difference in OCV values for the 3 cells with different cathode sintering
temperatures. The difference was enlarged at temperatures below 450°C, where the OCV
could exhibit a 20-30mV difference at the same temperature due to different Ts.. The
highest OCV at the low temperature region was present in the cell with cathode
Ts=1050°C. It has been reported that the electrode performance had an influence on the

OCYV value [15, 16]. A low OCV value could be related to a lower electrode performance.

4.3.3 Effects of Ts. on cell performance and electrochemical

resistance

As shown in Figure 4-3 and Figure 4-4, the cathode sintering temperature (T) had
an obvious influence on the cell performance, which could be related to the microstructure,
the adhesion of the electrode to the electrolyte, the grain growth, and the electrode porosity,
which affects the active sites for oxygen reaction. It was found that the highest cell
performance was obtained with T =1050°C, with 0.75W cm™ power density obtained at
600°C. The main results are summarized in Table 4-2. It was observed that the cell ohmic
resistances, R;, for these 3 different cells were very close to each other, which indicated
that the SDC electrolyte thickness was approximately the same for each cell, and even the
cell with cathode sintered at 1150°C showed limited interaction between the cathode and
the SDC electrolyte, according to the XRD resuslts. The performance of the cell with
SSC#3 composite cathode sintered at 1050°C is summarized in Table 4-3. The measured
cathode area was 1.337 cm?. The R. values were obtained from the I-V curve, and both Rg
and Ry 4+ values were obtained from EIS measurement results by using instant data fitting
with Corr view and Z-view softwares. It is notable that the sum of R and Rp,a+c 1S
approximately equal to the R value at temperatures over 500°C. The peak power density
(PPD) reached 1W cm™ at 650°C and 0.25W cm™ at 500°C, two times higher than the

values reported in [2].
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Figure 4-3 Electrochemical performance of cells with thin SDC electrolytes with cathodes

sintered at different temperatures.

Table 4-2 Results of the cells operating at 600°C with composite cathodes of different T

Ts,C OCV PPD Reel Rs Rpa+c
[°C] [V] [W cm™] [Q cm?] [ cm?] [Q cm?]
950 0.882 0.615 0.3166 0.1312 0.1573
1050 0.879 0.749 0.2518 0.1276 0.1020
1150 0.878 0.462 0.4336 0.1322 0.3085

OCV: open circuit voltage of the cell from Fig. 4-3 or Fig.4-2

PPD: cell peak power density, from Fig. 4-3

Reen: cell electrochemical resistance, from Fig.4-3 (OCV-0.75V).

R: cell ohmic loss, mostly due to SDC electrolyte, from Fig.4-4

Ry.a:c: cell polarization resistance from both anode and cathode, from Fig.4-4
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Figure 4-4 EIS of cells with cathodes sintered at different temperatures.
Table 4-3 Cell performance with SSC#3 cathode sintered at 1050°C
Cell temp. (O]0AY/ CD CVv PPD Rcell Rs Rp,z;1+c
[°C] [V] [A cm?] [V] [Wcem?] | [Qcem?] | [Qem?] | [Qcm?]
650 0.8491 | 1.8130 | 0.5577 | 1.0111 | 0.1436 | 0.0773 | 0.0464
600 0.8786 | 1.5045 | 0.4979 | 0.7491 | 0.2518 | 0.1276 | 0.1020
550 09170 | 1.0878 | 0.4210 | 0.4579 | 0.4651 | 0.2006 | 0.2164
500 0.9445 | 0.6629 | 0.3817 | 0.2531 | 0.8118 | 0.3951 | 0.4979
450 0.9843 | 0.2919 | 0.4042 | 0.1179 | 1.9453 | 0.9231 1.695
400 0.9912 | 0.1501 | 0.3103 | 0.0466 | 4.3683 2.188 3.846

Test condition: 97%H,+3%H,0 100ml min™', air 100ml min™'
CD: current density at Peak power density (PPD); CV: cell voltage at PPD
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4.3.4 SEM observation

Figure 4-5 shows SEM images of the tested cells. It is clear that the SDC electrolyte

thicknesses of the three cells are approximately equal and fairly uniform, approximately

l Ts.c =1050°C -

18-20um.

Ts.c =950°C

Ts.c =1150°C

™

Figure 4-5 SEM images of the tested cells.

Based on the R data in Table 4-2, the calculated SDC conductivity was over 0.015
S ecm™, close to the reported SDC conductivity of 0.019 S cm™ at 600°C [17]. The SEM
images also reveal the granular growth of the composite cathode at 1150°C, which resulted
in a remarkable change in porosity and surface area of the cathode. The cathode sintered at
950°C was more porous and less sintered than the cells sintered at higher temperatures.
However, the 950°C cathode was also thinner and had a less uniform thickness that may
also have caused a difference in the performance.

Xia et al. [2] conducted a similar study. They found that the SDC cell with 950°C
sintered composite cathode showed the highest performance. The difference for T, could
be attributed to the composition difference of the composite cathodes. In the reference [2],
the composite cathode contained 10wt%SDC, while 25wt%SDC was used in this study. It
seems that an increase in sintering temperature may be needed to accommodate an
increasing SDC content in the composite cathode for cathode optimization. In fact, the total
electrode resistance R, .+, consisting of anode resistance R, , and cathode resistance Ry
obtained in this study is only 0.102 Qcm?, which is just slightly over half of the reported
0.18 Qcm?” for an SSC+SDC composite cathode at 600°C [2].
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4.3.5 Effects of cathode thickness

Another study was performed to understand the influence of the cathode thickness
on the cell performance. Composite cathodes SSC#3 sintered at 1000°C were investigated.
Meanwhile, the influence of contact pastes on the measured cell performance was also
studied. Four cathodes of different thicknesses were prepared by using different spacer
thicknesses. The 12 cells used in this study are shown in Figure 4-6. The cathode area is
designed for 0.50cm’ with variation within 5% in practice. Optical microscopy reveals

cathode cracks after sintering (see Figure 4-7).

Spacer thickness

0@
- @ O®
@O ®
- @O®
g

Figure 4-6 Appearance of the cells before testing in this study.

Table 4-4 lists the spacer thickness for the stencil printing of the cathodes, the
cathode loading, and average thickness and after sintering at 1000°C for 2hr. It can be seen
that the final cathode thickness after sintering is approximately 1/3 of the spacer thickness,
indicating a shrinkage of approximately 67%. The calculated porosity (p) of the cathode is
approximately 62%, based on the loading and measured thickness of each cathode,
calculated using the following Equation 5-1.

p=1- D¢/Dy, = 1- W/d/Diy Equation 5-1
Here, p is the porosity, Dy, is the cathode material density (6.64 g/cm® for SSC#3 in this
study), D, is the cathode apparent density, W, is the cathode loading per cm?, and &, is the

cathode thickness.
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Table 4-4 Cathode loading and average thickness and the spacer thickness for the stencil

printing of cathode after sintering at 1000°C for 2hr

Spacer thickness [pm] 50 100 170 340
Cathode SSC3#: 75wt%SSC+25wt%SDC (Dy: 6.64g/cm’)
Average loading, W, [mg cm™] 5.43 8.27 11.81 23.06
Average thickness, o, [um] 14.5 28.6 50.8 111.2
Calculated porosity, p [%] 62 56 65 68
Porosity [%] from SEM image 40-45

analysis

Substrate density [g cm™] 5.10

Porosity after NiO reduction [%] 38

Figure 4-7 Optical microscope images of SSC+SDC cathodes made with different spacer

thicknesses after sintering.
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From Figure 4-7, it is clear that due to the large shrinkage of the cathode during the
drying and sintering, mud-cracking patterns appear in all samples. The width of macro-
cracks increases with the cathode thickness. Some cathode layer spallation was observed
with the cathode prepared by using a 340um-spacer, indicating that the thermal stress
exceeds the interfacial bonding strength when the cathode is too thick. Because of the
cathode edge thinning effect (see Figure 4-8, a profilometry profile of a sintered cathode)
and the existence of the macro-cracks (see Figure 4-7), the calculated cathode porosity in
Table 4-4 could be overestimated. SEM image analysis reveals 40-45% porosity for the
cathode. Figure 4-9 shows the peak power densities of the cells with different cathode
thickness, tested at 600°C without or with contact paste#l (pure SSC). The highest
performance was achieved with a cathode thickness of approximately 50um, i.e., using a
spacer of approximately 170pum. A slight performance improvement with contact paste was
also observed. The resistances of the cell and peak power density (PPD) results are

summarized in Table 4-5.

Table 4-5 Resistances and PPDs of cells with different cathode thicknesses operating at
600°C

Spacer Without contact paste With contact paste#1(SSC)
thickness| Rs Rp.a+c R¢ PPD Rs Rp.a+c R¢ PPD
[um] |[Q cm?]|[Q cm?]|[Q cm?]|[W cm™]|[Q cm?]|[Q cm?]|[Q cm?] [[W cm™]
50 0.147 | 0.177 | 0.324 0.598 0.093 | 0.131 | 0.224 0.714
100 0.110 | 0.148 | 0.258 | 0.825 | 0.105 | 0.143 | 0.248 | 0.831
170 0.117 | 0.136 | 0.253 | 0.856 | 0.093 | 0.118 | 0.211 | 0.861
340 0.118 | 0.163 | 0.281 0.717 0.147 | 0.137 | 0.284 0.736
Note: R = Rs + R, avc
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Figure 4-8 Typical surface height profiles of an SSC#3 cathode (prepared with 170 pm

spacer, after sintering) characterized with a profilometer.
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Figure 4-9 Cell peak power density vs. different cathode spacer thicknesses.

4.3.6 Effects of wet contact pastes

The cell with the cathode prepared by using a 170um spacer was tested repeatedly
with or without wet contact paste. The results at 600°C are shown in Figure 4-10. The
related series resistance R, polarization resistance Ry ,+c, and cell total resistance R (= R, +
Rpa+c) from EIS measurement under OCV condition are summarized in Table 4-6. Paste
#1 to #3 stands for the number of times the wet paste applied to this cell. For example,
paste#2 meant the cell was applied a wet paste the 2™ time, after three tests: 1) no paste, 2)
with the 1% wet paste (paste#1), and 3) the 1% wet paste was removed (Paste removed). The
Reenn values in the Table 4-6 were obtained from fitting the I-V curves in the voltage range
of OCV-0.75V. The recorded OCV values of the cell during the repeated tests are relatively
stable between 0.858V to 0.852V. The effect of applying wet contact paste on the

enhancement of cell performance is obvious. The Ry values with wet paste are smaller than
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those without paste. Some possible explanations for that are: (1) The contact resistances
(reflected in the Ry values) between the cathode and the Pt mesh (as cathode current
collect) are reduced, which is evident from the EIS measurement results (see Table 4-6).
The reason could also be that the potential existence of gaps between the wavy surface of a
cathode and the Pt mesh was effectively reduced by the wet paste. (2) The effective
cathode area was increased due to the wet paste filling in the macro-cracks to bridge the
isolated cathode units together. This effect contributes to both the reduction in Rg and R,,.
In this study, #45 platinum mesh, i.e., 45 openings per square inch, was used. It has an
open area of approximately 42 %, and a gap between two adjacent wires of approximately
0.40-0.45 mm (cf. Figure 4-11). It is clear that the gaps between the Pt wires are in a
similar dimensional range of a cathode unit isolated by the macro-cracks (see the cathode
morphology Figure 4-7). Therefore, without the contact paste, it is possible that the

platinum mesh may not contact every isolated cathode unit.

170 um spacer thickness - sintering at 1000°C

1.00
0.90
0.80 1 0.713
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

0.856 0.861

0.781 0.792

Peak power density (W.cm'z)

No paste Paste #1 Paste Paste #2 Paste #3
removed

Figure 4-10 Peak power density of the cell with 1000°C-sintered SSC#3 composite

cathode, tested repeatedly with or without contact pastes.
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Figure 4-11 Typical cathode with contact paste after cell testing.

104



Table 4-6 EIS resistances measured for the cell with 1000°C SSC#3 cathode using 170um
spacer, tested at 600°C

EIS resistance No paste | Paste#1 Paste Paste #2 | Paste #3
[Q cm?] removed

R 0.117 0.093 0.199 0.079 0.083
Rpate 0.136 0.118 0.363 0.119 0.112
R¢ 0.253 0.211 0.562 0.198 0.195
Reen 0.204 0.215 0.261 0.244 0.239
OCV [V] 0.858 0.858 0.854 0.852 0.855

4.4 Conclusions

High performance of cermet supported thin SDC electrolyte SOFCs operating
below 600°C was achieved by using a composite cathode, with 75wt%SSC + 25wt%SDC.
The highest performance of the cells was observed for a cathode sintering temperature of
1050°C. The measured SDC electrolyte area-specific resistance R, for the electrolyte of
thickness 20pm was 0.128 Qcm®. The total electrode polarization resistance Ry, arc Was
only 0.102 Qcm? at 600°C.

The study on the composite cathode thicknesses ranging from 15 to 110um and
sintered at 1000°C reveals the best cell performance, 0.86 W cm™ peak power density
operating at 600°C, with the average cathode thickness of 50um. The SDC electrolyte
resistance Rg was 0.093 Q cm® for the electrolyte of thickness 10-15um, and the total
electrode polarization Rp,.+c was 0.118 Q cm? at 600°C. It was found that with cathode
contact paste the individual cell performance could be slightly improved. The contact paste
not only reduced the ohmic loss of the total cell but also the electrode reaction resistance,

i.e., cathode in this study.
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5. Chapter Five. Internal Shorting and Fuel Loss of an
LTSOFC with SDC Electrolyte®

A solid oxide fuel cell with Smg»Ce 3019 (SDC) electrolyte of 10um in thickness
and Ni-SDC anode of 15um in thickness on a 0.8mm thick Ni-YSZ cermet substrate was
fabricated by tape casting, screen printing, and co-firing. A composite cathode of 75 wt%
Smy 5S1p5C00; (SSC) + 25 wt% SDC and approximately 50um in thickness was printed on
the co-fired half-cell and sintered at 950°C. The cell showed a high electrochemical
performance at temperatures ranging from 500 to 650°C. Peak power density of 545 mW
cm™ at 600°C was obtained. However, the cell exhibited severe internal shorting due to the
mixed conductivity of the SDC electrolyte. Both the amount of water collected from the
anode outlet and the open circuit voltage (OCV) indicated that the internal shorting current
could reach 0.85 A cm™ or more at 600°C. Zr-content inclusions were found at the surface
and in the cross-section of the SDC electrolyte, which could be one of the reasons for
reduced OCV and oxygen ionic conductivity. Fuel loss due to internal shorting of the thin
SDC electrolyte cell becomes a significant concern when it is used in applications requiring

high fuel utilization and electrical efficiency.

5.1 Introduction

Solid oxide fuel cells (SOFC) have been recognized as a promising energy
conversion technology in terms of cleanliness, efficiency, and ability to work with various
fuels. During the last decade, Nickel-Yttria Stabilized Zirconia (Ni-YSZ) anode supported
solid oxide fuel cells (SOFCs) with thin-film electrolytes have been widely adopted by
industrial pioneers and research groups throughout the world. Encouraging performance in

the intermediate temperature range (700-800°C) with thin—film YSZ electrolytes has been

> A version of this chapter has been published as:
X. Zhang, M. Robertson, C. Decés-Petit, W. Qu, O. Kesler, R. Maric, D. Ghosh, Internal shorting and fuel
loss of a low temeprature solid oxide fuel cell with SDC electrolyte, Journal of Power Sources, 164 (2007)

668.
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achieved [1]. However, a high degradation rate in stack performance has been observed,
which is unacceptable for commercial application [2]. Thermally activated material
degradation, and in particular, high temperature corrosion of Fe-Cr steel interconnects, has
been identified as a serious problem [2, 3]. To date, extensive R&D efforts have been
focused on decreasing cell operating temperatures below 600°C in order to expand lifetime
and to reduce the cost of SOFCs [4-7].

The practical operating temperature of an SOFC is mainly determined by the
conductivity and thickness of the electrolyte. Doped ceria is a promising option for an
electrolyte material for low temperature use. It has an ionic conductivity that is 2-3 times
higher than that of YSZ. Its thermal expansion coefficient (12.5x10° K™') is much closer to
that of the Ni-cermet substrate and commercial ferritic stainless steel interconnects,
compared with YSZ (10.5 x10°° K™). Moreover, it has better chemical compatibility with
high performance cobalt-containing cathodes, such as SmgsSrosCoOs [4, 8],
Lag 6Sro4Cog2Fep 303 [9], and Bag sSrgsCog2FepsO; [10]. A maximum power density of 1
W cm? at 600°C with an anode-supported thin ceria based electrolyte cell has been
reported [10]. The main disadvantage of a ceria-based electrolyte is that it becomes a
mixed conductor in anodic conditions, which causes cell voltage loss and fuel efficiency
loss due to internal shorting. Chemical and mechanical stability, thermal cycle capability,
and redox tolerance are also concerns for long-term service.

In the present work, an anode supported, thin SDC electrolyte cell was used for
internal shorting and fuel loss investigations. It was found that although the cell showed a
fairly high maximum power density of 545 mW cm™ at 600°C, it also showed severe
internal shorting due to the mixed conductivity of the SDC electrolyte of the cell. Fuel loss
due to internal shorting of the thin SDC electrolyte cell could impede its use in practical

applications requiring high fuel efficiency.

5.2 Experimental procedure

Cell Fabrication
A NiO-YSZ cermet substrate supported Smg,Ce 309 (SDC) electrolyte SOFC was

used. The cell was fabricated by tape-casting the substrate, screen-printing the anode and
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then the electrolyte on the substrate tape, and co-firing at 1400°C for 2 hrs, followed by
cathode printing and sintering at 950°C for 2 hrs. Further details about the cell fabrication
process can be found in Chapter 3 and in [21]. Figure 5-1 shows a schematic diagram of the
cell structure, which consists of a NiO-YSZ cermet substrate (0.8 mm), NiO-SDC anode
layer (15um), SDC electrolyte (10um), and SSC#3 composite cathode (50pum). A 57 wt%
NiO + 43 wt% YSZ powder mixture was used for the NiO-YSZ cermet substrate. The
composition of the NiO-SDC anode was 53 wt% NiO + 47 wt% SDC. The cell used in this
study was 27.5 mm in diameter. The edge of the cell was sealed with alkaline borosilicate
glass (Corning #0211, treated at 750°C). The SDC electrolyte after glass sealing had an
effective area of 5.23 cm’. The SSC#3 composite cathode consists of 75wt%
Smy 5Srp5C0o0; (SSC) and 25wt% SDC. The SSC#3 cathode area was 1.35 cm?. Cells with

and without cathodes were investigated.

glass edge-seal

electrolvte
anode

Figure 5-1 Schematic of cell structure.

Cell characterization

The 1400°C-sintered electrolytes appeared transparent, crack-free, and allowed no
detectable helium gas cross leakage at 13.8 kPa (approximately 2 psi), indicating that the
electrolyte layers were fully dense. The measured cell density (by an Archimedes density
measurement) was 5.20 g cm”, which corresponds to 18.2% porosity in the NiO-YSZ
cermet substrate based on the cermet substrate composition of 57.0 wt% NiO. The
substrate porosity would be increased to approximately 36.4% porosity after NiO reduction

to Ni. The porosity of the SSC#3 cathode is approximately 40 % after sintering at 950°C.
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Figure 5-2 shows a schematic setup for button cell electrochemical tests. A split-
tube furnace (Thermcraft Incorporated, USA) was used for cell temperature control. The
thermocouple for furnace temperature control was located less than Imm behind the cell at
the anode side (T,). There were also two additional thermocouples, one located in the
furnace chamber for overheating protection (T¢), and the other contacting the electrolyte
surface of the cell at the cathode side (T.). The cells were mounted for electrochemical
testing at the end of an alumina tube with inner diameter of 18mm, and sealed with a
borosilicate glass seal at the anode side. A thin layer of cathode paste was applied to the
cell cathode to create a good contact between the cathode and the cathode current collector
(Pt mesh) in the testing apparatus. A constant spring loaded force was applied to the
cathode air supply alumina tube, of approximately 1.5 kg force. The cell was heated up to
750°C at a ramp rate of 180°C h™, and held for 12h for glass seal softening and
crystallization to reach an anodic hermetic sealing as well as cathodic contact paste in-situ
sintering. The temperature was then decreased to 650°C for anode reduction and cell
electrochemical measurements. Ambient air was introduced at a flow rate of 100 ml min™
to the cathode side. During the cell reduction, a combination of nitrogen and hydrogen as
anode gas at the total flow rate of 100 ml min™ was first passed through a bubbler-type
humidifier at room temperature, corresponding to approximately 3% H,O content, and then
introduced to the anode side. The gas combination used 5 different hydrogen
concentrations during the cell reduction process: 10%H, for 0.5hr, 20%H, for 0.5hr,
40%H, for lhr, 60%H, for 0.5hr, and finally 100%H,. The outlet of the anode gas was
passed through a bottle at room temperature before being vented. After the cell reduction
and performance test, the water produced during the reduction and performance test was
discarded. The anode outlet was then connected to a dry container for water collection.
Water was collected at each cell test temperature for 20 hrs. No current was drawn from the
cell during water collection, except for the test at 600°C. At 600°C, conditions both without
and with current were tested.

Electrochemical measurements were performed at temperatures ranging from 650
to 500°C under ambient pressure. Cell performances were measured with a Multi-channel
Potentiostat/Galvanostat (Solartron 1480 8 channel multi-stat) with a computer interface

and Corrview software. The I-V curves and power curves were obtained using linear sweep
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voltammetry at a sweep rate of 4 mV s from open circuit voltage (OCV) to 0.3 V. The
electrochemical impedance spectra (EIS) were typically measured in the frequency range
from 65kHz to 0.1Hz with 50mV perturbation amplitude using a Solartron 1250 FRA with
computer interface and Z-view software. The cell resistance (Ree;) was calculated using
data fitting from the I-V curve, and the electrolyte resistance (R.) and electrode
polarization resistance (Rp) were calculated using EIS data fitting. The electrochemical

measurements were performed before and after water collection.

Anode gas outlet Tubular furnace

— Tf

Cathode gas outlet Alumina tube
—

H,O collector

Anode gas inlet i < C(athode gas inlet

_
T.
\C \Pt mesh
ell

Th le, T,
Crmocoupe, Anode seal

v

Humidifier

0

Figure 5-2 Schematic of experimental setup.

The morphologies of the tested cells were observed using a scanning electron
microscope (SEM, Hitachi S-3500N, Japan), coupled with energy dispersive spectrometry
(EDS) and X-ray diffraction techniques for elemental and phase analysis, respectively. The
SEM sample for cross-section observation was embedded in epoxy resin and polished.

Each sample was coated with Au-Pd alloy before observation.
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5.3 Results and discussion

5.3.1 Cell electrochemical performance

Figure 5-3 shows the OCV of the cell in this study at different temperatures along
with the Nernst potential (En). Ex was calculated based on the temperature and reactant gas
composition (97%H;+3%H,0 for anode and 21% O, in air for cathode, both at 1 atm),
under an assumption that the entropy of the reactants is independent of temperature. The
thermodynamic properties of the reactants were sourced from Lange’s Handbook (15™
edition). Different thicknesses and theoretical OCV of an SDC electrolyte from the
literature [4, 11, 21] are also presented in this Figure. The theoretical OCV values in Figure
5-3 were obtained by multiplying the Nernst potentials by the ionic transference numbers

of the SDC electrolyte at different temperatures [11].
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Figure 5-3 OCV of the SDC electrolyte cells at different temperatures.

As shown in Figure 5-3, the recorded OCV value in this study decreased from 0.873
V at 500°C to 0.796 V at 650°C. It is well known that electronic conductivity in the SDC
electrolyte is increased at high temperatures under anodic fuel atmospheres, leading to a

decrease in OCV at a higher temperature. However, the recorded OCV data in this study
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were lower than those reported with thick SDC electrolytes. The reported OCVs were 0.98
V and 0.94 V at 600°C for SDC electrolyte-supported cells of SDC electrolyte thicknesses
2.2 mm and 1.19 mm respectively [11], and only 0.91 V for a 0.4 mm thick SDC cell [4],
0.87 V for a cermet-supported 20pm thick SDC cell [21], and 0.835 V for the 10 um thick
SDC electrolyte cell used in this study. The explanation of the variation of OCV with
thickness of the SDC electrolyte can be either that fewer defects span the entire thickness
of the thick electrolyte, resulting in higher gas-tightness in the thicker electrolytes, or that
the distribution of partial pressure of oxygen inside the electrolyte is thickness-dependent,
causing the OCV to decrease with decreasing thickness due to an increase in the electronic
conductivity. The widening deviation of the real OCV from the theoretical OCV of the
SDC electrolyte at lower temperatures, as shown in Figure 5-3, may also result in part from
the increasing electrode polarization resistance. As reported by Miyashita [12] and Liu
[13], the electrode polarization also contributes to the total cell voltage loss even at OCV,

especially when operating at lower temperature.
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Figure 5-4 Cell performance at different temperatures.
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Figure 5-4 shows the performance of the cell before and after water collection tests
at different temperatures. It can be seen that the maximum power densities reached 595
mW cm™ at 650°C, 545 mW cm™ at 600°C, and 347 mW cm™at 550°C. It was noticed that
there was less than a 2°C difference between the cathode temperature (T.) and the anode
temperature (T,, the setting temperature for the cell test). However, a slight increase (at
most 5°C) in both T, and T, were observed during the I-V curve measurement, which took
approximately 2-3 minutes. It was also noticed that when the hydrogen was first introduced
to the anode side for cell reduction, the furnace temperature (Tf) could drop to 10-15°C
lower than before the hydrogen introduction. The drop of the furnace temperature (Ty)
could only be explained by heating of the cell, thus requiring less heat flow from the
furnace to maintain the operating temperature (T,). The obvious temperature deviation

indicated that the cell was generating heat even at the open circuit condition.
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Figure 5-5 EIS of the cell at different temperatures, a) before water test, b) after water test

Figure 5-5 a) and b) show the electrochemical impedance spectra (EIS) of the cell at
different temperatures before and after water collection tests. The performance of the cell is
summarized in Table 5-1 and Table 5-2. The area-specific resistances of the cell (Reey)
were obtained from the I-V curves (Figure 5-4) in the linear range from OCV to 0.75 V,

and both electrolyte resistance (R.i) and electrode polarization resistance (R, a+c, including
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both anode and cathode) values were obtained from EIS results by using instant data fitting
with Corrview and Z-view software. The cell area-specific resistance from EIS is Ry, which
is the sum of R¢jand Ry 4. It is notable that the sum of R;is approximately equal to the

Reen value at the temperatures tested.

Table 5-1 Cell performance and EIS results at different temperatures before water test

Temperature | OCV PPD Rel Rp.a+c Rt Reen
[°C] V] | Wem? | [Qcm?] [[Qcem?]|[Qcem?]| [Qcm?]
650 0.796 | 0.575 0.073 | 0.066 | 0.139 | 0.152
600 0.835| 0.545 0.099 | 0.133 | 0.232 | 0.265
550 0.857 | 0.347 0.152 0.361 | 0.513 | 0.570
500 0.873 | 0.193 0.268 | 0.970 | 1.238 | 1.258

OCV: open circuit voltage,

PPD: maximum power density,

R.;: SDC electrolyte ohmic resistance from EIS,

Rpaie: electrode electrochemical resistance from EIS,

Ry: cell resistance from EIS ( Ry = Rqi+ R .c),

Reen: cell resistance from [-V curve (data fitting from OCV to 0.75V)

Table 5-2 Cell performance and EIS results at different temperatures after water test

Temperature | OCV PPD Rel Rpa+c Rt Reen
[°C] V] | Wem? | [Qcm?] [[Qcem?]|[Qcem?]| [Qcm?]
650 0.792 0.595 0.071 0.070 0.141 0.156
600 0.831 0.521 0.098 0.130 0.228 0.277
550 0.852 0.341 0.155 0.342 0.496 0.555
500 0.875 0.181 0.282 0.959 1.241 1.336

OCV: open circuit voltage,

PPD: maximum power density,

R.;: SDC electrolyte ohmic resistance from EIS,

Ryaict electrode electrochemical resistance from EIS,

R¢: cell resistance from EIS (Ry= R+ Ry .ic),

Reen: cell resistance from I-V curve (data fitting from OCV to 0.75V)
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5.3.2 Water amount and leakage current

Figure 5-6 shows the water amount and leakage current calculated based on water
amount. The leakage current was calculated simply based on Faraday’s Law, under an
assumption that the water amount collected during 20 hrs under the OCV condition
resulted entirely from the internal shorting of the SDC electrolyte, and that the leakage
current was constant over the 20-hour test period.

FWw

I, =———=0.1489Ww Equation 5-1
360000

where /, is the leakage current [A], F is Faraday’s constant, /¥, is the water amount

[grams] accumulated during 20 hrs, and M, is the molecular weight of water.
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Figure 5-6 Water amount collected at anode gas outlet and leakage current at different cell

temperatures, with and without the cathode.

It can be seen that both the water amount and the leakage current increased with the
temperature. Astonishingly, the leakage current of the cell under the open circuit condition

reached over 2.26 A at 650°C and 1.46 A at 600°C.
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To clarify the cathode effect on the internal shorting, a cell from the same batch
without a cathode was used for a similar water collection test under open circuit condition.
The results of this test are also shown in Figure 5-6. It is clear that the water amount and
leakage current density are tremendously decreased, reaching only 1/3 of the water amount
of the cell with a cathode at 600°C. This result indicates that the internal shorting is not
only dependent on the electronic conductivity of the SDC, but also on the kinetics of the
oxygen reduction process. The cathode facilitates the oxygen reduction process and
therefore greatly enhances the leakage current under open circuit conditions.

The cell with a cathode was also tested under a constant current density of 0.50A
cm™ (0.675A) for 20 hrs at 600°C. The cell voltage under this condition is quite stable,
approximately 0.69V. 11.9746 g water was collected during this period, corresponding to a
leakage current of 1.108A.

In this study, the SDC electrolyte area of the cell without cathode was
approximately 5.23 cm’. The SSC#3 cathode area was 1.35 cm’. We assume that the
shorting current has two even distributions, one over the portion of the SDC electrolyte
without the cathode, and the other over the whole cathode area. Based on Equations 5-1 to
5-4, the leakage current (Ir) and leakage current density (ir), both with and without the

cathode, can be calculated. The results are listed in Table 5-3.

Table 5-3 Water amount (for 20hr) and leakage current under open circuit condition at

different temperatures and at 0.5 A cm™ at 600°C

Temperature] Wy Wy * I I i ic i
[°C] [d] [d] [A] [Al [[Acm?]|[Acm?] | [Acm?]
650 15.174 3.329 2.259 0.496 0.095 1.306 1.401
600 9.788 2.759 1.457 0.411 0.079 0.775 0.854
550 5.407 2.341 0.805 0.349 0.067 0.338 0.405
500 3.369 2.236 0.502 0.332 0.064 0.125 0.189
600# 11.975 2.759 1.783 0411 0.079 1.016 0.595

* without cathode, i, = i; + ic

#at0.50 A cm?, i =i, "+ ic -0.5

i =1."/523 [A cm™] Equation 5-2
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io=(I-I.") / 1.35 [A cm™] Equation 5-3

=i +ic [A cm™] Equation 5-4
where IL* and iL* are leakage current and current density without the cathode, I; and i are
the leakage current and current density with the cathode, and i, is the enhanced leakage
current density at the cathode area due to the coverage of the SSC#3 composite cathode
layer. From Table 5-3, it is clear that with the cathode, the leakage current density was
increased almost 10 times in comparison to without the cathode at 600°C. The leakage

current density dropped by up to 30% when the cell was operating at 0.5A cm™ at 600°C.

5.3.3 Internal shorting current density based on OCV deviation

A simple model is derived for the internal shorting current density calculation of the
SDC cell, making use of the fact that the electrode overpotential nsis typically small and
linear with the current in SOFCs at operating temperatures. In general,

E=Ex—-1(R,+R.+Rin)=Vo—1R;, Equation 5-5
where E is cell voltage, Ex is the Nernst potential of the cell reaction, 1 is the cell operating
current density, and R, and R, stand for anodic and cathodic polarization resistance,
respectively. Ry represents the internal ohmic resistance of the cell, which is typically
approximated by the electrolyte resistance. R; is the total resistance of the cell. All
resistances are expressed as area-specific resistances [QQ cm’]. Under open circuit
condition, Equation 5-5 changes to

OCV =Ex—1r (Ry + Re + Rine) = Vo — iL Recen Equation 5-6
where OCV is the cell open circuit voltage, it is the cell leakage current density.

The leakage current density ir, cale. Was calculated from Equation 5-6 by inserting
the OCV value and cell resistance value, R (an average of the cell resistances R, and
Reen in Table 5-1 and Table 5-2). The results are listed in Table 5-4. The leakage current
density based on the measured water amount, ir, meas. 1S also listed in this Table. It can be
seen that i caic. Values are higher than iy, meas. Values, suggesting that the calculated leakage
current density will be an overestimate using this simple model. This is due to the simple
model neglecting the initial electrochemical overpotential loss of the electrodes. For a

higher accuracy of data fitting, one can introduce non-linear Butler-Volmer equations for
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the electrode over-potential calculations [16]. Here, we simply replace Ex with a parameter
Vy in Equation 6-6 and do the fitting based on the i mes Value. It was found that the V,
values are in the range of 1.0 - 1.1 V. As we know, the V, value for a YSZ electrolyte
based SOFC is commonly in this range, and no leakage current is observed due to the pure
ionic conductivity of YSZ. Sahibzada et al [18] developed a model to analyze the possible
leakage current density of a 10um- thick Gdy;Ce90; 95 electrolyte anode supported cell.
Their calculation showed that iy at OCV conditions could be as high as 0.610 A cm? at
600°C, although they did not experimentally verify their model results. Results in this
study clearly indicate that the leakage current densities at the tested conditions are truly
measurable and intolerably high. Based on Equation 5-6, one may reach a conclusion that
for an SDC electrolyte cell, both the thinner the electrolyte and the higher-performing the
electrodes are, the higher the leakage current density will be. A thinner electrolyte will not
only reduce the cell resistance (R cei), but also enhance the possibility of electrolyte
defects, such as pinholes or cracks, spanning the entire electrolyte thickness, leading to an
even lower OCV caused by gas leakage, and thus further decreasing the efficiency and

increasing the fuel loss in the cell.

Table 5-4 Leakage current densities based on either OCV value or measured water amount

Temperature En ocv Ricen IL, calc. IL. meas. Vo
[°Cl \Y% V1 | [Qcm’] | [Aem?] | [Acm?] | [V]
650 1.115 0.796 0.147 2.169 1.401 1.002
600 1.123 0.835 0.250 1.148 0.854 1.049
550 1.130 0.857 0.534 0.512 0.405 1.073
500 1.138 0.873 1.268 0.209 0.189 1.113

En: Theoretical Nernst cell voltage at the tested condition,

OCV: measured cell open circuit voltage

Ry - average cell resistance value of R, and R (see Tables 5-2 and 5-3)
iL, cale.: calculated leakage current density based on Equation 5-6

1L meas.: Measured leakage current density based on collected water amount

V,. fitting parameter based on Equation 5-6
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5.3.4 Low electrical efficiency due to internal shorting of the SDC

electrolyte

T. Matsui et al have calculated that the anode-supported 10 um SDC electrolyte cell
with ideal electrodes (i.e., zero electrode polarization) can reach an electrical efficiency of
approximately 61% at a cell voltage of 0.72V in the same temperature range of this study
[17]. In this study, we found that in the case of the cell operating at 0.50 A c¢m™, 600°C,
5% fuel utilization, and 12.5% air utilization, the internal shorting current density was 0.60
A cm™. This means that the fuel loss due to internal shorting is 1.2 times higher than the
fuel used for electrical power generation under this operating condition. Since the
electronic conductivity of the SDC electrolyte depends on the temperature and anode side
oxygen partial pressure, an increase in the fuel utilization will lead to a decrease in
electronic conductivity of SDC, and therefore decrease the leakage current density across
the electrolyte [16,17]. However, in real operation, the cell voltage will decrease due to

increasing fuel utilization. As a result, the cell will operate at a lower efficiency.
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Figure 5-7 Fuel utilization (Us) and electrical efficiency (LHV) of the cell.

As indicated in Figure 5-7, in this study, for the SDC cell operating at 0.5A cm™ at

600°C, an increase in the fuel utilization from 5% to 50% leads to a decrease of the cell
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voltage from 0.692V to 0.546V. Further increasing the fuel utilization to over 60% causes a
sharp drop in the cell voltage. The highest electrical efficiency (based on Lower Heating
Value) was only 21% at 50% fuel utilization. Accordingly, it seems difficult for the cermet
supported, thin SDC electrolyte cell to reach high fuel utilization with high cell
performance, due to severe internal shorting, although modeling results had suggested that
it should be possible [16,17].

The calculation of the theoretical leakage current density i through the electrolyte
is rather complex, as it depends on a number of factors [16]:

e The operating temperature, T

* The oxygen partial pressure distribution across the electrolyte, p,,
e The electronic conductivity of the electrolyte, o,, which greatly depends on
Po, . and T, and can be significantly changed by the presence of impurities

at the grain boundaries, or other phase inclusions generated during cell
fabrication

e The ionic conductivity of the electrolyte, o;,, which can be significantly

reduced by the presence of impurities at the grain boundaries, or other phase

inclusions generated during cell fabrication

e The electrode polarization resistance, Ry a+c

e The cell operating current density, 1

It was observed in this study (see Table 5-3) that the i. value under 0.5A cm™
operating current density was smaller than that under open circuit conditions. These i.
values were 0.595 and 0.854 A cm™, respectively. The effect of an increase in the cell
operating current density is that it increases the average oxygen partial pressure in the

electrolyte, resulting in a decrease in the o, value of the electrolyte, and thus also the ir.

However, the leakage current density under this condition is still over two orders of

magnitude higher than that in the modeling result from [16].
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5.3.5 The SDC conductivities in this study

As is widely known, a doped ceria electrolyte behaves as a mixed conductor. The

ionic conductivity of SDC (o;) is purely a function of temperature, but the electronic
conductivity (o,) is a function of both temperature and the local oxygen partial pressure
( Py, )- The electronic conductivity of SDC is negligible at temperatures below 400°C

and/or in an oxidizing environment [16]. However, the oxygen partial pressure at the anode

(Po, anoa. ) under the conditions of this study is typically in the range of 10%°to 107" atm,
which leads to the SDC electrolyte exhibiting a significant o, . The oxygen ionic
conductivity (o) and electronic conductivity (o,) of the doped-ceria electrolyte can be

estimated as

01 exp(— 201 Equation 5-7
o, = ——exp(—— uation 5-
' T P RT q
(pO el)_1/4 E
o, =0 = exp(——= Equation 5-8
e 0,e T p( RT) q

For Gdo.1Ceo901.95 [18], 60 = 2.706x10° [S K m™'], Eo; = 61.748x10° [T mol™']; oo,
=2.342x10"'[S K atm"* m™], and Eae = 238.78x10° [J mol™]. In this study, based on the
measured R, value and assuming that the resistance comes solely from the ionic
conductivity of the 10pum-thick SDC electrolyte (thickness &, ), we obtain cp; =
4.3045x10° [S K m™], E,; = 61.89x10° [T mol™].

The electronic and ionic conductivities can be obtained through the ionic transference
number (t;) and the total conductivity (o, ) of the electrolyte as measured. t; and o, were
calculated from Equations 5-7 to 5-12 [13, 20], under assumptions that no influence on the
cell OCV value comes from electrode polarizations, and that no electrolyte defect (such as

pinholes or cracking) and no sealing leakage occur in this study. The calculated o,and o,

values at different temperatures are listed in Table 5-5.

ocr
t, =
1 EN

Equation 5-9
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0 .
o, =% Equation 5-10
Rel
o, =10, Equation 5-11
o,=(1-t)o, Equation 5-12

It is worth mentioning that the calculated o, is related to the oxygen partial
pressure within the electrolyte. For simplicity, the values of both 6. and E,. in Table 5-5
were obtained by assuming that the p,, , = 0.2latm, the highest value in the electrolyte

(cathode side), for eqn (5-8).
Table 5-5 The conductivities of the SDC (GDC) electrolytes [14, 15, 18]

Go E.

T [°C] 500 550 600 | 650 |[SKcm™] |[kd mol ]| Reference
oispc[Sm’] 059 | 1.16 | 192 | 3.01 | 302549 71.19 [14]

0.66 | 125 | 2.08 | 3.20 | 255250 69.42 [15]
Giaoc[Sm'] | 024 | 040 | 0.63 | 094 | 27174 61.75
GLopc[Sm'] | 0355 | 0.649 | 1.019 |1.415| 43045 61.89 [18]
cispc[Sm'] | 0272 | 0.490 | 0.758 |1.010| 21807 61.75
Gespc[Sm'] | 0.083 | 0.156 | 0.261 |0.405| 34132 69.87  |In this study

As listed in Table 5-5, the reported conductivities ( 6;) of SDC (Smy,Cey30;9) can
be as high as 3.0 S m™ at 650°C and 2.0 S m™ at 600°C [14, 15]. The measured o; value in
this study was only about 1/3 to 1/2 of the reported o; value at the test temperature,
implying that certain detrimental interactions might have taken place in the SDC electrolyte
during the cell processing. The measured o; of the SDC in this study was slightly higher
than that of GDC (Gdy.1Ce(90, 95), and the activation energy (E,), 61.75 kJ mol™” was very
close to that of GDC reported in [18].

5.3.6 Cathode contribution

The oxygen reduction process at the cathode includes diffusion, adsorption,

dissociation, charge transfer, and oxygen ion dissolution into the SDC electrolyte. The
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leakage current density on the bare SDC electrolyte is much smaller than that in the SDC
covered with a cathode (see Table 5-3 and Figure 5-6). The apparent activation energies
(Eaor) of oxygen reduction in both cases are quite different, 15.96 kJ mol” for the cell
without a cathode and 80.39 kJ mol™ for the cell with a cathode, indicating that the oxygen
reduction mechanism was different. Although the bare SDC surface shows a certain
catalytic function in oxygen reduction, the rate-determining step of the oxygen reduction
process without a cathode is most likely the adsorption and dissociation of the oxygen,
surface diffusion of oxygen species, or a combination of the two. This is because of the low
activation energy. With the cathode present, the processes of adsorption and dissociation of
oxygen are greatly enhanced by the higher effective surface area and catalytic role of the
SSC cathode. With sufficient cathode activity and reaction area, the rate-determining step
shifts to a combination of normal cathode process with the oxygen ion generation,
dissolution, and transport in the electrolyte, i.e., ion conductive process of the electrolyte.
The obtained Ea value (80.39 kJ mol™) with the cathode is between the activation energy
average of the SSC cathode (approximately 126 kJ mol™, refer to Appendix B) and that of
the ionic conductivity of the SDC electrolyte (approximately 62 kJ mol™). In the case of an
ideal cathode at OCV, the oxygen reduction process will be completely controlled by both

the electronic and the ionic conductivities of the electrolyte.

5.3.7 Cell microstructure and EDS analysis

Figure 5-8 and Figure 5-9 show plane and cross-section views of the tested cell,
including EDS analyses of the electrolytes. Although the SDC surface appears nearly fully
dense with very few pin-holes, many irregular grains on the SDC electrolyte surface were
observed after the 1400°C - 2hr co-firing and prior to cathode deposition (Figure 5-8 a).
The cell cross-section reveals some defects existing in the electrolyte, which may be one of
the contributing factors to the slightly lower OCV observed in this study compared to that
of thicker SDC electrolytes reported previously in the literature. Figure 5-9 shows the EDS
analysis results of a regular grain and an irregular grain in Figure 5-8a, marked with #1 and
#2, respectively. EDS analysis results show that the irregular grains have a high Zr content,

and have the appearance of micro-islands, so they are referred to as Zr-micro-islands in the

124



present work. The cross-section of the SDC electrolyte after sample polishing also reveals
Zr-content inclusions.

It can be seen from the composition tables in Figure 5-9 that the irregular grain
shows not only a high Zr content, but also an enriched Sm content, while the Ce content is
substantially decreased. High Sm content in the irregular grain indicates that Sm has a
higher solubility in those grains than in the bulk. Furthermore, since the grain size of the
Zr-island is larger than that of the normal SDC grains, this second phase likely also has a
higher vapour pressure or lower melting point, a faster grain growth rate, and higher
sinterability than that of normal SDC during the cell co-firing. The high Sm content in the
irregular grains also suggests that depletion of Sm-dopant from the bulk SDC composition
has occurred, which could be one of the reasons for the low ionic conductivity (o) in this

study.

SE 06 ¢ " 10um

Figure 5-8 SEM images of the SDC electrolyte after cell test
(a) SDC electrolyte surface (b) Cell cross-section
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Figure 5-9 EDS analysis results at regular grain(#1) and irregular grain(#2) on the SDC

electrolyte surface after co-firing (see Figure 5-8a).
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The Zr-micro-islands are potentially detrimental to the cell performance. Tsoga et
al [20] reported that the Zr-Ce-Gd-Y-O phase exhibits a conductivity two orders of
magnitude lower than that of GDC. Since Sm-doped ceria and Gd-doped ceria have very
similar conductivities, it is likely that the Zr micro-islands observed in this work may also
consist of a very low conductivity phase, based on the analyzed compositions, and their
similarity with the compositions studied by Tsoga et al. Simply based on the o,/ oj ratios
in Table 3-1 (see Chapter 3), it is noticed that the ratio of the electronic to ionic
conductivity of the phase could be increased 7-35 times in comparison to that of the pure
GDC, which means that the inclusions found in this study might contribute to a lower
OCV. As discussed in Chapter 3, the formation of Zr-micro-islands is likely related to Zr

migration from the NiO-YSZ substrate during the co-firing process.

5.4 Conclusions

Thin film (10um) SDC electrolytes have been co-fired on porous NiO-SDC anodes
with NiO-YSZ substrates. The SDC electrolyte cells, with and without cathodes, were
tested in the temperature range of 500-650°C. The cell with an SSC-SDC composite
cathode showed a high electrochemical performance at temperatures ranging from 500 to
650°C. A peak power density of 595 mW cm™ at 650°C was obtained. However, the cell
exhibited severe internal shorting due to the mixed conductivity of the SDC electrolyte.
Both the amount of water collected from the anode outlet and the open circuit voltage
(OCV) value indicated that the internal shorting current could reach 0.85 A cm™ or higher
at 600°C. The SSC-SDC composite cathode plays a key role in a fast oxygen reduction
process, and in the intolerable internal shorting under OCV conditions observed in this
study. A simple model was developed for the internal leakage current calculation. It
appears that both higher electrode performance and thinner electrolytes lead to higher
leakage currents in a thin SDC electrolyte cell. Zr-content inclusions were found at the
surface and the cross-section of the SDC electrolyte, which could be one of the reasons for
reduced OCV and lower oxygen ionic conductivity. Fuel loss due to internal shorting of the
thin SDC electrolyte cell becomes a substantial concern for its use in applications requiring

high fuel utilization and electrical efficiency. Future developments will require minimising
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the electronic leakage current either by doped-ceria electrolyte composition modification or
by deposition of electronic blocking layers to control the level of the electronic

conductivity of the whole electrolyte layer.
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6. Chapter Six. A Study on Sintering Aids for SDC
Electrolyte®

In this study, an addition of Co oxide or Cu oxide to Smy,Ce3O;9 (SDC) was
studied to improve the sinterability of SDC. It has been found that both Co and Cu oxide
are very effective as sintering aids, and the SDC sintering temperature can be reduced from
1400°C without aids to below 1000°C with only 1at.% of either Cu oxide or Co oxide. As
compared to the pure SDC, a slight decrease of ionic conductivity was observed in SDC
with Cu sintering aid. There is no obvious effect on electrochemical property of SDC with

Co sintering aid under 2.5at.%.

6.1 Introduction

Ceria-based ceramic materials doped with Sm and/or Gd have been acknowledged
to be the most promising electrolytes for solid oxide fuel cells operating below 600 °C due
to their high ionic conductivity and good compatibility with electrodes, especially with
high performing Co-content cathodes. A maximum power density of anode supported thin
ceria based electrolyte cells has been reported as over 880 mW cm™ at 600°C with H, fuel
[1, 2]. However, the ceria electrolytes are difficult to densify below 1400 °C [3-6]. If a
dense ceria-based electrolyte can be prepared at lower temperatures it can be co-sintered
with the electrode components, which simplifies the fabrication process and reduces the
cost, helping with porous electrode microstructure control and avoiding or alleviating phase
diffusion and chemical interaction problems, which is believed to be an important
technology barrier in the fabrication of bi-layered electrolyte cells by conventional TSC
methods.

In order to sinter doped ceria materials at a lower temperature, several methods
have proven effective, which can be classified into two categories: (1) Using ultra-fine
powders at submicron and nanometer size by special synthesis methods, such as

hydrothermal synthesis [7, 8], oxalate co-precipitation [9, 10], chemical combustion vapour

® A version of this chapter has been published as:
X. Zhang, C. Deces-Petit, S. Yick, M. Robertson, W.Qu, J. Roller, Y. Xie, R. Hui, O. Kesler, R. Maric, D.
Ghosh, A study on sintering aids for Smy,Cey O ¢ electrolyte, J. Power Sources 161 (2006) 480.
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synthesis [11, 12] or intensive mechanical milling [13]; the decrease of the starting particle
size enables the densification at a lower heating temperature because of the increased
driving force (specific surface area) of sintering. However, a small pore size between ultra-
fine particles produces a high capillary force in the powder compact which is the origin of
low packing density and cracks formed during drying and firing [14, 15]. (2) Adding a
sintering promoter or aid in a limited amount [3, 13]. It has been reported that Mn,O; and
Co304 promotes grain growth of doped Ceria even at initial stages of sintering, while
GaO3; promotes rearrangement of particles. The sintering temperature could be decreased
from 1600°C to 1400°C by adding 1at.% of such aids [3].

In this work, we studied the influence of Co and Cu oxides as sintering aids on

sintering behavior, conductivity, phase, and microstructure of SDC.

6.2 Experimental procedure

Sample preparation

Table 6-1 lists the starting chemicals and ceramic powder materials used in this
study. Firstly, both Co and Cu nitrates were separately dissolved in ethanol through a ball
milling process, using nalgene bottles with &J5 mm YSZ balls, before adding SDC powder.
Both nitrates ware dissolved at 1.0 at.%, 2.5 at.% and 5.0 at.% of Co or Cu to the moles of
the SDC powder. After adding SDC powder, ball milling was carried out for 40h, with
subsequent drying at 50°C for 8h and separation of powders from the grinding media for
thermal decomposition at 500°C for 5h in air. The obtained 7 types of powders, including
one blank SDC powder (without Co or Cu additive), were pressed at 40-50 MPa into pillars
of &5 mm and approximately 10 mm length and pellets of ¥J20 mm and approximately
2.0 mm thick. The pillar samples were used for shrinkage-sintering studies using a Setsys
16/18 TMA (Setaram, France). The sintered pellet samples after surface polishing were
used for XRD analysis and electrochemical characterization. Both NiO-SDC anode and
Smy 5SrpsCo0; cathode were applied on the polished samples by stencil printing and co-
sintered at 1000°C for 2hr in air. Measurements were performed in fuel cell operating
conditions, i.e., at 600°C with 97% H,+3% H,O as anode gas and air as cathode gas, both
at flow rates of 100 ml.min"'. Cyclic voltammetry curves were measured using a Solartron

1480 at a scan rate of 0.5 mV s
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Table 6-1 Properties and supplier of starting materials

Material Composition Properties Supplier
Co additive | Co(NOs3),.6H,O Formula Weight (FW) 291.04 | Alpha Aesar, Lot#23282
Cu additive | Cu(NO;),.3H,0 FW 241.60 Alpha Aesar, Lot#K10N42
Electrolyte | Smo2CeosO19 FW 172.6, D50: 0.40 um | Praxair

(SDC) Surface area: 7.0 m>.g"' Lot#03-P4687DM
Cathode Smy 5Srg sCo0; D50: 0.80 um Praxair

(SSCo) Surface area: 5.16 mz.g'1
Anode NiO + SDC NiO: D50: 1.0 pm Novamet

Surface area: 4.0 m”.g"! (SDC from Praxair)

Sample characterization

Powder characterization was performed using a Mastersizer 2000 (Malvern

Instruments Ltd., UK) for particle size analysis and by using a SA3100 Surface Area

Analyzer (Beckman Coulter'™, USA) for surface area analysis. The density of

experimental pellets was measured by Archimedes’ method at room temperature.

Table 6-2 Composition, particle size and surface area of powders used in this study

Powder composition | Appearance Mean particle size* | BET Surface area
[um] [m?.g7]

blank-SDC Yellow 0.18 7.15

5.0at.%Co-SDC Green 0.17 8.25

5.0at.%Cu-SDC Dark green 0.17 8.39

*water as dispersant, 4 minute ultrasonic agitation.

Table 6-2 gives the composition, particle size and surface area of the powders in

this study. It can be seen that there is a slight increase of the BET surface area of SDC with

sintering aids after the powder processing. The increase of BET surface area of SDC after

Cu nitrate or Co nitrate addition and pre-treatment at 500°C suggests the possible the

formation of fine Co or Cu oxides on the SDC particle surface.
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6.3 Results and discussion

Powder pre-treatment condition

Thermal decomposition of SDC powders with 5at.% Co(NOs); 6H,O or Cu(NOs3),
3H,0 was analysed from room temperature to 800°C in air flowing at 60 ml min™ by TGA
and DTA. As shown in Figure 6-1 and Figure 6-2, both Co and Cu nitrates are fully
decomposed before 300°C, and the fastest decomposition rate happens at 232°C for
Co(NOs3)s, and 252°C for Cu(NOs),. The DTA results also show the different temperatures

for desorbing the adsorbed water in each nitrate.
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Figure 6-1 TGA of SDC powders with 5at% Co(NO3); 6H,0.
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Figure 6-2 TGA of SDC powders with 5at% Cu(NOs), 3H,0.

Based on the TGA results, all SDC powders with nitrates at designed content (0, 1,

2.5, and 5 at.% of Co or Cu) were treated for thermal decomposition at 500°C for 5h in air.

XRD results

The lattice constant was determined using a D8-02 X-Ray Diffractometer (Bruker
AXS GmbH, USA) with Cu-K,, radiation at room temperature. The spectra were acquired
from 26 angles of 15° to 85° in steps of 0.02° per second. All samples were positioned on
plasticine using a glass plate to align the sample in the holder. The results are shown in
Figure 6-3. It can be seen that no clear impurity phase is present in the XRD patterns of the
Co-containing specimens to 5at.% Co oxide addition. However, addition of only lat.% Cu
oxide in the as-fired sample results in CuO (Tenorite) phase at the surface. This CuO phase
was removed after polishing the sample surface. As shown in Figure 6-4, the SDC lattice
parameter shows limited variation with the Co or Cu (polished sample) contents. This may
suggest that Co and Cu exist mainly on the SDC grain boundary, and do not enter the SDC

lattice. Gauckler et al found evidence of a grain boundary phase with concentrated Co
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content in Gdo,zceo,gol,g with

spectroscopy mapping [16].

Co oxide as sintering aid by electron energy loss
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Figure 6-3 XRD patterns of sintered SDC with and without Cu or Co addition.
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Figure 6-4 SDC lattice parameter variation with Co or Cu (polished sample) content.
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TMA sintering results

The effects of Co oxide or Cu oxide dopant on SDC sintering behaviour are shown
in Figure 6-5 and Figure 6-6. It can be seen that the Co oxide or Cu oxide addition shifts
the sintering curve towards lower temperature ranges from 1100°C and above for SDC to
800°C and above for Co oxide addition and 750°C for Cu oxide addition, significantly
promoting the densification. It was found that increasing dopant amounts from 1 to 5at.%
had a limited effect on the densification behaviour for both Co oxide and Cu oxide
addition. Figure 6-6 shows the linear shrinkage rate as a function of temperature. This
figure clearly shows that the maximum shrinkage rate (Smax, x10” °C™") changes with the
type of dopant, and is in the following order: 0.58 x10™ °C™" at 1290°C for SDC, 0.70-0.72
x10° °C™! at 913-975°C for Co-SDC and 1.1 x10° °C" at 920°C for Cu-SDC. The
difference between the temperatures of the maximum shrinkage rate of SDC alone and with
Cu oxide or Co oxide addition is more than 200°C. Moreover, the Cu oxide and Co oxide
addition enhances greatly the densification rate of SDC. A similar result for Co oxide
addition was published by Zhang et al [13, 14]. Of the two oxides, Cu oxide is the most
effective sintering aid. The measured sample density in Table 6-3 supports this result. Both
liquid phase sintering and viscous flow sintering processes may contribute to the significant

reduction of the sintering temperature with Co oxide or Cu oxide aids.
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Figure 6-5 Linear shrinkage (displacement, %) versus sintering temperature at a heating

rate of 5°C min™'.
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Figure 6-6 Linear shrinkage rate versus sintering temperature at a heating rate of 5°C min™".

Densities and grain sizes of the SDC pellets after sintering are listed in Table 6-3.

The density of experimental pellets slightly decreased with the increase of sintering aids

content; over 93% theoretical density of the SDC was reached.

Table 6-3 Sintering temperature, density and grain size of SDC samples after sintering

Sample Ts[°C] (for 5hrs) | Density[g cm™] Grain
size[pum]
blank-SDC 1400 6.948 1-2
1.0at.%Co-SDC 1000 6.865 0.5-1
2.5at.%Co-SDC 1000 6.750 0.5-1
5.0at.%Co-SDC 1000 6.633 0.5-1
1.0at.%Cu-SDC 1000 7.004 SDC: 0.5-1,
2.5at.%Cu-SDC 1000 7.009 Cu-compound#
5.0at.%Cu-SDC 1000 6.981 >10um

# a new phase appeared on the pellet surface with Cu sintering aids, named Cu-compound
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Electrochemical measurements

Figure 6-7 shows the cyclic voltammetry curves at 600°C of three SDC electrolyte

cells. The main results are listed in Table 6-4. It can be seen that the conductivity of SDC

is approximately 0.021 S cm™, whith a slightly higher conductivity for 2.5%Co-SDC and a
slightly lower conductivity for 1%Cu-SDC. The measured OCV at 600°C also shows that

the addition of Co oxide or Cu oxide to SDC causes a slight decrease in the OCV value,

indicating an increase of the ratio of electronic to ionic conductivities.

1.000
SSCo3#cathode: 1000°C-2h
Ni-SDC anode: 1000°C-2h
L —— sDC
600°C —— 25%Co-SDC
H2:100ml/min (25°C H20) 10%Cu-SDC
0.975 air: 100ml/min
@ [
S
2
w 0.950 [~
=
25% Co-SDC
0.925 —
1%Cu-SDC
0.900 L L L L L L L
-0.001 0 0.001 0.002 0.003 0.004
| (Amps/cm?)

0.005

Figure 6-7 Cyclic voltammetry curves at 600°C of three SDC electrolyte cells.

Table 6-4 Electrolyte conductivity at 600°C

Electrolyte SDC 2.5%Co-SDC | 1.0%Cu-SDC
Electrode area [cm’] 0.3529 0.3649 0.3598
Electrolyte thickness [cm] 0.1934 0.2068 0.1972
OCV [V] 0.976 0.975 0.966
Cell resistance [Q cm’] 9.199 9.21 11.41
Electrolyte conductivity [S cm™] | 2.10x107 | 2.24x107 1.73x107
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SEM analysis

As shown in Figure 6-8a, the SDC without sintering aids sintered at 1400°C for
Shrs is dense with grain size approximatelyl-3 um. In the case of 1%Co-SDC fired at
1000°C for Shrs (Figure 6-8b), the surface is slightly rough and the morphology of the
starting powder 1%Co-SDC appears on the surface. The measured density of a 1%Co-SDC
pellet fired at 1000°C for Shrs is slightly lower than that of SDC sintered at 1400°C for
Shrs (see Table 6-3).

Full scale = 23 cps Cursor: 1.1075 ke¥. Full scale = 89 cps Cursor: 1.2875 keV
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Figure 6-8 SEM and EDS analysis of (a) SDC, (b) 1%Co-SDC, (c) 1%Cu-SDC.

In the 1%Cu-SDC (Figure 6-8c), the SDC particles are well sintered at 1000°C.
However, large CuO grains exist at the surface. The EDS result shows the accumulation of
Cu at the large grain sites. The SEM image and EDS result validate the existence of CuOx
mixed with nearly 35% Sm oxide and 1% Ce oxide on the surface of the 1%Cu-SDC
samples. Other Cu-SDC samples show a similar surface morphology. After surface
polishing, EDS could not detect the tenorite CuO-rich phase, indicating that the new phase
was generated and accumulated at the surface layer of the sample, possibly related to a

vapour-condensation formation mechanism.
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Sintering mechanism of SDC with sintering aids
For pure SDC, grain boundary and bulk volume diffusion both govern the
densification [16]. The linear shrinkage rate is expressed in [16] as follows

dL _w,AD, —E,
- - exp(
Ldt kT G kT

) Eqaution 6-1

Here, L is the actual sample length, y the surface energy, V, the atomic volume. A, D, and
n are the parameters specific to the dominant diffusion mechanisms. For grain boundary
diffusion, n=4, and for volume diffusion, n=3. G is the actual grain size, k the Boltzmann
constant, and T the experienced temperature in Kelvin. E, is the activation energy.

Provided that A and G are independent of the density, the E, of the densification can be
determined by plotting ln(-% T) versus 1/T at a constant relative density for different

heating rates. In most cases G is dependent on density, and the E, of the densification can

be obtained by plotting ln(% TG") versus 1/T. The grain size can be obtained from the
t

sintered body and is a function of relative density. In this study, the SDC grain size was not
drastically different with (1000°C for 5 hrs) and without (1400°C for Shrs) sintering aids
(see Figure 6-8).

The enhanced sintering behavior of SDC with cobalt oxide sintering aid was
attributed to the existence of a Co oxide rich amorphous grain boundary film by Kleinlogel
and Gauckler [17]. This grain boundary layer acts as a fast diffusion path during the
densification. A model of activated solid-state sintering has been proposed by Johnson and
German [18] based on the enhanced densification rate through the formation of a grain
boundary layer for the addition of small amounts of aids to a base material. Zhang et a/
[19] elucidated the sintering mechanism of Fe-doped ceria with two different sintering
models and found that doping with Fe introduces a viscous flow mechanism in the first
stage of sintering. Eva et al [16] studied Gdy>Ce( 30,9 (GDC) with 1mol% cobalt oxide by
constant heating rate dilatometry. They concluded that cobalt oxide changes the grain
boundary structure of GDC, resulting in enhanced mass transport and increased
densification rates. While pure GDC exhibits a significant amount of surface diffusion, Co
oxide doping enhances grain boundary diffusion. The sintering of Co oxide doped GDC

occurs by rearrangement and grain boundary diffusion. The activation energies are 467+31
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kJ mol™ and 62031 kJ mol” for pure GDC and with for GDC 1 mol % cobalt oxide,
respectively [36].

Meng et al [20] employed the Makipirtti-Meng equation for the sintering kinetics of
SDC with addition of 5mol% cobalt oxide. They found that addition of cobalt oxide
enhanced the densification rate greatly by changing the sintering mechanism. The
shrinkage process can be divided into three stages with different apparent activation
energies, based on SEM microstructural observation. For the first stage (800-850°C), the
sintering relates to the sintering within aggregates (E;= 66.4 kJ mol™). In the second stage
(900-1000°C), it relates to acceleration of the surface diffusion and grain boundary
diffusion through the amorphous layer (E,= 468 kJ mol™). For the third stage (1050-
1150°C), the sintering corresponds to bulk diffusion (E,= 71.8 kJ mol™).

In this study, it seems that Co-SDC samples follow the above-mentioned activated
solid-state sintering models [16-20]. The small grain size in the sintered Co-SDC samples
suggests that most of the densification is accomplished by rearrangement of grains and
grain boundary diffusion. However, in Cu-SDC samples, a new phase of low melting point
with composition of Cu-Sm-Ce-Ox was found, and the fast densification could be due to

liquid phase diffusion under capillary action along with grain rearrangement.

6.4 Conclusions

Commercial 0.4 micrometer-sized SDC powder could be sintered to 93% of full
density below 1000°C by adding 1at% Cu or Co oxide. Sintering of Cu- or Co-SDC
powder at 1000°C gave sufficient density with limited grain growth of the original SDC
powder. SDC with Cu addition shows the lowest sintering temperature and has its fastest
sintering rate at 920°C, which is 300°C lower than that of the SDC powder. However, an
impurity phase consisting of 65% Cu oxide and 35% Sm oxide was found at the surface
after densification at 1000°C, which can be removed by surface polishing. SDC with
2.5at%Co shows limited impact on the SDC electrochemical properties, while reducing the

sintering temperature to below 1000°C.
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7. Chapter Seven. A study on the Interaction between
Electrolyte Materials’

Bi-layered electrolytes have been envisioned as a solution to improve fuel efficiency of
solid oxide fuel cells operating at intermediate temperature compared to SOFCs using only
doped ceria based electrolytes, but performance could be degraded if interfacial reactions
occur during fabrication or operation. In the present work, interactions between Samaria
Doped Ceria (SDC) and Yttria or Scandia Stabilized Zirconia (YSZ or SSZ) were studied.
The effect of sintering aids on the formation of zirconia-ceria solid solutions was also
investigated. A new phase was observed in the XRD pattern for each mixture. In the SDC-
YSZ mixture, the new phase was completely formed at 1300°C, with further shrinkage
observed when the temperature was increased to 1400°C. Adding sintering aids such as
copper oxide or cobalt oxide significantly decreased the sintering temperature of the
mixtures, and it also decreased the temperature above which the new phase appears. The

new phase appeared at 1100°C with copper oxide and at 1200°C with cobalt oxide.

7.1 Introduction
In the development of intermediate to low temperature SOFCs, ceria-based electrolytes

have been envisioned as a possible candidate for the electrolyte because of the higher ionic
conductivity of ceria compared to zirconia. However, ceria-based materials such as samaria,
gadolinia, or lanthana doped ceria exhibit some electronic conductivity [1-5] that is
detrimental to the overall fuel efficiency of the cell.

The addition of an electronic blocking layer could represent an interesting solution to
improve the fuel efficiency of ceria-based fuel cells. A thin layer of zirconia-based material
has been deposited on one side of the ceria-based electrolyte to block the electronic
conductivity [6, 7]. However, it has been reported in the open literature that a reaction
occurs between ceria and zirconia based materials, which have been widely studied for car
exhaust converters. Zhang et al [8] reported a possible interaction between yttria stabilized

zirconia (8Y SZ) and samaria doped ceria (SDC). While using micro-size powders of nickel

7 A version of this chapter has been published as:
C.Decés-Petit, X.Zhang, R. Maric, Effect of sintering aids on the formation of zirconia-ceria solid solution,

ECS Trans. 7 (2007) 2277.
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oxide and 8YSZ for the substrate, NiO and SDC for the anode, and SDC for the electrolyte,
islands of zirconia-rich phase were found on the electrolyte surface after co-sintering at
1400°C, as discussed in chapters 4 and 6. Recent work [9] on sintering of mixtures of
nano-size powders of 8YSZ and SDC reported the formation of a solid solution at
temperatures as low as 850°C.

In the present study, we examine in more detail the interaction between micro-size
powders of ceria and zirconia during the sintering process and the influence of sintering

aids on the densification process and the interactions.

7.2 Experimental procedure

Submicron powders of SDC, 8YSZ and scandia stabilized Zirconia (SSZ) were
purchased from Praxair Specialty Ceramics, Tosoh Corp., and Daiichi Kigenso Kagaku
Kogyo Corp., respectively. Cobalt and copper nitrites were purchased from Alpha Aesar.

Table 7-1 summarizes the properties of each supplied material.

Table 7-1 Supplied materials properties

Material Composition Properties Supplier

SDC Smy,Cep30; 9 Dso=10.40 pm - Sy = 7.1 m’. gf1 Praxair Specialty Ceramics
8YSZ (YO1.5)0.16(ZrO2) 84 Dsp = 0.46 pm - Syea = 7.0 m*.g | Tosoh Corp.

SSz (S04 .5)020 (C02)001(Z102)070  Dsp=0.46 pm - Syrea = 7.0 m>.g ' Daiichi Corp.

Co Co(NO3), H,0O Formula Weight (FW) 291.04 Alpha Aesar

Cu Cu(NO3),3H,0 Formula Weight (FW) 241.60 Alpha Aesar

The preparation procedure of SDC with copper oxide or cobalt oxide as sintering aids
was reported in a previous study [10] and batches prepared with 1 at% of sintering aid were
used in this present work.

Four powder mixtures were ground dry for 5 minutes using an agate mortar and a pestle.
The preparation ratios are given in Table 7-2. Four pellets were made from each powder
mixture using 0.5 g for each pellet. Each pellet was pressed using a 13 mm pellet die and a
hand press. The pressure was gradually increased to 50 MPa and maintained for 1 minute.

One pellet from each mixture was sintered on a porous alumina plate following the
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schedule described in Table 7-2. The ramp rate in heating and cooling was 3 °C min™'. The

target temperature was maintained for 2 hours.

Table 7-2 Sample composition and sintering schedule

Mixture Composition Pellet Sintering temperature, °C
identification

—

800 1000 1200 1400

2 850 1050
A 1g8YSZ+1gSDC20 3 900 1100 1300
4 950 1150
1 800 1000 1200 1400
B 1g8YSZ+1gSDC 20- 2 850 1050
1%Co 3 900 1100 1300
4 950 1150
1 800 1000 1200 1400
C 1g8YSZ+1gSDC 20- 2 850 1050
1%Cu 3 900 1100 1300
4 950 1150
1 800 1000 1200 1400
D 1 gSSZ +1 g SDC 20- 2 850 1050
1%Co 3 900 1100 1300
4 950 1150

After sintering, the weight, thickness and diameter of each sample were measured to
calculate the density. X-ray diffraction (XRD) was performed at room temperature using a
Bruker D8-Advance diffractometer with Cu-K,, radiation. Each diffractogram was acquired
using a Sol-X sensor from 20 angles of 20° to 80° with step size of 0.02° and 1 second per
step. Lattice parameters were calculated based on the cubic structure of each electrolyte
material as determined by XRD. The pellets were then re-sintered at a temperature of
200°C higher than the previous temperature, a temperature step high enough to avoid

interference from the previous sintering.

7.3 Results
7.3.1 Sintering

Figure 7-1 shows the densities of each sample after sintering in the temperature range
of 850 to 1400°C. Samples sintered at 800°C were too brittle to measure their diameters

and thicknesses, and therefore no data were recorded for this sintering temperature.
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Figure 7-1 Density of sintered samples

It can be seen that no obvious change in the density was observed until 1150°C for the
8YSZ-SDC mixture. At 1400°C, the 8YSZ-SDC sample reached only 83% of the
theoretical density. However, effects of sintering aids were clearly observed for the other
samples. An increase in density was observed as early as 1000°C for samples containing
sintering aids. Fully dense samples were obtained at 1400°C for samples containing cobalt
as sintering aid. In the case of copper as a sintering aid, there was no further sintering
enhancement between 1200 and 1400°C. At such high temperatures the vapour loss of
copper aid could be the reason for this sintering behaviour. On the other hand, an influence
of 8YSZ powder in the sintering process of the powder mixtures was obvious compared to
a previous study (see Chapter 6, or reference [10]), where copper was found to enhance the
most the sintering of SDC. In the case of the SSZ based mixture, there is a continuous
change of the density that tends to reach the highest density after a sintering temperature of
1400°C. Higher sinter-ability of the SSZ powder than that of the YSZ powder has been
already observed in previous studies (see chapter 2), and contributes to the high density of

the SSZ+SDC-Co sample.

7.3.2 X-ray diffraction

Figure 7-2 presents the X-ray diffraction pattern obtained for each pellet after sintering

and re-sintering. It can be noticed from Figure 7-2 that all the XRD patterns reveal that
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SDC peaks are shrinking and disappearing with increasing sintering temperature above the
temperature when interaction starts. For the mixture 8YSZ-SDC, that there is no obvious
change in the pattern until 1100°C. From 1150°C, the peaks are broadening and weakening,
indicating an increase of the crystal disorder. The initial two sets of separated peaks of
ceria and zirconia were merged together into one set of peaks from 1300°C, indicating that
the two starting electrolyte materials after solid state reaction have changed into a new
solid solution or a new phase. When cobalt is used as sintering aid in a similar mixture, as
illustrated in Figure 7-2.B, the peaks are broadening at 1050°C, and a single phase is
clearly observed from 1200°C. When copper is used as sintering aid, the peaks are
broadening from 1000°C and a single phase is clearly observed as low as 1100°C. In the
case of the SSZ-SDC-1%Co mixture (Figure 7-2.D), peaks are broadening from a sintering

temperature of 1050°C. However, a single phase is observed only after sintering at 1300°C.
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Figure 7-2 X-ray diffraction pattern for each temperature from 800 (lowest curve) to
1400°C (highest curve) for A/ pellets of 8YSZ-SDC, B/ pellets of 8YSZ-SDC-1%Co, C/
pellets of 8YSZ-SDC-1%Cu, and D/ pellets of SSZ-SDC-1%Co.
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Changes in the lattice parameter for SDC in the different mixtures at different
temperatures are reported in Figure 7-3(i). Each curve ends at a temperature corresponding
to the last identified peak attributed to SDC diffraction. A slight decrease in the lattice
parameter is observed in each mixture. This result is in agreement with a similar study [11]
that reported a decrease in the lattice parameter for an increase in zirconia content in the
ceria structure, assuming that interaction between the zirconia and ceria was increasing
with the sintering temperature. In the case of the 8YSZ-SDC mixtures, a local maximum is
observed at 950°C, which might be an artefact due to our experimental procedure, as the
samples are cooled to room temperature for the X-ray diffraction. This might explain the
discrepancy in the lattice parameter of SDC in the SSZ-SDC-1%Co mixture as well.

Figure 7-3(ii) displays the changes in the lattice parameters for 8YSZ and SSZ in the
four different mixtures. The lattice parameter of SSZ has been referred to a different axis,
as its lattice parameter is substantially different from that of 8YSZ. An abrupt change
occurs at sintering temperature over 1000°C for 8YSZ-based mixtures. In the case of SSZ -
SDC mixture, an abrupt change is observed from 950°C. This temperature difference
seems related to the sinter-ability of two powders (see Figures 2-7 and 2-8 in Chapter 2).
As shown in Figure 7-3(i1) and (ii), the lattice parameters of YSZ and SSZ changed more
than those of the SDC powder after the powder mixtures were sintered above 1000°C. The
lattice parameter of the SSZ increased 0.0052nm, i.e., from 0.5096 at 1000°C to 0.5148nm
at 1150°C. For the same temperature range, the SDC lattice only changed 0.006nm, i.e.,
from 0.5429 at 1000°C to 0.5423nm at 1150°C. A similar change rate was observed for the
YSZ (0.0059nm, from 0.5139nm to 0.5198nm) and SDC lattice parameters (0.0010nm,
from original 0.5431 to 0.5421nm) for the YSZ-SDC mixture between 1000°C and 1200°C.
Both cases indicate a dominant diffusion rate of the larger cation, Ce*" (0.097nm, cation
radius) and/or Sm** (0.101nm) to the ZrO,-phase (Zr*" 0.084nm), leading to expansion of
its lattice. This gives an explanation of the observation that the SDC peaks are shrinking
and disappearing with increasing temperature above 1000 °C in their XRD patterns. This
result is also consistent to some extent with the EDS result (Figure 9-14 in chapter 9) of

‘Ce diffusion to Zr’ in the SSZ/SDC bi-layered electrolyte sintered at 1400°C.
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Figure 7-3 Lattice parameter of SDC (graph 1), 8YSZ, SSZ (graph ii) and the forming
phase (graph iii) for the different mixtures.

Changes of lattice parameter of the forming phase in the mixtures with sintering
temperature are displayed in Figure 7-3(iii). For the mixtures based on 8YSZ, the lattice
parameters tend to converge as the sintering temperature increases to 1400°C, from
approximately 0.5220nm to 0.5240nm. For the SSZ-SDC mixture, the forming phase tends
to increase its lattice parameter as the sintering temperature approaches 1400°C, and
reaches 0.5175nm at 1400°C. The difference in the forming phase lattice parameters of
these two mixtures is mainly attributable to fact that the SSZ lattice parameter is smaller
than that of YSZ. It is worth mentioning that caution may be needed to interpret the lattice
parameter changes due to the lack of an internal reference during the XRD analyses that
would otherwise account for variations in the detector angle with respect to the analyzed

sample from one experiment to the next.
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7.4 Discussion
Table 7-3 summarizes the results of this study. A correlation can be observed between

the sintering temperature from which a significant increase in the sample density is
observed and the sintering temperature at which XRD peaks are broadening. This
observation can be made for each mixture within 50°C.

Nonetheless, while the forming phase can be clearly identified at temperatures
depending on the mixture, only samples with cobalt as sintering aids exhibited an

asympotic approach towards a theoretical density.

Table 7-3 Powder mixture results summary

Powder Sample density Fully XRD peak Forming phase
mixture  starts to increase dense broadening clearly seen
A 1200°C >1400°C 1100°C 1300°C
B 1000°C 1400°C 1050°C 1200°C
C 1000°C >1400°C 1000°C 1100°C
D 1000°C 1400°C 1050°C 1300°C

Mixtures with sintering aids show early changes in the density, almost 200°C lower
than the same mixtures without sintering aids. This is in good agreement with previous
studies [12, 13] where cobalt was found to enhance the grain boundary diffusion and with
another study [14] that attributes the sintering enhancement to a reduction of copper, which
would then react with the ceria and zirconia particles.

The forming phase is also seen at lower sintering temperature, approximately 100 to
200°C, for mixtures with sintering aids. It can be concluded that despite the decrease of the
sintering temperature caused by the sintering aids, the formation of the solid solution phase
between zirconia and ceria seems inevitable. This could be detrimental to the performance
of fuel cells with bi-layer electrolytes when using high temperature processing.

Lybye et al. [15] reported that doping 2 at.% Co oxide has little effect on the
conductivity of Sc and Y co-doped ZrO; (Sco.16Y0.04Z10.8001.9); however, doping with the
same amount of Ce oxide, the conductivity of the electrolyte dropped 40% from 0.275 to
0.172 S ecm™ at 1000°C. Meanwhile, the electrolyte sinterability was decreased from their
dilatometry analysis, by an approximately 50°C shift to higher temperature. They also
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found that reduction of the Ce-doped electrolyte increases the conductivity due to the
smaller amount of ceria dissolved in zirconia lattice. Ce*'(0.097nm) reduction to
Ce’*(0.115nm) leads to a mismatch of the ionic size with Zr*'(0.084nm), and generates

electronic conductivity.

7.5 Conclusion
In SDC-YSZ mixtures, the formation of zirconia-ceria solid solution, as a product

phase was almost completed at 1300°C. Adding sintering aids such as copper oxide or
cobalt oxide significantly decreased the sintering temperature of the mixtures, and it also
decreased the temperature at which the solid state reaction appears. The product phase
appeared at 1100°C with copper oxide and at 1200°C with cobalt oxide for the SDC
powder with 1% of these sintering aids. The large ZrO, lattice expansion reveals the
dominant diffusion of the larger cation, Ce4+, and/or Sm®" from SDC to the ZrO, lattice

during the solid state reaction.
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8. Chapter Eight. Performance of LT-SOFCs with Bi-
layered Electrolyte Structure®

Solid oxide fuel cells with a bi-layered electrolyte of 2um SSZ and 4pm SDC were
developed by using tape casting, screen printing, and co-firing processes. The cells reached
power densities of 0.54W cm™ at 650°C and 0.85W cm™ at 700°C, with open circuit
voltage (OCV) values larger than 1.02 V. The electrical leaking between anode and
cathode through an SDC electrolyte has been blocked in the bi-layered electrolyte
structure. However, both the electrolyte resistance (R.) and electrode polarization
resistance (Rpa+c) increased in comparison to cells with single-layered SDC electrolytes.
The formation of a solid solution of (Ce, Zr)O,. during the sintering process and the flaws
in the bi-layered electrolyte structure seem to be the main causes for the increase in the R
value (0.32 Q cm?®) at 650°C, which is almost one order of magnitude higher than the

calculated value.

8.1 Introduction

A high operating temperature is one of the main barriers to a wide-scale adoption of
solid oxide fuel cell (SOFC) technology [1]. Therefore, much work is focused on the
development of reduced temperature SOFCs [2]. The practical operating temperature of an
SOFC is mainly determined by the conductivity and thickness of the electrolyte. Samaria-
doped ceria (SDC) is a promising material for the electrolyte in reduced temperature
SOFCs [3, 4]. SDC exhibits a relatively high conductivity of 0.1 S/cm at 800°C [5], 2-3
times higher than that of yttria-stabilized zirconia (YSZ). Its thermal expansion coefficient
(12.5 x 10° K ™) is also more compatible with that of the Ni-cermet anode and commercial
ferritic stainless steel interconnects, than that of YSZ. Although the material exhibits better
chemical and structural compatibility with electrodes as well as higher ionic conductivity

than YSZ, the reduction of Ce*" to Ce®" induces n-type electronic conduction, which tends

¥ A version of this chapter has been published as:
X. Zhang, M. Robertson, C. Decés-Petit, W. Qu, O. Kesler, R. Maric, D. Ghosh, Solid oxide fuel cells with
bi-layered electrolyte structure, J. Power Sources, 175 (2008) 800.
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to decrease the power output of solid oxide fuel cells due to an internal electrical shorting.
The problem can be partially solved by decreasing the operating temperature to below
600°C, as the SDC electrolytic domain is expanded at lower temperatures [6]. However,
even at 600°C, the cell appears intolerant to internal shorting due to the low electronic
resistance of the thin electrolyte [7]. It has been reported that this problem can be
eliminated by using a barrier of a thin ZrO,-based electrolyte layer deposited on the anode
side of the SDC electrolyte layer to improve the stability of the SDC layer under the
reducing anode atmosphere. This configuration is generally called a bi-layered electrolyte
structure [8-11]. The ionic conductivity of scandia-stabilized zirconia (SSZ) is the highest
among all the ZrO,-based electrolytes [12]; however, it is not considered as a candidate
electrolyte for reduced temperature SOFCs since its conductivity decreases rapidly with
temperatures below 800°C [13]. When a bi-layer SDC/SSZ electrolyte is used, the SSZ
layer acts mainly as the electronic barrier. If the SSZ layer thickness is in the range of a
few micrometers to a few hundred nanometers, its relatively low conductivity will not
contribute significantly to the overall ohmic loss of the bi-layer SDC/SSZ electrolyte for
SOFCs.

For the fabrication of anode-supported SOFCs, wet ceramic processes such as screen
printing and tape casting have been widely adopted, and have proven to be scalable and
cost-effective [14]. A peak power density of 0.6W cm™ at 700°C has previously been
obtained in an anode-supported cell with a YSZ/SDC bi-layered -electrolyte by
electrophoretic deposition [15] and by screen printing and co-firing [9]. Recently, Wang et
al. [16] used a multi-layer tape casting procedure to fabricate an anode-supported Sum
SSZ/10pm GDC bi-layered electrolyte cell. With an LSCF-GDC composite cathode
sintered at 1100°C, they obtained a maximum power density of 0.63 W cm * and an area-
specific resistance (ASR) of 0.99 Qcm? at 850°C in a single cell with H,/O; as the
operating gases.

In this work, anode-supported cells with SSZ/SDC bi-layered electrolytes were
fabricated by screen printing and co-firing under optimized processing conditions to
control the layer thickness. The obtained cell results are promising for reduced temperature

applications.
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8.2 Experimental procedure

8.2.1 Starting materials and cell architectures

Table 8-1 lists the cell materials, thicknesses, and processing conditions used to
fabricate the cells. The starting ceramic powder materials used in this study were
commercially obtained (cf. Chapter 2). The cell structure consists of a NiO-YSZ cermet
substrate, NiO-SSZ anode layer, SSZ/SDC bi-layered electrolyte, and SSC cathode. 1
at.%Co was added to the SDC powder for controlling the sintering behaviour—the
treatment and sinterability improvements have been reported in our previous work [17]. A
57Twt% NiO and 43wt% YSZ powder mixture was used for the NiO-YSZ cermet substrate.
The composition of the NiO-SSZ anode was 56wt% NiO and 44wt% SSZ. The cell was
fabricated by tape casting the substrate, screen printing the anode and the electrolyte on the
substrate tape, and then co-firing at 1400°C for 2 hrs, followed by cathode printing and
sintering in-situ during the test. Further details about the cell fabrication process and
characterization can be found in Chapter 3 and references [4, 7, 9]. The cell used in this
study was 16 mm in diameter. The printed SmgsSrosCoOs (SSC) cathode area was 0.50

cm?, which was the cell’s projected active area used in this work.

Table 8-1 Cell materials, thicknesses, and processing conditions

Cell Material | Thickness | Process Firing
component pm condition Porosity
Cathode SSC 50 Stencil In-situ heat up | ~40%
printing to 650°C at
first, up to
800°C during
test
Electrolyte | SDC- 4 Screen Dense and
1%Co 2 printing passes helium
SSZ 1400°C | 2hr | cross leak test
[7.9]
Anode NiO-SSZ | 10 Screen 19%  before
printing reduction,
Substrate NiO-YSZ | 800 Tape 37% after
casting reduction
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The average density of the cell substrate after the anode layer deposition was 5.1 g
cm” measured by Archimedes’ method. It indicated a 19.4% porosity in the NiO-YSZ
cermet substrate based on the cermet substrate composition of 57wt% NiO. The substrate
porosity increases to approximately 37% after full reduction of NiO to Ni with hydrogen

gas, based on the theoretical densities of the materials.
8.2.2 Cell electrochemical and morphological characterizations

The cell electrochemical measurement was conducted in a lab-built horizontal
button cell test station, which has been described in Chapter 3 and [4, 7, 9]. The cell was
heated up to 650°C at a ramp rate of 300°C h™', and held at 650°C for 1hr for reduction and
in-situ sintering of the cathode layer. The reduction was carried out by anode gas with H;
concentrations varying step-wise from 10%, 20%, 40%, 60%, to a final 100%, with N,
balance. Each concentration was held for 15 mins. The anode gas was first passed at a flow
rate of 100ml min-1 through a bubbler-type humidifier at room temperature. The
humidified hydrogen gas (corresponding to 3% H,O content) was then introduced to the
anode side during the cell test. Ambient air was introduced at a flow rate of 100ml min™ to
the cathode side. Electrochemical measurements were performed at temperatures ranging
from 550°C to 800°C, and then during cool-down to 550°C. The I-V curve and impedance
tests were performed at intervals of 50°C between 550°C and 800°C. Cell performance was
measured with a Multi-channel Potentiostat/Galvanostat (Solartron 1480 8-channel multi-
stat) coupled with a 1260 FRA using the software Corrview and Z-plot. The current-
voltage-power (I-V-P) curves were obtained using linear sweep voltametry at a sweep rate
of 4 mV s from OCV to 0.3 V. The impedances were measured in the frequency range of
10kHz-0.1Hz with a perturbation potential amplitude of 50mV.

The morphologies of the tested cells were observed using a scanning electron
microscope (SEM, Hitachi S-3500N), coupled with energy dispersive spectroscopy (EDS)
and X-ray diffraction techniques for elemental and phase analysis, respectively. Each

sample was coated with Au-Pd alloy before observation.
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8.3 Results and discussion

8.3.1 Electrolyte thickness control

In order to effectively utilize the SSZ/SDC bi-layer electrolyte concept for reduced
temperature SOFCs, the SSZ bottom layer should be as thin as possible and also be gas
impermeable. We examined the paste solid loading and screen mesh effects on the SSZ
layer thickness (see Table 8-2). It was found that by reducing the solid loading to 7.3 vol.%
and increasing the screen mesh number from 200# to 325# (note: mesh number means the
number of openings per square inch area), the final printed layer thickness per print-pass
after sintering could be controlled to under 2um. It was also noticed that the thickness of
the anode layer played an important role in the final electrolyte quality during the co-firing
at 1400°C for 2hrs. All the cells with bi-layered electrolytes and anode layer passed the 1
psi Helium cross-leakage test, indicating the intactness and density of the electrolyte layer,

as illustrated in Figures 1 and 2.

Table 8-2 SSZ printed thickness with different SSZ loadings (Binder:SSZ =8:92 weight

ratio)
Paste SSz SSz Density 65mm x 65 mm dry Thickness, pm
# wt ratio*  vol ratio* gcm? print weight, g dry print  sintered
1 0.488 0.152 1.870 0.112 6.41 4.09
2 0.428 0.124 1.732 0.089 5.20 3.24
3 0.382 0.104 1.637 0.069 4.70 2.51
4 0.344 0.090 1.568 0.067 4.11 2.45
5 0.314 0.079 1.516 0.063 3.76 2.31
6 0.288 0.071 1.475 0.052 2.87 1.90
7 0.267 0.064 1.443 0.048 2.73 1.77
8 0.249 0.059 1.416 0.027 2.36 0.97

* SSZ to (SSZ+ Organics)

The interdiffusion (or interaction) between electrolyte layers at co-firing conditions
is the main concern, which has been reported in Chapter 7 [15, 19]. Figure 8-3 shows the
EDS elemental mapping at the cross-section of the electrolyte portion of a cell. The results
clearly indicate that the different layers of the anode, SSZ, and SDC can be easily

identified. The interdiffusion (or interaction) zone, if it is generated during the co-firing,
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seems to be within 1um; otherwise, we would not have been able to clearly see the SSZ

layer, which is designed and observed to have a thickness of 2pum.

SDC layer
of the bi-ldyered eleetrolyte

3E 10-Apr-07 070118 WD 9.9%m 20.0kV x5.0k 10um

Figure 8-1 SEM image of the bi-layered Figure 8-2 SEM image of cross-section of
SDC/SSZ electrolyte surface the bi-layered SDC/SSZ electrolyte.

SE. 255 L“rlal. 9 _ e

SDC(2™M EL)

SSZ (1 EL)

CelLal.q

Figure 8-3 EDS element mapping (see Figure 8-2).
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It is worthwhile to mention that SDC-1%Co oxide does not show any sinterability
improvement in comparison to pure SDC [9]. In our previous work with bulk pellets, it
showed about a 200-300°C difference in the temperature required for full densification
[17], and many authors reported similar results. Hansch et al. [21] in their study of the
influence of the addition of a pre-reacted mixture of manganese oxide and boron oxide on
the densification behaviour of 8YSZ obtained similar discrepancy results between bulk
pellets and thin layers of electrolytes with sintering aids. They explained that in the case of
the pellets the amount of liquid phase is high enough to wet the grain boundaries, while in
coating thin layers, the amount of the active phase is too low to fill the larger space
between the single grains. As we know, a complete wetting of the grain boundaries is

essential for the densification.
8.3.2 Cell test result

An SSC cathode was applied onto the surface of the bi-layered electrolyte by stencil
printing, followed by drying and in-situ sintering at 650°C. The unit cell thus prepared was

characterized for its electrochemical performance.

1.2 2
Electrolyte: bilayered 4umSDC/2umSSZ

Anode: Ni-SSZ
Cathode: SSC, 0.5cm?

o
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Cell Voltage, V
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(o))
|
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Power density, W cm™

0.4
+ 06
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T02
0 0
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Figure 8-4 I-V-Power curves of the bi-layer electrolyte cell at different operating

temperatures.
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Figure 8-4 shows the cell performance with the SSC cathode in-situ sintered. It can be
seen that the cell shows very high performance in the tested temperature range of 550—
800°C. The peak power density reached 1.8 W cm™ at 800°C, and approximately 0.54W
cm™ even at 650°C. What is most significant is that the cell showed a very high OCV
value, 1.03 V, in comparison to the single-layer 20 um-SDC electrolyte cells, which only
showed an OCV of 0.84 V at 650°C in Chapter 4 and [18]. A high OCV value indicates
that there is very low electronic conductivity and few physical defects (cracks, pin-holes,
etc.) in the SSZ/SDC bi-layered electrolyte. Compared to the results in previously reported
literature [9, 15, 16], our bi-layered cells fabricated by conventional ceramic processing
showed an improved performance, and still exhibit significant power density even at

650°C.
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Figure 8-5 EIS spectra of the cell at different temperatures.
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Figure 8-5 shows the electrochemical impedance spectra of the cell at different

temperatures. The measured results are also listed in Table 8-3.

Table 8-3 Cell performance and cell resistances

Temperature | OCV PPD Rel Rp.a+c Rt
[°C] [Vl |[Wem?l| [Qcm?] | [Qcm?] | [Qcom?]
550 1.037 0.127 0.760 1.717 2.477
600 1.038 0.281 0.461 0.704 1.165
650 1.025 0.545 0.311 0.390 0.701
700 1.023 0.850 0.222 0.211 0.433
750 1.009 1.326 0.152 0.127 0.278
800 0.994 1.800 0.105 0.091 0.196

OCV: open circuit voltage,

PPD: peak power density,

Rep: SSZ/SDC bi-layered electrolyte ohmic resistance from EIS,
Ryt electrode polarization resistance from EIS,

R¢: cell resistance from EIS (R¢= Rq+ Ry .1c)

In comparison with our previous work on cells with thin SDC electrolytes (10pum)
[7], it is very clear that the values of electrolyte resistance, Rej, and electrode polarization
resistances, Ry .+, have increased significantly along with the increase in the OCV values.
The reported Re; and R, o+ values of the cell with 10um SDC electrolyte are only 0.10 Q
cm” and 0.12 Q cm” at 600°C, respectively, while for the bi-layered electrolyte in this study
they increased to 0.46 Q cm? and 0.70 Q cm?, respectively. The increase in R, a+c may have
had contributions from the electrodes, since the compositions in these two studies are
different. In the case of the cell with SDC electrolyte, a Ni-SDC anode was used, while in
this study of bi-layered electrolytes, however, the anode is Ni-SSZ. Since SDC has higher
tonic and electronic conductivities than those of SSZ, the SDC mixed conductor in the
anode will help to improve the anode performance. The previous study also used a
composite SSC-SDC cathode, while this study uses a single phase SSC cathode. In
addition, mixed conductivity in the electrolyte can make the apparent polarization

resistance of the electrodes smaller than their actual values due to the electronic current that
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passes through the electrolyte. Furthermore, an increment in R is obviously noticeable. In
this study, R consisted of three parts: Rejssz, Reispe, and Ringerface- Based on the SSZ ionic
conductivity of 0.08 S cm™ [19] and 0.076 in this work (see Table 12-8 in Appendix B) at
800°C, the R ssz of the 2um thick SSZ electrolyte was approximately 0.0025-0.0026 Q2
cm’. Meanwhile, the R spc of the 4um thick SDC electrolyte was estimated to be 0.004-
0.0043 Q cm?, according to our measured results and published conductivity data of SDC
of 0.10 S cm™ at 800°C [5], and 0.091 in this stucy (see Table 12-8 in Appendix B). In
comparison with the Rg value (0.105Q sz) at 800°C shown in Table 8-3, both
contributions can be considered negligible. Thus, the Riperrace can be as high as 0.099 Q
cm’, over 90% of the total electrolyte ohmic resistance. It is well reported that the
interdiffusion produced by the (Zr,Ce)O,-based solid solution leads to a conductivity that is
two to four times lower than that of the SSZ, and is one order of magnitude lower than that

of the SDC [19].

Table 8-4 Ionic conductivity (oj) and electronic conductivity (o) of YSZ, GDC and the
mixed composites at 800°C [20]

Material Nominal composition oi[S m™] ce [Sm™]
YSZ Zr0385Y0.1501.93 54 7.29x10™"
GDC Ceo.50Gdo.2001.90 8.7 8.18x10™
Reaction product Ce.37Z10.38 Gdo.18Y 00701 .87 0.125 3.99x10™
Interlayer Ce.43Z10.43 Gdo.10Y 0.0401.93 0.603 3.88x10™

Table 8-4 lists the ionic conductivity and electronic conductivity of YSZ, GDC, and
the mixed composites at 800°C [20]. It is well known that the interaction produces a poor
ionic conducting phase. This gives an explanation as to why such a thin layer (even less
than 1pm) dominates the Rg value in the bi-layered electrolyte. The thickness of the
(Zr,Ce)O,-based solid solution formed at the SSZ/CGO interface during high temperature
sintering plays a key role in the R value. The Riperface in this study is almost 3 times lower
than a previously reported value of 0.283 Q cm?® for the SSZ/GDC system, which showed
an interdiffusion layer zone of approximately 3um in thickness by EDS mapping [18]. The

thickness of the interdiffusion layer zone is obviously related to the starting material and
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processing conditions. We used an SSZ/SDC electrolyte combination and fired at 1400°C
for 2 hours, while Wang et al. [16] used SSZ/GDC fired at the same sintering temperature,
but for 4hrs. Since interdiffusion is a thermally activated process, reducing sintering
temperature and sintering time should be an effective approach to reducing the Rinterface-
However, we found that when decreasing the sintering temperature to 1300°C, the bi-
layered electrolyte is not well bonded together, and also the electrolyte, especially the SDC
layer, is not well sintered. As a result, there is no improvement in the cell quality or cell
performance.

We calculated the apparent activation energy for the total electrical conduction of the
bi-layered electrolyte based on the values listed in Table 8-3 and found that the apparent
activation energy is 64.77 kJ mol”, which is very close to what we obtained before for a
single-layered SDC electrolyte (61.75 kJ mol™, see Chapter 5 and [7]) and other published
values of 61.75 kJ mol™ [16] and 64.0 kJ mol" [6]. This reveals that the conduction
mechanism of the bi-layered electrolyte had not changed significantly from the main
electrolyte of SDC in this study.

The results obtained in this study illustrate that the fabrication of anode-supported
electrolyte films for planar SOFCs with an SSZ electrolyte electron-blocking layer is
possible by multi-layer screen printing on tape-cast substrates. The technique is both cost-
effective and feasible. The results achieved have met the performance targets set at the
beginning of this dissertation work.The interfacial reaction between SSZ and SDC can be
tailored to some extent to reach a higher cell performance. Future work will focus on cell

stability and further cell performance improvement.

8.4 Conclusion

Cermet-supported solid oxide fuel cells with bi-layered electrolytes of SSZ and SDC
were successfully prepared by multi-layer screen printing on tape cast NiO-YSZ cermet
substrates. No cracking or delaminating was observed after co-firing at 1400°C for 2hrs.
The open circuit voltage of the cell reached over 1.02 V below 750°C, and the maximum
power density reached 1.8 W cm™ at 800°C. The internal shorting of a single- layer SDC
electrolyte cell has been mostly eliminated. The OCV value at 650°C reached 1.025V.
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Electrochemical impedance measurement results revealed that the ohmic resistance at the
SSZ/SDC interface (Rinterface) dominates the whole electrolyte resistance. Meanwhile, the
electrode polarization resistance (R, a+c) 1S approximately half of the total cell resistance
over the temperature range from 650 to 800°C. This work demonstrates that cost-effective
wet ceramic processing can be useful for bi-layered electrolyte cell fabrication. The
demonstrated cell performance is very attractive for SOFC applications, and has met the

performance targets set at the beginning of this dissertation work.
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9. Chapter Nine. Stability Study of Cermet Supported
SOFCs with Bi-layered SDC-SSZ Electrolyte®

Performance and stability of five cermet supported button-type solid oxide fuel
cells featuring a bi-layered electrolyte (SSZ/SDC), an SSC cathode, and a Ni-SSZ anode,
were analyzed using polarization curves, impedance spectroscopy, and post-mortem SEM
observation. Two cells were tested up to 300 hours at 650°C in Hy/air conditions, with and
without DC bias. The results showed performance decay that manifested primarily as an
increase in polarization resistance of approximately 2.5 mQ cm® h™' at OCV. Polarization
curves and impedance spectra measured over time revealed that the increase in polarization
resistance was more significant close to open circuit voltage (OCV), suggesting a decrease
in electrochemical kinetics as the main mechanism responsible for the decay. In addition,
the initial series resistance was more than five times higher than the expected resistance
corresponding to the ohmic drop in the electrolyte, reflecting a possible inter-reaction
between the electrolyte layers that occurred during the sintering stage. In-situ and ex-situ
sintered cathodes showed no obvious difference in cell performance or decay rate. The
stability of the cells with and without electrical load was also investigated and no
significant influence of DC bias was recorded. Based on the experimental results
presented, we preliminarily attribute the performance degradation to electrochemical and

microstructural degradation of the cathode.

9.1 Introduction

The benefits of ceria as an electrolyte material in solid oxide fuel cells include higher
ionic conductivity and better compatibility with high performance mixed ionic and
electronic conductive (MIEC) cathode materials than the conventional zirconia-based
electrolyte. However, these benefits of ceria-based electrolytes are partially offset by its

considerable electronic conductivity under certain operating temperature and atmospheric

°A version of this chapter has been published as:
X. Zhang, J. Gazzarri, M. Robertson, C. Deces-Petit, O. Kesler, Stability study of low temperature SOFCs
with bilayered electrolyte, Journal of Power Sources, 185 (2008) 1049.
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conditions. This phenomenon results in an electronic current flowing across the electrolyte,
leading to a reduction in open circuit voltage, fuel utilization, and electrical efficiency [1].
A possible way to alleviate this problem is to coat the ceria-based electrolyte with a thin
layer of stabilized zirconia, blocking the flow of electrons [2]. For example, Yahiro et al [3]
added a thin (1.5 um) protective layer of YSZ on the fuel side of an yttria-doped ceria
electrolyte (1.5 mm) supported SOFC, increasing the OCV and enhancing power density.
This type of cell is commonly called a bi-layered electrolyte SOFC. Matsuda et al [4]
reported a peak power density of 0.6W cm™ at 700°C using an anode supported cell
structure with thin YSZ/SDC bi-layered electrolyte deposited by electrophoresis
deposition. In Chapter 3 and [5], we obtained the same peak power density in a similar
bilayered electrolyte configuration using TSC technique. In Chapter 8 and [6], we
developed cells with SSZ/SDC bi-layered electrolytes, showing a peak power density of
0.85 W cm™ at 700°C, much higher than that reported by Wang et al [7].

Although the bi-layered electrolyte cell strategy has successfully prevented internal
shorting in ceria-based electrolyte cells and has enabled compatibility with high-
performance MIEC cathodes [8], cell performance stability has scarcely been reported in
the literature. In the present contribution, we study performance and stability of cermet-

supported button cells with bi-layered SSZ / SDC electrolytes.

9.2 Experimental procedure

Button cell preparation and testing

Table 9-1 shows the cell materials and the geometrical characteristics of our cells.
Details of the cell preparation were given elsewhere [5, 6]. Five cells of the same
composition and the same anode and electrolyte fabrication process, and cathode
deposition process, were labelled A, B, C, D and E in this report. After deposition of the
cathode layer, the cells were mounted on a test jig and were heated at 5°C/min to 650°C and
held for the reduction of the anode layer along with the in-situ sintering of the cathode
(cells A, B, and C). The hydrogen partial pressure on the anode side was gradually
increased (10, 20, 40, 60, 100% H,, balance N, at 15 minute intervals) to reduce the NiO
to Ni. The anode reduction and cathode in-situ sintering time was approximately 1.5 hrs.

The anode fuel stream, with a flow rate of 100 ml min™, passed first through a bubbler
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humidifier at room temperature before entering the anode chamber, while ambient air (100
ml min']) flowed on the cathode side. In cells A, B, and C, the SSC cathode was fired in-
situ at 650°C. In cell D and cell E, the cathode was pre-fired ex-situ at 1000°C for 2hr, and
then coated with a wet layer of SSC to ensure good electrical contact against the current
collecting mesh. In all cells, the cathode geometric area was 0.5cm’, with variation within
5% in practice. Impedance measurements were performed at 650°C at OCV with an
amplitude of 50 mV. The frequency ranged from 0.1 Hz to 100 kHz, with 10 data points
per decade. Polarization and impedance were measured over time at 650°C, with an
intermediate excursion to 800°C in cell A and to 1000°C in cell B, and a pre-test excursion
to 700°C in cells D and E. Table 9-2 indicates the details of the testing procedure.

Table 9-1 Cell materials, thicknesses, and processing conditions

Cell Material Thickness  Process Firing condition

component [pm]

a) in-situ at 650°C-
Smy 5SrgsC00; stencil 1.5h (A, B, C)
cathode 40-50 o )
(SSC) printing b) ex-situ at 1000°C

for 2hr (D, E)

SmOAzceoAgolAg (SDC) 5+1

electrolyte  Scy,Cep.01Zr079 O19 screen

(8S7) 3 printing 1400°C, 2hr
anode NiO-SSZ 10-15
substrate NiO-YSZ 800-1000  tape casting

Table 9-2 Testing strategy of the five bi-layered electrolyte button cells

Time elapsed until each EIS

Cell # Remarks
measurement [hr]
A 0,0.33,6, 6.84 Excursion to 800°C between 0.33 and 6hr.
Held at 0.75 V while not measuring EIS.
B 0, 0.33,90, 115, 138, 144
Excursion to 1000°C between 138 and 144hr.
C 1,53, 150, 216, 218, 306 Held at 0.5 A/cm? for 150hr, then OCV for 156hr.
D 0,0.16, 2, 89 Held at OCV throughout the test.
E 0, 100 Held at 0.70V throughout the test
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9.3 Results

Figures 9-1 to 9-13 show the DC and impedance behaviour of the five cells, taken
at different times after anode reduction. The cell performance showed deterioration at
times longer than 7 hours, primarily manifested as an increase in polarization resistance

near OCV. Cell C also showed some (20%) increase in series resistance.

9.3.1 Cell A

This cell was not subjected to long-term testing. It was tested with the purpose of
measuring the cell performance at different temperatures and the performance evolution
during the initial several hours after the anode reduction process at 650°C. During the
0.33hr to 6hr period, the cell was heated up to 800°C and cooled down to 550°C at 50°C
intervals, measuring the polarization curve at each temperature. The cell performance
results and microstructure analysis have been published [6] and were discussed in Chapter
9. Table 9-3 gives a brief summary of the cell performance as a function of temperature.
The cell reached a peak power density of 1.8 W cm™ at 800°C, and of 0.5W cm™ at 650°C
with OCV ranging from 0.99 to 1.04 V over this temperature range.

Table 9-3 Initial performance of cell A as a function of temperature

T[°C] OCV [V] PPD [W cm?]
550 1.04 0.13
600 1.04 0.28
650 1.03 0.55
700 1.02 0.85
750 1.01 1.33
800 0.99 1.80

Figure 9-1 shows the impedance results of this cell at 650°C recorded at different
times. Between 0.33hr and 6hr the cell temperature was increased up to 800°C and
decreased back to 650°C. The labels indicate the times at which the measurements were
started. The evolution of the impedance spectrum in Figure 9-1(Top) shows some

performance improvement with time. Generally, this behaviour is attributed to the
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completion of the anode reduction (a process with sluggish kinetics at 650°C), and initial

electrochemical improvement of the cathode [9].
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Ng ——0h
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o ——0h
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Figure 9-1 Nyquist plot of the impedance evolution of cell A, tested at OCV at 650°C.
Top: Nyquist plot. Bottom: imaginary impedance vs. frequency. The legend on the right

indicates the time in hours elapsed since the beginning of the test.
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Figure 9-2 Influence of H, dilution on the cell impedance. Top: Nyquist plot. Bottom:
imaginary impedance vs. frequency. Testing conditions: 650°C, OCV, 10, 20 and 100 %

H,, balance N / air (flow rates for both anode and cathode are 100 ml min'l).

172



In order to improve our understanding of the possible contributors to the
performance improvement, we measured the impedance spectra using different hydrogen
concentrations at the anode.

Figure 9-2 shows the result of changing the hydrogen concentration at the anode of
cell A. The labels in the figure indicate the time at which the impedance measurement was
performed. It is apparent that the low frequency process (with relaxation peak frequency
within the range 1Hz-10Hz) is the most affected by hydrogen concentration, while the high
frequency process (with relaxation peak frequency within the range 100Hz-1000Hz) is less
affected. Thus, we attribute the low frequency arc to the anode process of the hydrogen
oxidation reaction. In addition, we have compared the cathode relaxation frequency in this
dataset with symmetric cells consisting of SSC cathodes on SDC electrolytes, and found
both to appear within the 100Hz — 1000Hz range. Therefore, we link the high frequency arc
mainly to the cathode process.

The imaginary impedance vs. frequency plot given in Figure 9-1(Bottom) reveals
that the relaxation frequency changes with time mostly in the high frequency range. In
electrodes with RC behaviour, the peak frequency depends inversely on the electrode
polarization resistance, R,. A decrease in the value of R, will cause an increase in the peak
frequency if the capacitance Cq of the electrochemical double layer is constant. The peak
frequency of the cathode process does increase with time during this test, suggesting an
improvement in the cathode process. Therefore, the performance improvement of cell A is
likely mostly related to a decrease in the cathode polarization resistance. Similarly, with
decreasing H, concentration, a small shift of relaxation peak frequency to lower frequency
is observed as depicted in Figure 9-2 (Bottom), indicating an increase in the anode
polarization resistance with the decrease in the anode hydrogen concentration. Finally,
Figure 9-2 (Top) also reveals that there is an increase in series resistance, Rs with the
decrease in hydrogen concentration. Since the conductivity of ceria is decreased under

higher p, at the anode side, it would be reasonable to expect the ceria layer of the

electrolyte to become less conductive with decreasing H, concentration at the anode.
Although we add the dense SSZ layer at the anode side, a change in conductivity could still
occur due to pinholes or micro-cracks in the SSZ layer that allow the anode reactant to be

in contact with SDC. In fact the OCV value (1.03V) of the cells is slightly lower than the
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theoretical Nernst potential (1.15V), suggesting the presence of such micro-defects in our

cells.

9.3.2Cell B

Figures 9-3 to 9-5 show the results for cell B. This cell has been tested under
potentiostatic operation at 0.75V for approximately 113 hours after the cell reduction at
650°C. Consistently with what had been observed in cell A, Figure 9-3 and Figure 9-5
show a small improvement in cell performance during the first seven hours after cell
reduction. Held over 113hr at a constant voltage of 0.75V at 650°C, this cell showed a
decay of approximately 0.92 mA cm™ h™' after the initial cell performance improvement
(Figure 9-3). After 113hr of potentiostatic operation at 0.75V, the cell was held at OCV for
20 hours and during this period the cell temperature was varied up to 850 and back down to
550°C for performance-temperature measurements. The calculated degradation rate at
OCV was 1.25 mA cm™ h'. Subsequently, the cell was heated up to 1000°C and held for
2hr to improve cathode sintering over 138 — 144hr, then returned to 0.75V potentiostatic
operation at 650°C for another 14hr, with a calculated degradation rate of 0.44 mA cm™ h

! Table 9-4 summarizes the main results and degradation rates for the different periods.
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Figure 9-3 Current density delivered by cell B as a function of time, in potentiostatic mode
at 0.75V. After a short activation period, the performance decays steadily throughout the

testing time.
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Figure 9-4 I-V and power density curves showing the time evolution of the electrochemical
performance of cell B. The decay is more significant below 0.3 A cm™ than it is at high

polarizations. Legend indicates time elapsed in hours.

-0.3
Cell B
—0h

- -0.2 —a—0.33h
NE —o—90h
o —a—115.5h
g 01 —x—138h
) —o—144h

0.0

0.1

00 01 02 03 04 05 06 07 08 09 10 11 12
Z(Q cm?)

Figure 9-5 Nyquist plot of the impedance evolution of cell B, taken at OCV at 650°C. An

excursion to 1000°C took place between 138 and 144hr. Legend indicates time elapsed in

hours.
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The DC polarization curves (Figure 9-4) revealed larger performance deterioration
below 0.3A cm™ than above that current density. Since activation polarization governs the
region close to OCV, the decay is likely related to an electrochemical kinetic loss of the
electrode processes. The complex impedance evolution (Figure 9-5) shows an initial
convolution of at least three arcs that coalesced over approximately 90 hours into a single
arc shape, followed by a constant-shape size increase. The peak frequency decreased
slightly over the 150 - 250 Hz range, which is attributable to the cathode process, as stated
in the cell A section. Thus, the performance decay can be attributed to an increase in
cathode electrochemical resistance. In-situ sintering the cathode at a higher temperature
improved the performance stability at this test stage; however OCV loss (994-1022 = -18
mV) and performance loss (0.303-0.341= -0.038 A cm™ at 0.75V) were observed after the
heat treatment at 1000°C for 2hr.

Table 9-4 A summary of the performance and degradation rates of cell B

Time [hr] 0 7 50 113 133 145 158.5

i[Acm™] 0450 0473 0443 0366 0341 0303 0.297

Degradation rate / -3.28 0.70 1.20 1.25 / 0.44

[mA cm™ h']

Comment ) @075V ‘L@ ocv ‘| Heatup | @0.75V
850-550°C  1000°C

9.3.3CellC

Cell C was tested at a constant current density of 0.5 A cm™ for over 150hr, then
left at OCV for another 157 hours at 650°C without any additional temperature excursion.
The results are shown in Figure 9-6, showing a voltage decay of 0.07 V (from 0.69 V down
to 0.62 V) with a non-linear time dependence under constant current density, with an
average rate of 0.47mV h™. The average decay rate at OCV was approximately 0.32 mV h’
! calculated based on the cell voltage drop (from 0.62 V to 0.57V) at 0.5A cm™. This cell
was the only one to show an obvious increase in series resistance during impedance testing,

as shown in Figure 9-7. However, its increase in polarization resistance was far larger.
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Like cell B, the complex impedance showed an early-stage coalescence of multiple arcs
(two in the case of cell C) into one arc, followed by further shape-invariant growth.
Performance degradation was more evident at low rather than high DC polarizations, as
seen in Figure 9-8. The trend in peak frequency was similar to that observed in cell B,

indicating that the cathode performance loss was the main contributor to decay.
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Figure 9-6 Potential delivered by cell C as a function of time, in galvanostatic mode at 0.5
A cm™. The data point indicated with the arrow was calculated based on the polarization

curve performed at 307hr.
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Figure 9-7 Nyquist plot of the impedance evolution of cell C, at OCV at 650°C. An
excursion to 0.75 V (OCV=0.983 V) took place after 53hr.
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Figure 9-8 I-V and power density curves showing the time evolution of the electrochemical

performance of cell C. Legend indicates time elapsed in hours.

178



9.3.4CellD

Cell D was held at OCV for approximately 89 hours after cell reduction, and
showed a similar decay in performance as cells B and C, i.e. a shape-preserving impedance
arc growth (Figure 9-9). This result is surprising, since cell D had an ex-sifu sintered
cathode (1000°C for 2hr in air). Based on our results for cell B, it was thought that with an
ex-situ sintered cathode, the cell stability could be improved. However, neither the rate of
decay nor the initial performance and initial ohmic loss were significantly different from
those of the other cells for the sintering temperature used. Figure 9-10 shows the I-V and
power density curves of cell D at the starting time (Ohr) and the ending time (90hr) of the
test at 650°C. The average decay rate was calculated based on the I-V results shown in
Figure 9-10, resulting in 0.84 mV h™' under 0.5A cm™ from 0.68 to 0.605V, or 0.78 mA
cm™ h™ under 0.75V from 0.35 to 0.28 mA cm™.
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Figure 9-9 Nyquist plot of the impedance evolution of cell D at OCV at 650°C. The cell

temperature was increased to 700°C before the first test indicated as Ohr.
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Figure 9-10 I-V and power density curves showing the time evolution of the

electrochemical performance of cell D. Legend indicates time elapsed in hours.

9.3.5Cell E

We tested another cell (cell E) with an ex-situ sintered cathode to further clarify the
influence of DC bias on cathode stability. This cell was tested under potentiostatic
operation at 0.70V for 100hrs at 650°C.

Figure 9-11 shows the current density change with time. This cell showed an OCV
of 0.982 V (see Figure 9-12), and the degradation rate was 0.73 mA cm™ h™' over a 100h
period, from 0.436 to 0.363 A cm™. Interestingly, the OCV values of cells D and E with ex-
situ sintered cathodes were slightly lower than those of the other cells. The lower OCV
(0.98V) seems to be related to the cathode sintered at 1000°C for 2hr. As described before
for cell B, a similar OCV loss was also observed after heating up to 1000°C during the
final period of testing (see Figure 9-4 and Table 9-2). Two mechanisms may be responsible
for this change: the sintering of the cathode layer that generates thermal stresses in the
electrolyte, eventually causing its damage, and/or cobalt diffusion into the electrolyte layer
that promotes mixed conductivity of the bi-layered electrolyte. Both will lead to either
Nernst potential loss, and/or partial reduction of the ceria in the SDC layer, with its

consequent increase in electronic conductivity and internal shorting. Further investigation
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of the possible mechanism is needed. Cell E did not show a sign of higher stability

compared to in-situ sintered cathodes.
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Figure 9-11 Current density delivered by cell E as a function of time, in potentiostatic

mode at 0.70V.

1.2 0.45
650°C 104
1 -
+ 035
—
0.8 103
1025
S 5
2 06
w 2
102 £
<«
0.4 + 0.15
CellE + 01
0.2 1 o Oh
——100h 4 0.05
o T T T T T T o
0 0.2 0.4 0.6 0.8 1 1.2 1.4
i (Acm?)

Figure 9-12 I-V and power density curves showing the time evolution of the

electrochemical performance of cell E. Legend indicates time elapsed in hours.
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9.4 Discussion

9.4.1 Incubation period

All cells in this test showed some initial performance improvement. We will refer to
this initial stage as an incubation period. Typical signs are an initial decrease of the R, at
OCV (Figure 9-1, Figure 9-5, and Figure 9-9) during which the cell performance increases,
or the cell resistance decreases. In cell A, the electrode polarization resistance R, drops
from 0.44 (Ohr) to 0.32 Q cm” during the first 6.84hr, while the series resistance R, shows
almost no change. As described in the experimental procedure section, the test procedure
for cell reduction lasted approximately 1.5hr, followed by the electrochemical
measurements. In agreement with the observation that after the nominal reduction period,
the OCV was 1.03V at 650°C, the impedance results in Figure 9-1 reveal that the reduction
of the cermet anode was likely not completed. The shrinking of the low frequency arc
(anode) with time further supports this statement. Comparing the low frequency impedance
of the anode process, the reduction process seems to finish after the first 6 hours. It is worth
mentioning that after the measurement at 0.33hr, cell A was heated up to 800°C for a
temperature dependent performance test. Therefore, the cell must have experienced an
accelerated reduction process during the 0.33hr to 6hr period. It is noteworthy that the low
frequency arc preserves its shape between 6 and 6.84hr. Further improvement in cell
performance is attributed to cathode microstructural stabilization.

Based on the analysis presented in section 9.3.2 for cell B, we concluded that the
incubation time for cell B was 7hr long, at which time the performance reached a
maximum (see Figure 9-3). Cell C exhibited a much shorter incubation time of less than
3hr, while the incubation time for cells D and E were within 2hr. We conclude that the
extent of this incubation period depends on the temperature and electrode microstructures.
This behaviour is attributable to the processes of anode reduction and cathode sintering,

with both processes nearing completion after the first few hours at operating temperature.
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9.4.2 Performance degradation

After performance stabilization, cells B, D and E showed an increase in polarization
resistance with no or very small change in series resistance. Cell C (Figure 9-7) shows an
increase in both series and polarization resistance, with the increase in series resistance R
being much smaller than the increase in polarization resistance, R,. Table 9-5 summarizes
the Ry and R, change during the first 90 to 150hr of testing time for the four long-term
tested cells. It is clear that most of the cells showed relatively stable Rg values,
approximately 0.30-0.33 Q cm’ over the tested periods. Only cell C showed a 20% increase
in R during the stability test. Figure 9-13 shows the increase in polarization resistance for
the four long-term tested cells. All four cells show comparable degradation trends. For
example, the average decay rate of cell C illustrated in Figure 9-6 for the first 150hr at 0.5
A cm?was 0.5 mV h™', while during 150hr to 300hr at OCV, the decay rate was 0.3 mV h°
', Assuming that cathode microstructural instability was the main cause of degradation, we
had expected that with an (1000°C-2hr) ex-situ sintered cathode, the performance stability
might be improved. However, cell D and cell E, featuring ex-situ sintered cathodes,
degraded 0.78 mA cm™ h™ at OCV, and 0.73 mA cm™ h™ at 0.75V, respectively. Figure 9-
3 and Figure 9-6 also indicate that the performance decay of the cells with in-situ sintered
cathodes is only mildly dependent on whether the cell was under polarization or at OCV.
Figure 9-13 shows general consistency in the observed increase in Rp, largely
independently of DC bias and cathode sintering strategy, averaging 2.5 mQ cm’® h™' at
OCV. Similar conclusions were reported by Becker ef al. in their study of LSCF cathodes
at 700°C [10]. However, this observation contrasts with results reported in [11, 12], where

the authors point out that the decay rate changes with high current densities.

Table 9-5 Summary of the cell resistances obtained in this work (initial and 116hr (B), 150hr (C),
90hr(D) and 100hr(E) ) quantified using series and polarization resistance (650°C, OCV)

cell RS [Q cm?] R, [Q cm?)] R’ [Q cm?] Re" [Q cm?]
A 0.32 - 0.42 -

B 0.33 0.34 0.55 0.61

C 0.30 0.36 0.31 0.74

D 0.31 0.31 0.43 0.59

E 0.33 0.34 0.38 0.51
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Figure 9-13 Polarization resistance evolution with time for cells B, C, D and E. Average

Rp increase is 2.5 mQ cm” h™.

Commonly to all long-term tests, the increase in polarization resistance is larger at
OCYV than it is under polarization. Figure 9-4, Figure 9-8, and Figure 9-10 illustrate this
statement, where the slope of the polarization curve shows a more important change close
to OCV than it does above approximately 0.4 A cm™. This observation suggests the decay
of certain electrochemical processes. Comparing the recorded impedance spectra of all the
cells, it is clear that the impedance increase within the 100 Hz — 1000 Hz range is
predominant over those at other frequencies. Based on the results and analysis and the fact
that the anodes used in this work had already been tested under similar conditions, showing
good stability, it is reasonable to attribute most of the observed cell performance
degradation to the cathode. A typical degradation mechanism affecting the cathode
microstructure is chromium poisoning [13, 14], a result of evaporation of chromium from
stainless steel interconnectors. This phenomenon is ruled out in the present work, since no
chromium-containing material is present at high temperature in our experimental setup.
Two possible degradation mechanisms are proposed in this work. These mechanisms

include: 1) coarsening of the microstructure due to sintering for the in-situ sintered
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cathodes; 2) diffusion of strontium away from the SSC cathode, leading to strontium

depletion that significantly decreases the performance of cobaltite cathodes [15].

9.4.3 Bi-layered electrolyte resistance

From Table 9-4, the initial series resistance, Ry is consistent throughout all the cells,
approximately 0.30-0.33 Q cm?, indicating good experimental repeatability. However, this
value is well above the series resistance calculated using the SDC thickness (4-6pm) and
SSZ thickness (2-4 um) and conductivities (0.03-0.04 S cm™ for SDC [16] and 0.02-0.03 S
cm” for SSZ [17] at 650°C). The theoretical R, for those cells based on the electrolyte
thickness is only approximately 0.03-0.06 ©Q cm”. The likely cause of the higher observed
R; is the formation of an inter-reaction layer between the SDC and SSZ layers, formed
probably during the sintering stage [6, 18], and resulting in a low-conductivity zone in the
bi-layered electrolyte. Zr and Ce concentrations across the bi-layered electrolyte were
analysed by EDS, as shown in the right-hand side image of Figure 9-14. The EDS
elemental analysis results showed a clear diffusion of Ce into the SSZ layer. In our
previous work on powder interaction between SSZ and SDC (refer to Chapter 8), we found
that the lattice parameter change mainly occurred in the SSZ powder rather than in SDC
powder when the powder mixture was heated over 1100°C, indicating the dominant
diffusion of the larger cation, Ce*" into the SSZ lattice, leading to expansion of the SSZ
lattice. Those interaction results in low ionic conductivity of the electrolyte have been well
documented (cf. chapter 5, 7, 8) and [6]. The existence of voids observed in the SEM
images (Figure 9-14) between the electrolyte layers could be another contributor due to a
decrease in area of the conductive path through the electrolyte layers. Although most of
the cell structure showed good adhesion between layers and normal electrode
microstructure in post mortem microstructural observation, we did observe some detached
areas (Figure 9-15). It is difficult to be certain about the stage at which this detachment
occurred. However, it is logical to assume that this interface had been weakly bonded a
priori. In the third place, a small contribution to the large initial series resistance is the
incomplete sintering of the SDC layer, also evident in Figure 9-15. While all three of these
phenomena could have contributed to the higher observed values of Ry, the first two of

these phenomena would also have had implications on the electrode electrochemical
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performance due to the shadowing effect that such blocking layers have on cells with large
aspect ratios [19, 20]. The growing R, in the cell C test seems attributable to the possible

detachment between the electrolyte layers.

ZiLal, 146

Celal. 101

Figure 9-14 SEM micrograph of the bi-layered electrolyte in contact with the electrodes of
cell D. While SSZ shows excellent sintering, SDC exhibits some porosity that could
partially contribute to the abnormally high initial series resistance observed in all cells.
The line scan mark in the SEM imageshows the location of the element analysis. The

element analysis results are shown in the right figure.

Figure 9-15 Post-test SEM micrograph showing a delamination between the SSZ and SDC
electrolyte layers in cell D. This separation was observed in several spots across the cell,
and may have been partially responsible for the large initial series resistance observed in all

specimens.
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In the next chapter, the use of pulsed laser deposition (PLD) is reported for
deposition of bi-layered electrolytes on the cermet supports to eliminate the interaction

between the two electrolyte materials during the high temperature co-firing.

9.5 Conclusions

The long term (up to 300hr) testing of four cermet — supported button cells with bi-
layered SSZ/SDC celectrolytes resulted in continuous performance decay, mostly
manifested as an increase in polarization resistance, mostly at low polarizations, close to
OCV. This observation, along with the frequency range at which most of the impedance
growth is evident, led us to attribute the decay to a decrease in the cathode performance.
Common observations were the initial change in the impedance arc shape from a multiple
to a single arc, followed by an increase in size with no further shape change.

The series resistance observed initially in all cells was invariably higher than the
theoretical series resistance. The most likely cause for this observation is the presence of
an interaction layer or partial delamination between the electrolyte layers. Microscopic
examination showed a weakened adhesion between the SDC and SSZ electrolyte layers, a
phenomenon likely contributing to the anomalous Rs. Sintering of the SSC cathode ex-situ
did not result in any obvious performance difference, regardless of whether the cell was

held at OCV or under polarization during the testing time.
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10. Chapter Ten. LT-SOFCs with Pulsed Laser Deposited
Bi-Layered Electrolyte

Solid oxide fuel cells with bilayered electrolyte have been successfully fabricated
by using a pulsed laser deposition, showing enhanced performance at low operating
temperatures. The cells reach power densities of 0.5 W cm™ at 550°C and 0.9 W cm™ at
600°C, with open circuit voltage (OCV) values larger than 1.04V. The bilayered electrolyte
contains a 6 ~ 7 um thick samaria-doped ceria (SDC) layer deposited over a ~ 1um thick
scandia-stabilized zirconia (SSZ) layer. Electrical leaking between the anode and cathode
through the SDC electrolyte, due to the reduction of Ce*” to Ce’” in reducing environments
when using a single layer SDC electrolyte, has been eliminated by adopting the bi-layer
electrolyte concept. Both SSZ and SDC layers in the bilayered electrolyte prepared by the
pulsed laser deposition (PLD) technique are the highly conductive cubic phases. Poorly
conductive (Zr, Ce)O,-based solid solutions or B-phase SSZ were not found in the
bilayered electrolyte prepared by PLD due to the low processing temperatures of the
technique. Excellent reliability and flexibility of the PLD technique makes it a very
promising technique for the fabrication of thin electrolyte layers for SOFCs operating at

reduced temperatures.

10.1Introduction

High operating temperature is one of the main barriers for wide scale adoption of
solid oxide fuel cell (SOFC) technology [1]. Therefore, much research work is focused on
the development of low temperature SOFCs operating at approximately 500-600°C [2-4].
To achieve the objective of low operating temperatures, a number of approaches from the
viewpoint of new materials, novel processes, and unique architectures must be examined.

The practical operating temperature of SOFCs is mainly determined by the

conductivity and thickness of the electrolyte. Samaria-doped ceria (SDC) is a promising

12 A version of this chapter has been published as:
D. Yang, X. Zhang, C.Deceés-Petit, R. Hui, R. Maric, D. Ghosh, Low temperature SOFCs with pulsed laser
deposited bi-layer electrolyte, J. Power Sources, 164 (2007) 182.
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material for use as the electrolyte in reduced temperature SOFCs and has been investigated
widely over the past two decades [3, 4]. SDC exhibits a relatively high conductivity of 0.1
S/em at 700 °C [5], 2-3 times higher than that of yttria-stabilized zirconia (YSZ). Its
thermal expansion coefficient (12.5 x 10° K™ is also more compatible with that of the Ni-
cermet anode and commercial ferritic stainless steel interconnects, than that of YSZ.
Although the material exhibits better chemical and structural compatibility with electrodes
as well as higher ionic conductivity than YSZ, the reduction of Ce*" to Ce*” induces n-type
electronic conduction which tends to decrease the power output of solid oxide fuel cells
due to internal electrical shorting.

The problem can be eliminated by using a barrier of thin scandia-stabilized zirconia
(SSZ) deposited between the SDC layer and the anode to improve the stability of the SDC
layer under the reducing atmosphere. The ionic conductivity of SSZ is the highest among
all the ZrO,-based electrolytes [6]. However, it is not considered as a candidate electrolyte
for reduced temperature SOFCs because its conductivity decreases rapidly with
temperature below 800°C [7]. When a bi-layered SDC/SSZ electrolyte is used, the SSZ
layer acts mainly as a barrier against electronic conductivity, and its layer thickness can be
in the range of a few tens to a few hundreds of nanometers. Therefore, its relatively low
conductivity will not contribute significantly to the overall ohmic loss of the bi-layered
SDC/SSZ electrolyte for SOFCs. For the fabrication of a bi-layer SDC/SSZ electrolyte on
anode-supported SOFCs, wet ceramic processes such as screen printing and tape casting
have been used. These processes normally require processing temperatures over 1300°C.
At such high co-firing temperatures, doped ceria (i.e., SDC) reacts easily with stabilized
zirconia (e.g., SSZ, YSZ) to form (Zr, Ce)O;-based solid solutions that have a very low
ionic conductivity [8, 9]. Ohmic loss due to the low-conductive interfacial layer will result
in poor performance of SOFCs [10]. In addition, highly conductive cubic phase SSZ,
stabilized at high temperatures, will transform to a less conductive -phase when SSZ is
cooled below 800°C. To avoid those issues, low temperature fabrication techniques (under
800°C) such as pulsed laser deposition (PLD) are attractive. PLD is an emerging physical
vapor deposition technique that offers better control over the film properties, such as
microstructures, chemical composition, density, and interfacial properties than that by

conventional wet ceramic processes. Grain sizes from a few nanometers to a few hundred
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nanometers can be easily prepared by selecting appropriate processing parameters.
Recently, an enhancement of ionic conduction was found in nanocrystalline SSZ, whose
specific grain boundary conductivity is 1-2 orders of magnitude higher than that of the
microcrystalline specimen at 700-850°C [11]. The PLD technique usually can operate at
low processing temperatures, which can suppress grain growth to achieve nanocrystalline
materials.

Lower temperature processes such as PLD are particularly suitable for the
fabrication of miniaturized SOFCs based on multilayer thin films. This method not only
can deposit a dense electrolyte thin layer, but also porous anode and cathode layers.
Therefore, it possesses the potential for automation. In addition, this technique holds
promise for improved quality control and integrated multiple layers to enhance the
reliability, performance and durability of the resulting product, while reducing the
fabrication costs.

The focus of this research is on the development of the PLD process to fabricate
SDC/SSZ bi-layered electrolytes with controlled microstructures, density, and interfacial
properties. Si (100) wafers and NiO-SDC modified NiO-YSZ cermet discs were used as the
substrates in this study. The Si substrates were used to develop the optimal PLD processing
parameters for the deposition of a dense and highly conductive bi-layered SDC/SSZ
electrolyte. The bi-layer electrolyte was then deposited on porous anode substrates under
optimized processing conditions, and their structures and morphologies were characterized
by XRD and SEM. A unit cell that utilized the PLD prepared bi-layer electrolyte and wet-
processing prepared NiO-SDC anode and Smy 5Srp sC003-25wt% SDC composite cathode
(designated as SSC#3 in this dissertation work) was tested for its electrochemical

performance.

10.2Experimental procedure

Starting Materials and cell substrates
Table 10-1 lists the starting materials used in this study. All the materials for wet
ceramic processing and PLD processing were commercially obtained. Figure 10-1 shows a

schematic drawing of the cell structure and its fabrication methods.
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Table 10-1 Chemical composition, properties, suppliers of starting materials

Name Composition Properties Supplier

SSC Smy 5Sr9.5C003 D50: 0.80 um Praxair
Surface area: 5.16 m* g

SDC (SmO;.5)02(Ce02)os | D50: 0.40 um
Surface area: 7.08 m* g”' | Praxair

SSZ (ScO1.5)020 D50: 0.46 um Daiichi chemicals

(Ce02)0.01(ZrO2)o.79 | Surface area: 7.0 m* g”!

YSZ (YO15)0.16(ZrO2)0s4 | D50: 0.46 um Tosoh
Surface area: 7.0 m* g’

NiO-f NiO type F D50: 1.0 pum Novamet
Surface area: 4.0 m” g”!

NiO-s NiO-standard D50: 16.0 um Novamet
Surface area: < 1 m* g’

Silicon Si (100) (100) orientation, p-type, | Polishing

wafer 10~30Q Corporation of

America

SSC#3 Cathode, 50um
(printing)

SDC Electrolyte, 6um
SSZ electrolyte, Tpm

NiO-SDC Anode,15um (screen printing)

In-situ sintering
(800°Cx2h)

J

Pulsed laser
deposition

\ Co-firing
(1380°Cx2h)

Figure 10-1 A schematic drawing of the cell structure and its fabrication methods.
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The cell substrate was a NiO-YSZ cermet consisting of 57 wt% NiO and 43
wt%YSZ, prepared by the tape casting method. A NiO-SDC anode layer was applied by
screen-printing on the cell substrate. The composition of the NiO-SDC anode was 47 wt.%
SDC and 53 wt.% NiO. The cell substrate with the anode, of 20mm diameter (cut by a
punch), was fired at 1380°C for 2hr. The heat-treated cell substrate was 17.5 mm in
diameter and 0.8 mm in thickness. The NiO-SDC anode layer is approximately 15 um
thick, with an average surface roughness of approximately 0.66 pm measured by
profilometry (Wyko NT9100 profilometer, USA). The average density of the cell substrate
after the anode layer deposition was 5.10 g cm™, measured by Archimedes’ method. It
indicates a 19.7 % porosity in the NiO-YSZ cermet substrate based on the cermet substrate
composition of 53 wt.% NiO. The substrate porosity was calculated to increase to

approximately 37% after reducing NiO to Ni with the hydrogen gas.

Pulsed Laser Deposition (PLD) of electrolytes

The bilayered SDC/SSZ electrolyte films were deposited by ablating a 90 mm
diameter rotating SDC target (SDC, 99.9%, from Praxair) and an SSZ target (prepared by
slip casting and sintering at 1500°C for Shr), consecutively, in an advanced deposition
chamber (PVD. Inc., PLD-3000, USA) by means of a pulsed KrF excimer laser (A = 248
nm, Lambda Physik, LPX-210i, USA), at a repetition rate of 50 Hz. The laser beam was
focused down to a spot size of ~ 4 mm® on the target surface. The on-target laser beam
fluence was adjusted to approximately 3 to 5 J/em®. Silicon wafers [(100) orientation, p-
type, p = 10-30 Q cm, from Polishing Corporation of America, USA] and NiO-YSZ
substrates with NiO-SDC anode were used.

Before introducing a Si wafer into the deposition chamber, it was cleaned by
acetone, isopropyl alcohol, and then etched in 2.5 % HF acid for five minutes to remove
the native oxide. No further cleaning was necessary for the NiO-SDC modified NiO-YSZ
substrates. After loading the substrate, the system was pumped down to a base pressure
below 2 X 107 Torr using a turbo-molecular pump. The substrate was then heated, under
vacuum, using a programmable non-contact radiation heater. The substrate to be coated
was facing the target, with a stand-off distance of 12 cm. To achieve uniform deposition

over the entire substrate surface, the laser beam was rastered over the radius of the rotating
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target. Oxygen gas pressure was adjusted to be 0 to 5.32 Pa (40 mTorr) during deposition.
Detailed information about the deposition processes has been given elsewhere [12].

The film structure was examined by X-ray diffraction (XRD, X-Pert MRD Philips,
The Netherlands) with monochromatized Cu K, in the 6¢-26 thin film configuration, where
0o was fixed at 0.5° for single layer films and 0.5 to 3° for bi-layer films. The cross-
sections of the laser deposited SDC/SSZ bi-layer films were investigated by SEM (Hitachi
FE-SEM S-4500, Japan) using the new super ExB filter technology. FE-SEM imagines
were taken at a magnification of 100,000x with a 5 kV beam voltage. Based on the
deposition rates obtained from the similar deposition condition on the silicon wafer, the
thickness of the bi-layer electrolyte on cell substrates was approximately 1um SSZ plus 6 ~

7um SDC.

Cell characterization
The surface of the PLD deposited bi-layer electrolyte appears shiny and transparent.

'em™ at

The electrolyte shows a very low helium gas cross leakage rate, 0.05 ml min ~
13.8kPa (approximately 2psi), indicating that the electrolyte layer was almost fully dense.
A SSCH#3 cathode layer consisting of 75 wt.% SSC and 25 wt.% SDC with surface area of
0.551cm” was applied to the centre of the bi-layer electrolyte by stencil printing, and dried
at 100°C for 1h. The thickness of the cathode layer was approximately 40-50um after in-
situ sintering at 800°C for 2hr.

The cell electrochemical testing setup and the test procedure are similar to those
previously stated. The cell was heated up to 800 °C at a ramp rate of 300 °C h™', and held at
800 °C for 2hr for in-situ sintering of the cathode layer. The temperature was then
decreased down to 700°C for the reduction of the anode and for the measurements of cell
electrochemical performance. Ambient air was introduced at a flow rate of 100ml min™ to
the cathode side. Hydrogen gas with the same flow rate was first passed through a bubbler-
type humidifier at room temperature. The humidified hydrogen gas (corresponding to 3%
H,O content) was then introduced to the anode side during the cell test. Electrochemical
measurements were performed at temperatures ranging from 700 to 450°C. Cell

performance was measured with a Multi-channel Potentiostat/Galvanostat (Solartron 1480
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8 channel multi-stat) with Corrview software. Current-voltage-power (I-V-P) curves were

obtained using linear sweep voltametry at a sweep rate of 4 mV s from OCV to 0.3V.

10.3Results and discussion

10.3.1 On Si(100) substrate

The PLD technique was used to deposit thin films of SDC and SSZ on Si(100)
substrates at the substrate temperature range of 200 ~ 600°C and reactive oxygen gas
atmosphere of 1 mTorr ~ 40 mTorr. By varying the deposition temperatures and oxygen
gas pressures, SDC and SSZ films with various crystallite sizes, density and interfacial
properties were grown successfully. XRD results indicate that both SDC and SSZ films
were crystallized to cubic phases (PDF card # 75-0158 for SDC and card # 75-0158 for
SSZ [13]) at relatively low deposition temperatures (~ 200°C for SDC and ~ 400°C for SSZ,
respectively). The density of the SDC films increases with an increase in the deposition
temperature, while for SSZ it decreases with an increase in the deposition temperature. The
densities of 200°C and 400°C SDC films are only 63% and 70%, respectively, of the
density of the 600°C SDC films. In contrast, the 200°C SSZ film is denser than that of the
400 °C and 600°C SSZ films. The densities of the 400 °C and 600°C films are 82% and
77%, respectively, of the density of 200 °C film of SSZ. The reasons for such a different
behaviour of the two materials are not clear, since the physical pheomena of laser-target
interaction and film growth are quite complex. Film growth and quality are dependent on a
few fundamental parameters, namely, the substrate temperature, the kinetic energy of the
deposition flux, and the deposition rate. Substrate temperature affects the mobility of the
deposited atoms on the surface, and surface rearrangements are possible at higher
temperatures, while at low temperature they are inhibited. The rate at which material
impinges on the surface (i.e., the deposition rate) is highly dependent on the material that is
to be deposited. The bandgap energy of ceria, which is ~ 3.2 eV [14], is smaller than the
photon energy of the KrF laser, which is ~5.0 eV. Strong absorption of laser energy by
ceria creates electron-hole pairs with considerable kinetic energy that couple with lattice

vibrations leading to fast ablation of ceria with a high deposition rate. A high deposition

196



rate and low substrate temperature will result in a more porous film because of the reduced
opportunity for film relaxation and surface rearrangement; therefore, SDC films deposited
at low temperature are very porous. High substrate temperatures increase the mobility of
the deposited atoms. Surface and bulk diffusion and re-crystallization occur, yielding larger
crystallites; therefore, more dense SDC films were obtained at high substrate temperatures.
In contrast to SDC, zirconium oxide (i.e. SSZ) has a bandgap energy of ~ 5.8 eV [15],
which is higher than the photon energy of a KrF laser. Relatively weak absorption of the
laser energy, primarily through the multiphoton absorption mechanism by zirconium oxide,
causes a weak ablation and low deposition rate. The low deposition rate allows SSZ film
relaxation to occur; therefore, a more dense SSZ film with small grains can be formed at
low substrate temperatures. As the substrate temperatures increase, the mobility of the
deposited SSZ atoms increase, which allows the formation of larger grains, thereby slightly

decreasing the film density of SSZ at high substrate temperatures.
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Figure 10-2 XRD spectra of SDC/SSZ bi-layer films deposited on silicon wafers at (a) 200
°C and (b) 600 °C in 40 mTorr Os.

Figure 10-2 shows the XRD spectra of SDC/SSZ bi-layer films deposited on silicon
wafers at 200 °C and 600 °C in 40 mTorr O, process gas. The XRD spectra consist of
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diffraction peaks originating from both cubic SDC and SSZ phases. Peak assignment is
shown in Figure 10-3 for the SDC top layer and the SSZ layer underneath. No peak shift
due to (Zr, Ce)O,-based solid solutions or additional peaks due to B-phase SSZ were found
in the diffraction pattern, which indicates that during the deposition process, no chemical
reaction occurred at the interface between SDC and SSZ. This means that the PLD
technique is an excellent technique for growing both highly conductive cubic SSZ and
SDC phases at very low processing temperatures. The laser deposition process can indeed
stabilize the SSZ cubic phase at low temperatures that prohibits the phase transition from
the more conductive cubic phase to the less conductive B-phase that occurs during the
cooling step for most of the high temperature wet-ceramic processes. The SDC layer
shows a strong (111) preferential orientation on the top of the cubic phase SSZ at both
temperatures. The XRD peaks for the bi-layer film deposited at 200 °C are quite broad and
not well-defined, indicating that the grain size of the low temperature deposited bi-layer
film is small and its crystallinity is poor. As the deposition temperature increases, the full-
width at half maximum of the XRD peaks decreases, indicating that the grain size and

crystallinity of films increases with the increase in deposition temperatures.

5.8 kV X68. 8K SB8nNnm 5.8 kV XEB8.B80K S88nm

Figure 10-3 FE-SEM micrographs of SSZ/SDC bi-layer films deposited on silicon wafers
at a substrate temperature of (a) 200, and (b) 600°C in 40 mTorr of O,.

Figure 10-3 shows cross-sectional FE-SEM micrographs of SSZ/SDC bi-layer films
deposited at a temperature of 200°C and 600°C in 5.32 Pa of oxygen. At 200°C, both SSZ
and SDC layers contain small grains. The SDC layer is very porous, while the SSZ layer is
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relatively dense. At 600°C, both SSZ and SDC layers contains columnar grains oriented
perpendicularly to the substrate and are very dense. The grain diameter for the SDC layer is
approximately 60-70 nm, while for the SSZ film it is approximately 30-40 nm. The surface
of the 600 °C film is very smooth and does not show any cracks or pin-holes. The FE-SEM
results are consistent with the XRD results.

All the above results clearly indicate that by simply selecting the process
parameters of the PLD technique, bi-layer SDC/SSZ films with various microstructures,
density, and interfacial properties can be deposited. It is obvious that a dense and gas
impermeable layer is required for the electrolyte layer in SOFCs; therefore, appropriate
process parameters should be selected for producing a dense SDC/SSZ bi-layer electrolyte
for SOFCs. When considering the application of the PLD technique for the deposition of
anode and/or cathode layers in SOFCs, where very porous structures are desired, different
process parameters should be used to produce a microstructure similar to that shown in
Figure 10-4 (a). The flexibility of the PLD process makes it a very promising technique for
the fabrication of all solid-state devices based on multilayer thin films, such as miniaturized

SOFCs.

10.3.2 On NiO-SDC modified NiO-YSZ substrates

PLD processing was also used to deposit the SSZ/SDC bi-layered electrolyte on
NiO-YSZ substrates with NiO-SDC anodes. The anode substrates were prepared and
characterized for their surface roughness and helium gas permeability before the PLD
processing. The surface roughness of the cermet substrates was approximately 0.66pm
after the NiO-SDC modification. The SEM micrograph in Figure 10-4 (a) shows that the
unmodified face is quite rough and uneven, with a roughness of approximately 1.5um. The
anode modified surface consists of a crack-free, smooth layer with small size and uniform
crystallites, as shown in Figure 10-4 (b). The cross-sectional view in Figure 10-4 (c)
shows that the NiO-SDC anode layer consists of much smaller grains (1 ~ 2 pm) compared
to the NiO-YSZ substrate (10 ~ 20um).

SDC films of approximately 2 pum thick were initially deposited on the anode
substrates at the substrate temperatures ~500-600 °C and oxygen pressure of ~ 5-40 mTorr.

The Low Angle XRD results confirmed that SDC films on the anode substrates were
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indeed single-phase SDC with fluorite-type structure. The 2 pm SDC film coated anode
substrates had decreased He permeability, up to five times compared to the anode
substrates alone. However, the cross-leakage of the samples was too high to conduct cell
performance tests. FE-SEM examination of the SDC coated anode revealed the failure of
the 2 um SDC layer to cover the ~1-2 pm diameter pinholes, existing on the anode surface.

A much thicker SDC layer was needed in order to achieve the required gas tightness, which

increases the electrical resistance of the electrolyte layer significantly.

Figure 10-4 SEM Micrograph of surface view of (a) unmodified NiO-YSZ anode, (b) NiO-
SDC modified NiO-YSZ and (c) cross-sectional view of NiO-SDC modified NiO-YSZ.

In order to effectively utilize the SSZ/SDC bi-layer electrolyte concept for reduced
temperature SOFCs, the SSZ bottom layer should be as thin as possible and also be gas
impermeable. The SSZ cannot directly be deposited on anode substrates prepared in this
manner, since it requires a relatively thick SSZ layer to achieve the required gas tightness.
Therefore, an additional NiO-SDC layer of about 1~2um thickness was initially deposited
by PLD on the anode surface. This layer reduces the gas leakage of the anode substrate
significantly and provides a smoother surface for the deposition of the SSZ layer due to the
nanostructural nature of the PLD films. After the deposition of the additional NiO-SDC
layer, SSZ of above 0.5~1um thick was deposited by PLD at substrate temperatures of
~200-400 °C in ~ 5-20 mTorr of oxygen pressure. Following the SSZ layer, a relatively
thick SDC layer of approximately 7~8um was deposited at substrate temperatures of ~400-
600 °C in ~5-20 mTorr. The surface and cross section of the bi-layer electrolyte was
examined by FE-SEM (cross section shown in Figure 10-5). No cracks or pin-holes were
found in the SEM micrographs. The measured He leakage of those bi-layer electrolyte
coated anode substrates were less than 0.05 ml min™' cm™ at 13.8kPa He. The above results

clearly indicate that the PLD technique is a suitable method to deposit dense and gas
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impermeable layers not only on smooth surfaces such as silicon wafers but also on porous

ceramic substrates such as NiO-SDC modified NiO-YSZ cermet.

SDC: 7~8um
SSZ: 0.5um
Ni-SDC:2um
Ni-SDC:15pm

Figure 10-5 Cross section images of cell with bi-layered electrolyte deposited by PLD.

Cell performance

A composite cathode was then applied onto the surface of the bi-layer electrolyte by
stencil printing, followed by drying and in-situ sintering. The unit cell thus prepared was
characterized for its electrochemical performance. Figure 10-6 shows the cell performance
with the SSC cathode in-situ sintered at 800°C for 2hr. It can be seen that the cell shows
very high performance in the tested temperature range of 450-700°C. What is most
significant is that the cell shows a very high OCV value, 1.04V, in comparison to the single
20 um-SDC electrolyte cell, which has an OCV of only 0.87 V at 600°C [9]. A high OCV
value indicates that there is very low electronic conductivity and few physical defects
(cracks, pin-holes, etc.) in the SSZ/SDC bi-layer electrolyte. A summary of the cell
performance is listed in Table 10-2. In this table the series resistance R, polarization
resistance R,, and cell total resistance R; are obtained from the cell impedance
measurement (cf. Figure 10-7). The peak power density reaches 1.6 W cm? at 700°C, and
approximately 0.5W cm™ even at 550°C, the highest performance ever reported with this
type of bi-layered electrolyte structure. The high cell performance also indicates that the
interfacial reaction between SSZ and SDC is successfully alleviated or eliminated due to

the low deposition temperatures.
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Table 10-2 A summary of the cell electrochemical performance

Temperature ocv Power Rs Rp Rt
(°C) (V) (W cm?) (Qcm?) (Qcm?) (Qcm?)
450 1.066 0.051 1.780 4.992 6.772
500 1.062 0.200 0.618 1.058 1.676
550 1.051 0.509 0.299 0.311 0.609
600 1.038 0.955 0.157 0.165 0.321
650 1.022 1.376 0.092 0.125 0.217
700 1.006 1.619 0.069 0.099 0.168

10.4Conclusion

The PLD technique has been used in this study to deposit SDC/SSZ bi-layer
electrolytes on Si(100) substrates and on NiO-SDC modified NiO-YSZ cell substrates. By
varying the deposition process parameter conditions, SDC/SSZ bi-layer electrolyte films
with various crystallite sizes, density, and interfacial properties were successfully grown.
The PLD technique was able to deposit the highly conductive cubic phases for both SSZ
and SDC layers. Interfacial reaction between the SSZ and SDC layers that forms low
conductivity (Zr, Ce)O,-based solid solutions was eliminated due to the low processing
temperatures of the PLD technique. A unit cell that uses a PLD SSZ/SDC bi-layer
electrolyte shows very high performance (1.38 W c¢m™) and high open circuit voltage
(1.022V) at 650°C. Comparing to wet ceramic processes that require high processing
temperatures, the PLD method is a very promising low temperature process for the

deposition of high quality thin electrolyte layers for low temperature SOFCs.
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11. Chapter Eleven. Summary of Dissertation Work and
Outlook

As stated early in this dissertation, the general goal of this dissertation work is
through understanding cell materials and cell processing technologies to develop SOFCs
with both sufficient electrical efficiency and electrochemical performance at operating
temperature below 650°C, called “low temperature SOFC development”. The results
achieved in this work have met the performance targets set at the beginning of this
dissertation work. The main results are summarised as follows.

e Samaria-doped ceria (SDC) electrolyte cells with Ni-SDC anode and SSC-SDC
composite cathode have been successfully fabricated by using a conventional ceramic
processing technology and the cell size has been enlarged from 2”- 1” button cells (for
laboratory cell material and cell structure studies) up to 8cm x 8cm square cells with or
without holes (for short stack development by industrial partners). Along with the cell
fabrication technology development, many engineering challenges, such as cell
functional layer cracks during screen-printing, electrolyte cracking and spallation, cell
deformation during co-firing, and hole-zone induced cell cracks, have been solved in a
timely manner. Hundreds of SDC electrolyte cells with a uniform and dense electrolyte
with thickness down to 10um have been fabricated and tested.

e The SDC cell performance reaches as high as 0.9W cm™ at 600°C. This encouraging
cell performance has been verified by two European partners using the cells (of size
Scm x 5cm) developed by the author.

e A further study of the SDC electrolyte cell showed that internal shorting will be an
obstacle to reaching high fuel utilization and high electrical efficiency. A specific
experiment has been designed for the leakage current measurement. The measured
leakage current density under open circuit condition reaches 0.85A cm™ at 600°C,
which limits fuel utilization and electrical efficiency. The internal shorting is due to the
mixed conductivity behaviour of the SDC electrolyte, a common challenge (problem)
that many developers are facing and to which many researchers are trying to find a

solution.
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e Modification of the electrolyte layer through an SSZ/SDC bi-layered electrolyte
structure has been pursued thereafter in this dissertation work. The bi-layered
electrolyte button cells and Scm x Scm cells based on conventional ceramic processing
technology have been fabricated and evaluated. The performance of the bi-layered cells
reaches 0.74V at 0.5A/cm’ at 650°C with H, fuel, meeting the performance target as
described in Chapter 1 of this dissertation. However, the cells with bi-layered
electrolyte structure showed long-term stability issues, which have been identified to be
related to the cathode stability, as described in Chapter 9. Meanwhile, the impedance
results indicate that the interaction between electrolyte layers requires special
fabrication methods to avoid.

e Pulsed laser deposition (PLD) of the bi-layered electrolyte has been used in this work to
understand the influence of the interaction between layered electrolytes. A cell with bi-
layered electrolyte of 1um SSZ and 6um SDC prepared by PLD exhibits much higher
performance, 1.4 W cm™ at 650°C, compared to wet-ceramic produced electrolytes,
with limited internal shorting (OCV 1.022V). Such high performance of this cell
structure is reported for the first time in the open literature.

¢ Adding sintering aids such as copper oxide or cobalt oxide significantly decreased the
sintering temperature of ceria powder. The results of interaction between zirconia- and
ceria- powder materials showed the formation of zirconia-ceria solid solution, that was
completely formed at 1300°C. The new phase appeared at lower temperatures if ceria
modified by sintering aid at 1100°C with copper oxide and at 1200°C with cobalt oxide.
Interestingly, the observed inter-diffusion of the electrolyte materials of the bi-layered
electrolyte cells fabricated by co-firing occurred within 1.5 to 2um. Both XRD analysis
of the powder mixture and EDS analysis at the cross-section of the bi-layered cells

indicated the diffusion of Ce into the Zr-phase.
Based on the results achieved so far, and cell material knowledge and cell fabrication

experience gained from this work, an outlook for future development of low temperature

SOFC:s is presented as follows.
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11.1Cell material development

The electrolyte is an important component for SOFC development. To date, there are
limited electrolyte material systems suitable for low temperature SOFC development [1].
Among the preferred zirconia-based electrolyte materials, 10%Sc,03-1% CeO, stabilized
ZrO, seems a rational candidate with respect to its conductivity and stability [2]. Because
of the conductivity limitation of the ZrO,-based electrolytes, it is still difficult to meet the
electrolyte resistance requirement of 0.15Q cm” below 600°C with this electrolyte unless
the thickness of a dense ZrO,-based electrolyte can be practically fabricated down to the
micrometer or even sub-micrometer size range. For ceria-based electrolyte materials, poor
stability at low oxygen partial pressure requires the finding of new ideal co-dopants and
doping levels to improve stability (i.e., to reduce the electronic conductivity) and still retain
adequate ionic conductivity [3]. Although decreasing the operating temperature minimises
the reduction of the ceria-based electrolyte, it requires electrolyte thickness reduction to
compensate the decrease in the ionic conductivity. As observed in the dissertation work, a
decrease in thickness of the SDC electrolyte resulted in a lower open circuit voltage.
Therefore, uncertainty remains in this approach. For LSGM-based materials, regardless of
their high cost, Ga evaporation under reducing atmospheres [4], low chemical
compatibility with Ni-based anodes [5], and cost-effective thin LSGM electrolyte
processing are big challenges. Therefore, new electrolyte materials of highly pure O* ionic
conductivity, good chemical stability, and chemical compatibility with electrodes

essentially remain as a key area for the future development of low temperature SOFCs.

11.2Cell structure

A highly performing cathode is necessary for low temperature SOFC development.
Promising mixed conductive cathode materials react with the zirconia electrolyte materials,
resulting in cell performance loss and durability concerns. Therefore, anode supported cell
with a dense ceria-based electrolyte is preferred for the state-of-the art anode supported
zirconia-based electrolyte cell structure. In order to reduce the electrolyte resistance, both
zirconia electrolyte and ceria barrier layer should be as thin as possible. For operating

temperatures of 600°C £ 50°C, a bi-layered electrolyte cell structure shows certain
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advantages in regards to good cell performance. This dissertation work has demonstrated
that electrolyte resistances of bi-layered electrolyte cells by co-firing and by PLD are
approximately 0.3 Q cm” [6] and 0.09Q cm? [7] at 650°C, respectively. The SSC cathodes
used in this work show cathode resistances (R.) of approximately 0.1Q cm” at 600°C, and
0.06Q cm® at 650°C. Therefore, a bi-layered cell structure is capable of meeting the cell
performance requirements (R, less than 0.5Q cm?) at operating temperature below 650°C.
The main issue is the development of a cost-effective fabrication technology to mitigate the

interaction between the two electrolyte layers.

11.3Ultra-thin electrolyte SOFCs operating at lower temperature

Ultra-thin electrolyte cells will be an interesting research area for SOFCs operating
below 500°C, such as portable micro-SOFCs. Based on the R, requirement of 0.15 Q cmz,
the thickness of ceria-based electrolytes or bi-layered electrolytes has to be 5 micrometers
or less. Such electrolyte thickness is possible to be fabricated by wet ceramic processing as
demonstrated in Chapter 8, but ensuring the processing quality control will be difficult and
important. Meanwhile, electrodes, especially the cathode will be another challenge for
retaining cell performance. Although the ceria-based electrolyte is promising for low
temperature SOFCs, its electronic conductivity problem at elevated temperatures has to be
solved. Since the electronic conductivity of ceria-based electrolytes becomes negligible at
temperatures below 500°C, the future development of lower temperature SOFCs may use
ultra-thin ceria-based electrolytes as a good approach to retain adequate cell performance at

such a low temperature range.

11.4Electrolyte utilization in ultra-thin electrolyte cell

When the electrolyte thickness is reduced to micrometer and sub micrometer for
compensating the electrolyte resistance at a lower temperature, electrolyte utilization will
be an emerging issue. This is because of the electrolyte contacts with porous electrodes
possessing pores sized at almost the same dimension of the electrolyte thickness in the
state-of-the art SOFC electrodes. The electrolyte may not effectively function at those

micro-pore areas, and the shadowing effect will limit the electrolyte utilization as a whole
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[8]. In this regard, nano-particle sized electrode configurations and their processing

methods have to be explored in order to improve the electrolyte utilization.

11.5Low temperature cost-effective deposition approaches for bi-layered electrolyte cells

Low temperature SOFC cathodes commonly react with preferred electrolyte
material stabilized zirconia during operation and form an insulating zirconate phase. A

dense barrier layer of doped ceria is required to avoid the reaction. Because inter-diffusion

between ceria and zirconia occurs at temperatures as low as IOOOOC, conventional
fabrication techniques, which incorporate a high temperature sintering step to densify the
electrolyte, suffer an electrolyte resistance beyond that of the individual electrolyte layers.
An alternative direct deposition process with processing temperature less than 1000°C is
recommended in this regard. Vacuum based physical vapor deposition methods, including
pulsed laser deposition, magnetron sputtering, and electron beam evaporation, have been
demonstrated as having this capability. However, vacuum based physical vapor deposition
methods inevitably have a high implementation cost, which not only arises from the
requirement of a controlled vacuum environment during deposition and the limited
scalability to large area substrates, but also from the relatively low deposition rates. In
order to meet the target cost for the commercialization of SOFCs (< $400/kW), only cost-
effective processes should be considered for the fabrication of the bi-layered electrolyte.
Besides the approaches used in this dissertation work, suspension thermal spraying
technique and spray pyrolysis technique are recommended for the future development due
to their potential of low cost and low substrate temperature deposition of a dense ceria thin

film on the top surface of a zirconia electrolyte substrate at processing temperature less

than 700°C [9].

11.6Metal-supported LT-SOFC development

Although conventional ceramic-supported solid oxide fuel cells (SOFCs) demonstrate
a good cell performance at reduced operating temperature of 650°C or below, the intrinsic
brittleness of the cermet substrate generates two main drawbacks. One is the difficulty in
scaling up the cell size to the m” level in order to meet a large demand on power output.

The second drawback is that the cermet substrate alone takes over 90% of the total cell
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material cost, which limits the SOFC cost reduction to meet the market requirement
($400/kW). Metal-supported SOFCs offer many advantages over conventional ceramic-
supported SOFCs [10]. Due to their good thermal conductivity and ductility, metal-
supported SOFCs may both improve thermal shock resistance and alleviate internal
temperature gradients. Switching from ceramic supports to metal supports also allows use
of conventional metal joining and forming techniques, and mitigates the challenges on
sealing and electrical connection (contact). The most significant advantages of using metal
supports are the opportunity to significantly reduce the material and manufacturing costs of
SOFC stacks and to provide sufficient mechanical strength for cell size scale-up to meet
large power outputs in practice. Despite these potential merits, a metal-supported cell has
to operate below 600°C owing to metal oxidation. Two big challenges lie ahead. One is the
missing of a practical deposition technology of thin ceramic coatings on porous metal
supports. The other is the lack of a stable metal support with well-defined material and
microstructure. The processing challenges have seriously impeded the development of
metal-supported SOFCs. Therefore, low temperature cost-effective deposition approaches
for bi-layered electrolyte cells (as stated in the section 11.5) are important for low

temperature metal-supported SOFC development.

11.7Cathode stability issue

Improving cathode stability is a key to improving the bi-layered electrolyte cell
stability. Several approaches are recommended for future research: 1) modify the cathode
composition and microstructure, to improve CTE matching with the electrolyte, 2) improve
the cathode bonding strength with the electrolyte by optimizing cathode sintering process,
3) study degradation mechanisms of mixed conductive cathodes on ceria-based

electrolytes.
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12. Appendices

Appendix A. Thermodynamic calculations

Four types of fuels are used for the thermodynamic calculations. They are hydrogen
(H), methane (CH4), carbon monoxide (CO), and carbon (C). Air is used as the oxygen
source for the cell reactions.

The cell reactions are listed below:

1) Fuel Hydrogen H,
Reactions

Anode reaction: H, + 0" - H,O+ 2¢
Cathode reaction: 1/20,+2¢ — O

Fuel cell reaction: H,+ 1/20, - H,0 (Reaction 1)
2) Fuel Methane CH,
Reactions

Anode reaction: CH, + 40% - CO, +2H,0+ 8¢
Cathode reaction: 20, + 8¢ — 4 o*

Fuel cell reaction CH,+ 20, —» CO, + 2H,0 (Reaction 2)
3) Fuel Carbon monoxide  CO
Reactions

Anode reaction: CO + 0> — CO,+ 2¢
Cathode reaction: 1/20, +2 ¢ — o*

Fuel cell reaction CO+ 1/20, —» CO, (Reaction 3)
4) Fuel Carbon C (graphite)
Reactions

Anode reaction: C +20° — CO,+ 4¢e

Cathode reaction.O, +4 ¢ — 2 o*
Fuel cell reaction C + O, —» CO, (Reaction 4)
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From Lange’s Handbook 15" ed., the enthalpies (A H’: ) and Gibbs energies (A G°%)

of formation, entropies (S°), and heat capacities (C°,) of the reaction species of the above

reactions (1)-(4) are listed in Table 12-1.

Table 12-1 Enthalpies and Gibbs energies of formation, entropies, and heat capacities of

the reaction species (Data from Lange’s Handbook 15™ edition)

Species A H%[kd/mol] | AG°% [kJ/mol] | S°[J/(molK)] | C°[JI/(molK)]
C (s) 0 0 5.74 8.517
CHs (2) 74.6 -50.5 186.3 35.7

CO (g) -110.53 -137.16 197.66 29.14
COz2(g) -393.5 -394.4 213.8 37.1

H, (g) 0 0 130.68 28.84
H,0(g) -285.8 -237.1 70.0 75.4

02 (g) 0 0 205.2 29.4

At a temperature of T, the standard Gibbs free energies A G°r and Nernst potentials

Ex.r of Reactions (1)-(4) are calculated based on Equations 12-1 to 12-13. The calculation

results are listed in Tables 12-2 to 12-5.

A HO = Z(AHOf, j)products - Z(A Hof, i)reactants

A GO = Z(AGOf,j)products = Z(A Gof, i)reactants

A SO = Z(ASO j)products = Z(A SO i)reactants

A Cpo = Z(A C° j)products - z(A Cpoi )reactants

A Hr = AH® + A Cp° (T-298)

A G = AG® + A S° (T-298)

(Equation 12-1)

(Equation 12-2)

(Equation 12-3)

(Equation 12-4)

(Equation 12-5)

(Equation 12-6)
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E° = A G° /(nF) (Equation 12-7)

E°t=E®+ A S°(T-298) /(nF) (Equation 12-8)
EN — E? +£lnp0 c +Elnm ] )
4F 2O 2F  Puow (Equation 12-9, for Reaction 1)

RT RT Peu,
E,=E) +—Inp +—In : : -
TR T 0,(0) " §F Peo.cn . o (Equation 12-10, for Reaction 2)
RT RT . Pcoca (Equation 12-11, for Reaction 3)

E,=E) +—Inp +—In

RT RT 1
In

E,=E) +——In +——
Yo aF Po0 4F  Pco,a

(Equation 12-12, for Reaction 4)

Theor. eff. = A GOT/A HOT (Equation 12-13)

The typical SOFC exhibits an ohmic resistance behaviour during the operation with
a typical Voc of approximately 1 V. Assuming that the cell operates at i =0.5 A cm™ under
fuel utilization Ur =80% at 873K, based on Equations (1-4) and (1-14) (cf. Chapter 1), the
required values for cell efficiency (g), cell voltage (Ven), and cell resistance (R;) can be

calculated and are listed in Table 12-6.

Ri=(Voc -Vean)/i (Equation 1-4)
= AGy X v xU,
AH] E; (Equation 1-14)
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Table 12-2 Thermodynamic calculation results of Reaction 1 using hydrogen as fuel

H, fuel

TIK] 298 673 773 873 973 1073 1173 1273
A H’; [kJ/mol] -241.83| -245.55| -246.55| -247.54| -248.54| -249.53|-250.52| -251.52
A G°r [kJ/mol] -228.61| -211.95| -207.51| -203.07| -198.63| -194.18[-189.74] -185.30
Theor. efficiecy[%] 0.945  0.863 0.842 0.820 0.799 0.778| 0.757 0.737
E°[V] 1.1847| 1.0984 1.0753 1.0523|  1.0293] 1.0063| 0.9833 0.9602
Exr [VI* 1.2193] 1.1765 1.1651 1.1537)  1.1423] 1.1309| 1.1195 1.1081
*under ambient atmosphere anode 97%H,+3%H,0 cathode  air

Table 12-3 Thermodynamic calculation results of Reaction 2 using methane as fuel

CH, fuel

T K] 298 673 773 873 973 1073 1173 1273
A H; [kJ/mol] -802.56] -798.88| -797.89| -796.91| -795.93 -794.94| -793.96 -792.98
A G; [kJ/mol] -801.11| -799.18| -798.66| -798.15| -797.63 -797.12| -796.60 -796.09
Theor. efficiecy[%] 0.998]  1.000 1.001 1.002 1.002 1.003] 1.003 1.004
E%r [V] 1.0379] 1.0354 1.0347 1.0340] 1.0334 1.0327| 1.0320 1.0314
Enor [V]* 1.0627| 1.0916 1.0992 1.1069] 1.1146 1.1223| 1.1300 1.1377
*under ambient atmosphere anode 95%CH4+2%C0,+3%H,0 cathode air

Table 12-4 Thermodynamic calculation results of Reaction 3 using carbon monoxide as

fuel

CO fuel

T [K] 298 673 773 873 973 1073| 1173 1273
A H’; [kJ/mol] -282.98| -285.50| -286.17| -286.84| -287.51 -288.18] -288.85 -289.52
A G’ [kJ/mol] -257.23| -224.81| -216.17| -207.52| -198.88 -190.23| -181.59 -172.94
Theor. efficiccy[%] 0.909] 0.787 0.755 0.723 0.692 0.660[ 0.629 0.597
E°r[V] 1.3330] 1.1650 1.1202 1.0754 1.0306 0.9858] 0.9410 0.8962
Enor [V]* 1.3676] 1.2432 1.2100 1.1768] 1.1436 1.1104| 1.0772 1.0441
*under ambient atmosphere anode 97%C0O+3%CO, cathode air

Table 12-5 Thermodynamic calculation results of Reaction 4 using carbon as fuel

Carbon fuel

T[K] 298 673 773 873 973 1073 1173 1273

A H’; [kJ/mol] -393.51| -393.81| -393.88] -393.96] -394.04 -394.12 -394.20 -394.28

A G’; [kJ/mol] -394.39| -395.47| -395.76] -396.05| -396.34 -396.63| -396.92 -397.21

Theor. efficiccy[%] 1.002 1.004 1.005 1.005 1.006 1.006| 1.007 1.007
Er[V] 1.0219 1.0247 1.0255 1.0262| 1.0270 1.0277| 1.0285 1.0292

Enor [V]* 1.0121 1.0025 1.0000 0.9974  0.9949 0.9923| 0.9898 0.9872

*under ambient atmosphere anode 97%CO, cathode air
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Table 12-6 Relation of cell efficiency with cell voltage and cell resistance for different

fuels

Fuel type Eff. (e) [%0] 30 40 50 60
Vear [V] 0.481 0.641 0.802 0.962

H, R, [Q cm’] 1.038 0.717 0.397 0.076
Veen [V] 0.387 0.516 0.645 0.774

CH,4 R, [Q cm’] 1.226 0.968 0.709 0.451
Veen [V] 0.557 0.743 0.929

CO R, [Q cm’] 0.885 0.514 0.142
Ve [V] 0.383 0.510 0.638 0.766

C R [Q cm’] 1.234 0.979 0.724 0.469

A short summary

It is clear that for an SOFC to reach 50% electrical efficiency, the total cell
resistance may vary with different types of fuels. For H,, it should be approximately 0.4Q
cm?, while for carbon it can be 0.72 Q cm’ due to their thermodynamic efficiency

difference.
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Appendix B. Electrolyte conductivity and cathode
characterization

Materials: YSZ (8Y), SSZ, SDC, and SSC

Electrolyte preparation was carried out by powder cold pressing at SOMPa for 2

minutes with a die of 20mm in diameter, then firing for Shr at 1400°C for YSZ and SSZ,
and at 1450°C for SDC. The electrolyte pellets are then polished to remove potential
contamination during the firing. SSC cathodes are applied to both surfaces of the
electrolyte pellets, after the thickness of the electrolytes was recorded. Table 12-7 details

the information obtained about the electrolytes and symmetric cells.

Table 12-7 Information of the electrolytes and symmetric cells

Cell configuration SSC/SDC/SSC SSC/SSZ/SSC SSC/YSZ/SSC
Electrolyte material SDC SSZ YSZ
e @ @O
Sample appearance
Thickness of electrolyte (cm) 0.0490 0.0715 0.0691
Diameter of electrolyte (cm) 1.545 1.53 1.564
Sintering condition 1450°C x5hr 1400°C x5hr 1400°C x5Shr
Electrolyte density (g/cm’) 7.01 5.87 5.88
Cathode material SSC SSC SSC
Diameter of electrode A (mm) 8.00 9.00 8.00
Area of electrode (cm?) 0.50 0.64 0.50
Sintering condition before in situ heating up to | in situ heating up to |in situ heating up
measurement 950°C 850°C to 850°C

Characterization: density, electrolyte conductivity and cathode performance

Density was determined by Archimedes method, and by weight and volume

calculations. Conductivity testing was performed using symmetric cells with in-situ
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sintered SSC cathodes. Measurements were conducted in air in the temperature range of
500-850°C at 50°C intervals, by EIS and by potentiodynamic tests at scan rates of 4mV/sec
in the range of £ 200mV. Cathode polarization resistances were obtained from the EIS

measurement.

Results

1. Electrolyte conductivity

Figure 12-1 is the Arrhenius plot of the conductivity of the three electrolytes SDC,
SSZ, and YSZ used in this study. Table 12-8 summarizes the measured conductivity results

of these electrolyte materials.
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Figure 12-1 Measured conductivities of SDC, SSZ, and YSZ electrolytes used in this study.
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Table 12-8 Conductivity results of the three electrolytes SDC, SSZ, and YSZ, in this study

Temperature 1000/T Conductivity (Sm™)

°C) (L/K) SDC SSZ YSZ

500 1.294 0.4717 0.2298 0.1136
550 1.215 0.9277 0.6207 0.2757
600 1.145 1.6713 1.3880 0.6016
650 1.083 2.8319 2.5516 1.2409
700 1.028 4.5062 4.2369 1.9859
750 0.977 6.5990 5.8027 3.0935
800 0.932 9.1349 7.5931 4.5530
850 0.890 12.1243 11.2000 6.4937

According to the Arrhenius equation (1-12), we have In(cT) = a - b/T (here G is the

conductivity, T is absolute temperature, a and b are coefficients) and E, = bR (here R is the

gas constant). Fitting the experimental data with this formula, we have the activation

energy Ea values of the electrolytes, listed in Table 12-9.

Table 12-9 Fitting results for electrolyte conductivity

Temperature Parameter SDC SSZ YSZ
500-650°C a 18.01 21.18 20.25
b 9.37 12.34 12.20
Eq(kJ mol™) 77.87 102.61  101.43
650-850°C a 16.88 16.60 17.50
b 8.26 7.98 9.67
Ea(kJ mol™) 68.64 66.36 80.36
500-850°C a 17.63 18.78 18.75
b 9.04 10.33 10.95
E.(kJmol")  75.14 85.88  91.03
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Our results are in good agreement with results published by others for the same or
similar compositions [1, 2]. For example, Buncan et al. reported [3] the conductivity of
SDC as 1.67-2.08 S m™ at 600°C, and 8.3-9.8 S m” at 800°C based on similar EIS
measurements with different electrode materials: Au, Pt, Ag, or LSCF.

It has been claimed that GDC and SDC are the best candidates for LT-SOFCs due
to high ionic conductivity and good compatibility with mixed conductivity cathode
materials, in spite of the obvious problem of electronic internal leakage. The results shown
in Figure 12-1 seem to question the claim of doped ceria being a much better ionic
conductor than any zirconia, unless the temperature is well below 600°C. The SSZ

electrolyte used in this study also exhibits high ionic conductivity.

2. Cathode performance

Using similar symmetric cells for electrolyte conductivity measurement, two
samples with the composite cathodes SSC#3, pre-sintered at 1000°C for 2hr on the SDC
electrolytes, were also tested in this study.

The results are listed in Table 12-10 along with pure SSC cathode resistances. The
obtained SSC cathode activation energy is approximately 125-132 kJ mol”', comparable to
the literature 131 kJ mol™ [4]. It is clear that the resistance of SSC is slightly better than
the SSC#3 (with 25wt% SDC), which is a typical composite cathode in this dissertation
work. It seems that the ionic conductivity of pure SSC cathode material is sufficiently high.
Common SSC+SDC composite cathode approach may only benefit to thermo-mechanical
and microstructural stability of the cathode. The measured cathode resistances using
symmetric cells seem slightly higher than in the thin SDC electrolyte cells which
demonstrate an R, at 600°C of approximately 0.1 cm’. There are two possible
explanations for this deviation: one is that in the cermet-supported SDC cell, the cell
temperature may be slightly higher than the monitored temperature due to the internal
shorting mechanism. The second is that using the symmetric cell to get the Rc may not be
very reliable because one of the electrodes is working as a cathode (oxygen reduction),
while the other electrode is working as an anode (oxygen evolution). The R, obtained in

this way is half of the R, in the EIS measurement, under an assumption that both oxygen
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reduction and evolution have the same resistance, which may be not valid. However, this

approach is accepted by some renowned research groups [5, 6].

Table 12-10 SSC and SSC#3 cathode resistances on SDC electrolyte obtained from

symmetric cells

Temperature 1000/T Cathode resistance R, (Q m?)
(°C) (1/K) SSC SSC#3-1 SSC#3-2

450 1.386 3.871 6.124 3.756

500 1.293 1.268 1.514 1.206

550 1.215 0.404 0.533 0.444

600 1.145 0.118 0.152 0.173

650 1.083 0.041 0.062 0.071

700 1.028 0.015 0.027 0.016

E. (kJ mol™) 131.4 127.7 125.6
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