auvAgaailnines LnSrs,Ca,Fes, B0y (Ln = La, Pr way Sm; x = 0-1.0; B = Co, Ni @y

Cu; y = 0-1.5) dmsuwadwamdseanlanvosudiigamgiuviunans

[

Y9EINN5E 1FaERNa

9

unAngauasuiiudoyaatuiinvaineinusaauntnisfing 2554 liusnisluadatdyaign (CUIR)
\uuitudoyavestidndwoivendnus Ndsnunadudningidy
The abstract and full text of theses from the academic year 2011 in Chulalongkormn University Intellectual Repository (CUIR)

are the thesis authors' files submitted through the University Graduate School.

o’dyc: 1 =)
b

MenfinusiiludiumilveinsAnwmunanansusyyineimansa vl Undin
a1 Ulasiad
ANEINYIAERNT PNAINTAMINEFY
YnsAnwn 2560

AUANSYRIPIRAINTAIINING S



FWIAINTAUNNIINY 1Y
CHuLALONGKORN UNIVERSITY



ELECTROCHEMICAL PROPERTIES OF LnSrs,Ca,Fes,B,O1o (Ln = La, Pr AND Sm; x = O-
1.0; B = Co, Ni AND Cu; y = 0-1.5) FOR INTERMEDIATE TEMPERATURE SOLID OXIDE
FUEL CELLS

Miss Nicharee Wongsawatgul

A Dissertation Submitted in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy Program in Petrochemistry
Faculty of Science
Chulalongkorn University
Academic Year 2017

Copyright of Chulalongkorn University



FWIAINTAUNNIINY 1Y
CHuLALONGKORN UNIVERSITY



Thesis Title ELECTROCHEMICAL PROPERTIES OF LnSrs CayfFes

/8,010 (Ln = La, Pr AND Sm; x = 0-1.0; B = Co, Ni
AND Cu; y = 0-1.5 FOR INTERMEDIATE
TEMPERATURE SOLID OXIDE FUEL CELLS

By Miss Nicharee Wongsawatgul

Field of Study Petrochemistry

Thesis Advisor Assistant Professor Soamwadee
Chaianansutcharit, Ph.D.

Thesis Co-Advisor Professor Kazunori Sato, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partial

Fulfillment of the Requirements for the Doctoral Degree

Dean of the Faculty of Science

(Professor Polkit Sangvanich, Ph.D.)

THESIS COMMITTEE

Chairman

(Assistant Professor Warinthorn Chavasiri, Ph.D.)

Thesis Advisor

(Assistant Professor Soamwadee Chaianansutcharit, Ph.D.)

Thesis Co-Advisor

Examiner

(Associate Professor Rojana Pornprasertsuk, Ph.D.)

Examiner

(Assistant Professor Varawut Tangpasuthadol, Ph.D.)

External Examiner

(Assistant Professor Jinda Yeyongchaiwat, Ph.D.)



8138 Nﬁai’aéqa : antAalilndiives LnSrs,CaFes B0 (Ln = La, Pr uay
Sm: x = 0-1.0; B = Co, Ni uay Cu; y = 0-1.5) dmduwadiiomdsesnlsfvaudsd
gamafiu1unans (ELECTROCHEMICAL PROPERTIES OF LnSr;,Ca,Fes B0y (LN
= La, Pr AND Sm; x = 0-1.0; B = Co, Ni AND Cu; y = 0-1.5) FOR INTERMEDIATE
TEMPERATURE SOLID OXIDE FUEL CELLS) 8.fiUSnwiinendnuswdn: ue. n3.lau

9 lypetiudgase, 8. iUsnwineinussiu: f. as.adlus anld, wih.

a

Anwszdnsnmdslniiedivestiualnalugadeindeanlenveauningumnnll

Y

U1unang 910 LnSryCaFes B0y (Ln = La, Prand Sm; x = 0-1.0; B = Ni, Co, and Cu; y
- 0-1.5) fifllasead1aa Ruddlesden-Popper (R-P) FunSeuldanniSunlndi@n3nlumse

lursusniitnsAneinanisiiy Ca 1AL TNTUA99 aslulAseadng Lasr,CaFes0:06

[

nuddannianududures Ca alvAIANAIUNILRNIsYRLgads o NuNA A a1y

] '
calal =

UszanSammaediniveawadnavy sadunauiainanuaiuisalunisin i ddiuau

LAEANFUUIZANSNSVLNUHINIIAINSToUTANAT NAINUULAANYINAVDINITWNUN La Ae

(Y I

Pr hag Sm nuindandiunuials Pr dussansninmiaadluiiveswadniiuduwazlian

9
(%

AUAIUNIULANIZFHDNUNTAAN1AY LLBININNDBNTLIU LD BUAIUITOLARDUTIHIUT DI

aaa

sonduliuniu Sudumsiaujisenssnduveanan ludwiiawdnwinisunudives Ni,
Co, Wag Cu Neunus Fe nuussansarnmaiiaiveswadvesianiunuiinienisiiy
Co wag Cu HANANTY wazdArmuiumusaiuianad vstiloswnainAnisinluiuay

AENsatunsedeuivessanlydlessudiiiuuniu wazdrugavineiunisin winasn

1%

USua Co Mmslu Prr,,CagsFes ,Co,010.6 NUIBiaLfinANLluTuvas Co Usednsnn

e 1 L4

Ml edvesaadiiAianad WIoUNIAIAIUA UM TR NUNIAETY Fadunaann
NsinGeUNTeIeRNTIUTARALAEAHIUTEANEN5VE1EAINIIANUTOUNLgUUBE N
sratuluauIfeaselinuan Pror, ,Cag sFe, sCop 50106 Nt Junalnalutgadifeinana

Usgdngammsliiliaiilugadiewmaseanledvesuisngamgiviunansldaiian lngli

o w

AMaslnfAeentien 481 MW cm? wagliANUAIUNIURNIZADNUAN 1.18 Q cm?

=Y

a1l Uleswedl aneilevalan

UnsAnw 2560 aneilete 0.9USNE AN

A A P 1
AN8UBIB 8.91UINWY159U



# # 5572874923 : MAJOR PETROCHEMISTRY

KEYWORDS: SOFC / CATHODE MATERIAL / RUDDLESDEN POPPER / ELECTROCHEMICAL
NICHAREE WONGSAWATGUL:  ELECTROCHEMICAL PROPERTIES OF LnSrs
CaFes B0 (Ln = La, Pr AND Sm; x = 0-1.0; B = Co, Ni AND Cu; y = 0-1.5)
FOR INTERMEDIATE TEMPERATURE SOLID OXIDE FUEL CELLS. ADVISOR: ASST.
PROF. SOAMWADEE CHAIANANSUTCHARIT, Ph. D., CO- ADVISOR: PROF.
KAZUNORI SATO, Ph.D., pp.

To enhance the electrochemical performance of cathode material for
intermediate temperature solid oxide fuel cell (IT-SOFC) the Ruddlesden-Popper (RP)
phases of LnSrs,Ca,Fes B0y, (Ln = La, Prand Sm; x = 0-1.0; B = Ni, Co, and Cu; y = 0-
1.5) was investigated and prepared by citric nitrate combustion method. Firstly, various
Ca concentrations were added to the LaSr;. Ca,Fe;0,.6 structure and it was found that
the materials contained low Ca concentration provided the lower area specific
resistance (ASR) and better electrochemical cell performance due to the enhance in
conductivity and reduction of TEC. Secondly, the effect of Pr and Sm replacement for
La in LaSr, ;Cag sFes04.6 was evaluated. The electrochemical cell performance of Pr
substituted materials was promoted with the reduction of ASR due to the increase of
oxygen migration through the oxygen vacancy and the reduction of Fe. Thirdly, the
substitution of Ni, Co and Cu for Fe in PrSr, ;Cag sFe; 5Bo 501086 was studied. The
electrochemical performance of Co and Cu substituted materials was enhanced while
the ASR was reduced because the conductivity and oxygen diffusivity were increased.
Lastly, the effect of Co concentration in PrSr, ;Cag sFe;.,Co,0;.6 was evaluated. The
increased Co concentration decreased the electrochemical performance with
increasing of ASR due to the lowering oxygen mobility, and the TEC was significantly
increased. Thus, among the oxides examined in this work, PrSr, ;Cag sFe, 5Cop 50108
cathode showed the best electrochemical performance of single cell IT-SOFC with the

maximum power density of 481 mW.cm ™ and the lowest ASR of 1.18 Q cm?.

Field of Study: Petrochemistry Student's Signature

Academic Year: 2017 Advisor's Signature

Co-Advisor's Signature



ACKNOWLEDGEMENTS

First of all, I would like to explicit my profound gratitude to my advisor,
Assistance Professor Soamwadee Chaianansucharit, for giving me the benevolent
support, advice, guidance for my research work and great opportunity to study in
Japan; for her sympathy and tolerance and for having encouraged me to keep going.
| would also express my sincere thanks to my co-advisor, Professor Kazunori Sato,
for his unlimited willingness to help, listen, and give me a great deal of advice in
scientific and most of all social matters. | would also like to thank my committee
members Associate Professor Rojana Pornprasertsuk, Assistant Professor Varawut
Tangpasuthadol, and Assistant Professor Jinda Yenyongchaiwat, for their valuable
time and thoughtful insight. | wish to thank past and present SOFC laboratory
members for their humor and kindness, for his help and for all the interesting

discussions we had.

Yet, most of all, | want to thank my parents and sister for their spiritual

and financial support, which ensure | can finish my study here.

Vi



CONTENTS

Page

THAD ABSTRACT .ttt ettt esssenenas iv
ENGLISH ABSTRACT .ttt Y
ACKNOWLEDGEMENTS ..ttt vi
CONTENTS <ttt bbbttt vii
LIST OF FIGURES ...ttt 1
LIST OF TABLES .ttt saeb s 1
CHAPTER | INTRODUGCTION ......ttuttritittistste ettt ettt 1
CHAPTER Il BACKGROUND AND THEQORY ...ttt 4
2.1 FUEL COUS ueeeca e e i op e 50 M e ar e se e e e seseseseesesesenes 4
2.2 Classification of fUEl CEULS ..ot 5
2.3 Solid oxide fuel Cells (SOFCS) ...t 7
2.3.1Definition and PrINCIPLE ...c.iieieieeee et 7
2.3.2Electrochemical performance of SOFC .......cciieiiiiieiicceceeeee e, 9
2.3.350FC materialsg WA aNASTUUBIINE AL et 10
2.3.3.1 ElectrolgteUreglite MamtUiR Iy, SN EDDALY . e 11
2.3.3.2AN0dE reqUIrEMENT. ..ot 13
2.3.3.3Cathode requIreMEeNT.......cccviiricece e 14
2.3.3.0CathOAE TEVIEW ..ottt 14
CHAPTER [ EXPERIMENTAL. ...ttt 22
3.1 Material Preparation ... 22
3.1.1Chemicals @and MEAGENTS. ..o 22

3.1.25amMPle PreParation .....cc ettt 22



viii

Page
3.1.2.1 Cathode Preparation..........c e 22
3.1.2.2 Electrolyte preparation ... 24
3.1.2.3 AN0dE PrepParation .....ccccceeeeeeeeeee e 24
3.2 Physical properties characterization ... 24
3.2.1Structural charaCterization ... 24
3.2.2Microstructure characterization ... 25
3.2.3Thermogravimetric @aNalySiS. ...t 25
3.2.4Thermal expansion MEASUTEMENT ...c.cue. ittt eeaes 25
3.3 Single cell fabrication and fuel cell set-up consideration ...........ccccoeeeereeirinnnnee. 26
3.4  Electrochemical ProPerties. ... 29
3.0.1TOtal CONAUCEIVITY oottt 29
3.4.2Electrochemical PerformMance ... 30
3.4.3Electrode resistance characterization ..., 30
CHAPTER IV RESULT AND DISCUSSION ...ttt 32
4.1  Effect of Ca substitution for Srin LaSrs,CaFes0,0.6 Ruddlesden-Popper
phase 32
4.1.1Crystal structure and phase identification of LaSrs ,CaFes010.8 . vvevevrriireenunnnee 32
4.1.2TG analysis Of LaSrs , CaFe3010.8 et 37
4.1.3Total conductivity of LaSrs  CaFe3010.8 oo 39
4.1.4Microstructure of LaSrs CaFe30 108 oottt 40
4.1.5Thermal expansion behavior of LaSrs ,CaFes010.6 . e a2
4.1.6 X-ray Photoelectron Spectroscopy (XPS) of LaSrs,CaFes010.6.wwrrrrrrniennnne 44

4.1.6.1 Calcium spectra in LaSrs ,CaFesz010.8. et a4



Page
4.1.6.21ron spectra in LaSrs,CaFez010.8 o 45
4.1.7Electrochemical performance of LaSrs , Ca,Fez010.8 v, a7
4.1.7.1 Single cell performance for LaSrs,CaFes049.6 cathode .......cccceeiiinnee. a7
4.1.7.2 Resistance of the single cells for LaSr;,CaFe;049.6 cathode................... 51
4.2  Effect of lanthanide ion in LnSr,;CagsFe;0q0.6 (LN = La, Pr, and Sm)

Ruddlesden-Popper phases as Cathodes for Intermediate Temperature Solid
OXIAE FUBL COILS .ottt aeees 55
4.2.1Crystal structure and phase identification of LnSr,7Cag3F€3010.8. . cvevevriireenicnee 55
4.2.2TG analysis of LNSr;7Ca03F@3010:8 wvrveerrririiieieieiisieieieeeeseieieeee e 59
4.2.3Thermal expansion behavior of LnSr;7CagsFes010.8. o wmimemeveieeieiririreiccsrese, 61
4.2.4Total conductivity of LnSry7CagzFe3010.8 «ovovevrreievereieiiiicicieeeee e 63
4.2.5Microstructure of LNSrs  CaFes010.6 . coiveriiieiieeeieeeeeeeeeeeeeeeeeeeee e 65
4.2.6X-ray Photoelectron Spectroscopy (XPS).....cccciuieeneinineieieeinsiseeeseisnens 66
4.2.6.1 Lanthanum spectra for LaSr;7Cag3Fe3010.8 «vvveveveveeeeeieieeeeeeeeeee, 66
4.2.6.2 Praseodymium spectra for PrSry7Cag3Fe3010.8 . eeveveverereeeeieieeeeieieiene, 67
4.2.6.3 Samarium spectra for SmSr;7Cag3Fe30 108 mrmememereiiieieirieeeieeeeee e, 69
4.2.6.41ron spectra of LNSry7Cag3F€3010.8 < vvvreeeiiieieieieieieieieieeeeee e 70
4.2.7Electrochemical performance of LnSry7Cag3Fe3010.8.wemevereerereriririririrrrsirrenen. 72
4.2.7.1 Single cell performance for LnSr,;CagsFe30;0.6 cathodes ..., 72
4.2.7.2 Resistance of the single cells for LnSr,;CagsFes0;0.6 cathodes............... 74

4.3  Effect of transition metal in PrSr,;CagsFe, 5Bo5010.6 (B = Fe, Ni, Co, and Cu)
Ruddlesden-Popper phases as Cathodes for Intermediate Temperature Solid

OXIAE FUBL RIS ettt ettt ettt e e et e e e et e et eeeeeseeeeaeeeaeeeaeeeaeen 77



Page
4.3.1Crystal structure and phase identification of PrSr,;CagsFes5By5010.8vrvevenne. 77
4.3.2TG analysis of PrSry7Cag3Fes5Bo5010.8 wververereriiiieieieieieeeieieeeee e 81
4.3.3Thermal expansion behavior PrSr,;Cag3Fe;5Bo5O10.8 vvreereereeeeieirieirieieieieeeeinen. 83
4.3.4Total conductivity characterization of PrSr,,CagsFe;5B05010.8 voveverevirveverennnn. 85
4.3.5Microstructure of PrSr,,CagsFe;5Bp5010.6 (B = Fe, Co and CU)....c.ceevvevevenenn.. 86
4.3.6Electrochemical performance of PrSr,7Cag3Fe,5Bo 50108 mevereeeveierrieiririeiririine. 87
4.3.6.1 Single cell performance for PrSr,-CagsFe; sBys010.8 cathodes................. 87
4.3.6.2 Resistance of the single Cells......iii e, 89
4.4  Effect of Co concentration in PrSr,;CagsFesCo,010.5 (y = 0.5-1.5)

Ruddlesden-Popper phases as Cathodes for Intermediate Temperature Solid
Oxide Fuel Cells......nrvenee e S PTG TIEMEL -1k erereaeaeacaeeeee s seneeseseseseseseseneasasasanas 91
4.4.1Crystal structure and phase identification of PrSr,;CagsFesCoy010.6..vmnnnnn 91
4.4.27G analysis Prory 7Cag 3FesCOy010-8. i 94
4.4.3Thermal expansion behavior PrSr; ;CagsFes Coy0 108 v, 95
4.4.4Total conductivity characterization of PrSr; ;Cag sFesyCoy010.6. v 97
4.4.5Microstructure of PrSr,;CagsFes CoyOi0.8 (y = 0.5, and 1.0).coccvceiciiciccns 99
4.4.6Electrochemical performance of PrSr,;CagsFes  Coy010.6 o, 100
4.4.6.1 Single cell performance for PrSr,7Ca sFes,Co,0;.6 cathodes............... 100
4.4.6.2 Resistance of the single cells for PrSr,;,CagsFes,Co/0;.6 cathodes ..... 102
CHAPTER V CONCLUSION ..ottt 1
.......................................................................................................................................................... a
REFERENCES ...ttt a



Xi



LIST OF FIGURES

Figure 1-1 World consumption of primary energy by a source in 2015 ... 2

Figure 2-1 Schematic of a solid oxide fuel cell 8

Figure 2-2 Schematic diagram of the triple-phase boundary (TPB) on the cathode..... 8
Figure 2-3 Current-voltage (I-V) curve of a fuel cell and the polarization loss. ........... 10

Figure 2-4 Electrical conductivity of various electrolytes depending on temperature

Figure 2-6 (a) The perovskite structure (ABOs;) , (b) Covalent bonds between anionic

p-orbital and d-orbital of B-Site CAtioN ....ooiviveeeieccecc e 17

Figure 3-1 A schematic configuration of a single cell27

Figure 3-2 Schematic configuration of the single cell test set-up.......cccoeveivrrcinnnnnn. 27
Figure 3-3 SOFC setting SChematiC.....coiiirce e 28
Figure 3-4 Schematic illustration of the DC four — point probe experiment................ 29
Figure 3-5. Cell equivalent CIrCUIT ......ccooiiiiriiiiiiceee s 31

Figure 4-1 XRD pattern of LaSr;,CaFe;0,¢6 after sintered at 1400°C for 12 h and
annealed at 900°C for 30 min with (¥ = LaSrsCa,Fes0q0, and x = (La,Sr)FeOs; (a) x =
0,(P)x=0.1,(c)x=0.3,(dx=05,()x=07,(f)x=10and (g x =15 35

Figure 4-2 (a) Lattice parameter a, (b) and lattice parameters ¢, and (c) unit cell volume

of the LaSrs,CaFes010.8 (X = 0-1.0) oo 36
Figure 4-3 TGA plots of LaSr;,Ca,Fes006 (x = 0-0.7) measured in air at 25-800 °C. .. 38

Figure 4-4 The total conductivity of LaSrs,CaFesOip6 (x = 0-0.7) at 200-800 °C in



Figure 4-5 SEM images of crossed section of LaSrs,Ca,Fez0;p.6: (@) x = 0, (b) x = 0.1, (0)
X = 0.3, (d) X = 0.5, AN () X = 0.7 ettt ettt ee e 42

Figure 4-6 Thermal expansion (AL/L,) curves of LaSr;, CaFe;O0q0.5 (x = 0-0.7) in air at
25800 O ettt ettt ee e iaaan 43

Figure 4-7 XPS spectra of Ca 2p core - level of LaSr;,Ca,Fes0.06 (X = 0, 0.3 and

Figure 4-8 XPS spectra of Fe 2p core - level spectra in LaSrs;,Ca,Fes010.6 (x = 0, 0.3
ANA 0.5). 1 b 46

Figure 4-9 (a) Terminal voltage and (b) power densities as a function of current density

of the LaSrs,, CaFe;0;p.6 (x = 0-0.7) cathodes at 800 °C. ......cocvevveveieeiceeeeeeee 49

Figure 4-10 Terminal voltage (open symbols) and power densities (closed symbols) as

a function of current density of the LaSr,;Cag3sFe;0,0.8 cathodes at 600-800 °C........ 50

Figure 4-11 Impedance spectra of the LaSrs;,Ca,Fe;0408 (x = 0-0.7) cathodes at 800
P trreernerrirenserennenstssssesesnessessssesessen SN AN . <12+ v s+t sesesssresssesesesearatatesesessarasatesesessasasass 53

Figure 4-12 Impedance spectra of the cell for LaSr,,CagsFe;00.6 (x = 0-0.7) cathodes
At 600-800 C. oottt ettt ettt ea sttt ettt ettt ettt st s e 54

Figure 4-13 XRD pattern of the various LnSr,-CagsFes0,.6 after sintered at 1400°C for
12 h and annealed at 900°C for 30 min with (V¥ = LaSrs, Ca,Fes0q9, X = SrFeOs;, and
O = (Ln,SnFe0y); (@) Ln = La, (b) Ln = Prand (€) LN = SM...cviiiiieeeeeeeeeeeeeeeeen 57

Figure 4-14 (a) Lattice parameter a, (b) and lattice parameters ¢, and (c) unit cell

volume of the LnSr,;CagsFe3010.8 (Ln = La, Pr, and SM) oo, 58

Figure 4-15 TGA plots of the LnSr,;CagsFes0i0.6 (Ln = La, Pr, and Sm) measured in air
AT 25-800 O e 60

Figure 4-16 Thermal expansion (AL/L,) curves of LnSr,;CagsFes050.6 (Ln = La, Pr, and
Sm) in air in a temperature range of 25-800 °C compared to LSGM electrolyte.......... 62



Figure 4-17 The total conductivity of LnSr,,CagsFes;0;0.6 (Ln = La, Pr, and Sm) at 200-
8O0 PN @l ettt ettt ettt ettt et ettt et b et ettt ettt ete et et et reeteere s entens 64

Figure 4-18 SEM images of crossed section of the LnSr,,CagsFes010.6 samples: (a) Ln

= L3, (D) LN = Pr, @Nd (€) LN = Sl 65
Figure 4-19 XPS spectra of La 3d core-level of LaSr,,CagsFes010.8. e 66
Figure 4-20 XPS spectra of Pr 3d core — level of PrSr,7Cag3Fe3010.8 . ovevevevereeeeeeeieiennn 67
Figure 4-21 XPS spectra of Sm 3d core - level of SmSr,7Cap3Fe3010.8 . eveveereeeririnnnnn 69

Figure 4-22 XPS spectra of Fe 2p core — level spectra in LnSr,7CagsFes0108 (LN = La,
PE, AN SN ettt ettt ettt ettt et e ettt et ettt e et et anen 71

Figure 4-23. (a) Terminal voltage and (b) power densities as a function of current

density of the LnSr,;CagsFes040.6 (Ln = La, Pr, and Sm) cathodes at 800 °C. .............. 73

Figure 4-24 ASR of the LnSr,;CagsFes0508 (Ln = La, Pr, and Sm) cathodes at 800
CC eerrerreereereesvensrevessesseessessessostosssofoess S ARSI D v eessbahersorsensesesssessessessasssessessesssessesessesseesensenss 76

Figure 4-25 XRD pattern of the various PrSr,;CagsFe; 5By 50106 (B = Fe, Ni, Co, and Cu)
after annealed at 900°C for 30 min with (¥ = LnSrsFe;044.6, X = (Ln,SHFe0s, O =
(Ln,SnFeQ,, and ? = unknown); (@) B = Fe, (b) B = Co, (c) B = Cu, and (d) B = Ni......... 80

Figure 4-26 TGA plots of the PrSr,;CagsFe,sBy5010.6 (B = Fe, Co, and Cu) samples

measured in air at the temperature range of 25-800 °C. ......cccceeiviicvniccrcceee 82

Figure 4-27 Thermal expansion (AL/L,) curves of PrSr,;CagsFe,sBos010.6 (B = Fe, Co,
and Cu) in air at a temperature range of 25-800 °C compared to LSGM electrolyte .. 84

Figure 4-28 The total conductivity of PrSr,;CagsFe,sBys010.6 (B = Fe, Co and Cu) at
200-800 CC TN @l ettt e e ee et are e 85

Figure 4-29 SEM images of crossed section of the PrSr,;CagsFe;sBos010.6: (@) B = Fe,
(D) B = CU, ANA (C) B €O ittt ettt ettt ettt ettt ee e 86



Figure 4-30 (a) Terminal voltage and (b) power densities as a function of current

density of the cell for PrSr,;CagsFe, 5By 50106 (B = Fe, Co, and Cu) cathodes at 800 °C.

Figure 4-32 XRD pattern of PrSr,;Cag sFes,C0,010.6 (y = 0.5-1.5) after annealed at 900°C
for 30 min with (¥ = PrSr,7CagsFes,Co,O10.8, x = perovskite, O = (Pr,Sr,Ca)y(Fe,Co)Oy,
O = (Pr,Sr,Ca)(Fe,C0),07, A = Fe;0,, B = SrO, and ? = unknown); (@) y = 0.5, (b) y =
SO Yo (0 Vs UL O 93

Figure 4-33 TGA plots of the PrSr,;CagsFes,CojO106 (y = 0.5, and 1.0) samples
measured iN air @t 25-800 “C...iiiiiiiiieicceeeeee ettt 95

Figure 4-34 Thermal expansion (AL/L,) curves of PrSr,;CagsFes,Co,010.6 (y = 0.5, and
1.0) in air with a temperature range of 25-800 °C compared to LSGM electrolyte...... 96

Figure 4-35 The total conductivity of PrSr,;CagsFe;,Co,010.5 (y = 0.5, and 1.0) at 200-
0O R G T o T ) OO = 1 A = OO OO UV 98

Figure 4-36 SEM images of crossed section of the Prsr, ;Cag sFes,Co,040.6 cathodes; (a)

Y = 0.5,aNd (D) Y = 1.00 it 99

Figure 4-37 (a) Terminal voltage and (b) power density as a function of current density

of the cell for PrSr,;CagsFes;,Co,0108 (y = 0.5, and 1.0) cathodes at 800 °C............. 101

Figure 4-38 ASR of the cell for PrSr,;CagsFes,Co,010.6 (y = 0.5, and 1.0) cathodes at



LIST OF TABLES

Table 2-1 Summary of the different fuel cell types ..., 6
Table 2-2 lonic conductivity of ceria-based electrolytes. ... 12

Table 3-1 Chemicals and reagents in this research 23
Table 4-1 Peak area and perovskite to RP ratio in LaSrs,Ca,Fe;0508 (x = 0-1.0) 33
Table 4- 2 Average TECs of LaSrs,CafFe;040.5 (x = 0-0.7) in air at 25-800 °C .............. 43

Table 4- 3Percentage for each chemical state of Fe 2p in LaSr;,Ca,Fe;040.6 (x = 0, 0.3
AN 0.5). ottt ettt bttt art

Table 4- 4The maximum power density of the single cells for the LaSr;,Ca,Fes010.6

cathodes (x = 0-0.7) at 600-800 °C iN Hy FUEL ..o 50

Table 4- 5ASR of the single cells for the LaSrs;,Ca,Fes0;.6 cathodes (x = 0-0.7) at 600-
800 PC N Hy TUBL et 54

Table 4- 6Peak area and impurity to RP ratio in LnSr,;CagsFes0i08 (Ln = La, Pr, and

SIM)eeitieiiecieirisseesreneseses O rnesenesnscsnsaenssssssnsssrssesss iGN e coterrmesesenissssssseeisesssssenesosasssssens 56
Table 4-7 TECs of LnSr,,CagsFez010.6 (Ln = La, Pr, and Sm) samples........ccccevireinnn. 62
Table 4-8 Chemical states of Pr 3d for PrSry 7Cap 3F€3010-8. wovvvverevereeieeeeieeeeeeeeeevnn, 68

Table 4-9 Percentage for each chemical state of Fe 2p in LnSr,,CagsFe;0i06 § (Ln =
L@, P, @A SIMN) oot 72

Table 4- 10 The maximum power density of the single cells for the LnSr,;CagsFe;0;0.

& (Ln = La, Pr, and Sm) cathodes at the temperature range of 600-800 °C in H, fuel.74

Table 4-11 ASR of the single cells for the LnSr,;CaysFes00.6 (Ln = La, Pr, and Sm)
cathodes at 600-800 *C N Hy fUEL ..o 76

Table 4-12 Peak area and impurity to RP ratio in PrSr,-CagsFe,sBos010.6 (B = Fe, Ni,



Table 4- 13 Average TECs of PrSr,-CagsFe;sBos010.6 (B = Fe, Co, and Cu) samples at
257800 %C ettt ettt ettt ettt ens 84

Table 4-14 The maximum power density of the single cells for the

PrSr,,CagsfFessBgs010.8 (B = Fe, Co, and Cu) cathode at 600-800 °C in H, fuel. ........... 89

Table 4-15 ASR of the single cells for the PrSr,;CagsFe; 5By 50106 (B = Fe, Co and Cu)
cathodes at 600-800 °C N Hy fUEL.....ciiiiieiiiececeeeeeeeeeeeeeeeee s 90

Table 4-16 Average TECs values of PrSr,;CagsFes,Co,O10.8 (y = 0.5, and 1.0) samples
recorded in air @t 25-800 “C....oviuieceeiceiee ettt 96

Table 4-17 The maximum power density of the single cells for the PrSr,;CagsFes

,C0,010.6 (y = 0.5, and 1.0) cathodes at the temperature range of 600-800 °C in H, fuel.

Table 4-18 ASR of the single cells for the PrSr,;CagsFes,Co,0i06 (y = 0.5, and 1.0)
cathodes at 600-800 °C N Hy fUE ..o 103

Table A-1 lonic radius of related metal ions with their corresponding coordination

numbers 22
Table A-2 Relative density of LnSr;.Ca.Fes B,O10.5 (x = 0-0.7; Ln = La, Pr, and Sm; B =
CO, CU ANA Y = 0-1.0) ittt 23

Table A-3 Peak area of Pr 3d for PrSr,7CagsFe3010.8. ovoveveveeirieieieeiceece e 23

Table A-4 Summary of peak areas for each chemical state of Fe 2p in

Ln5r2'7cao'3Fe3010-6 (l—n = I_a, Pr, and Sm) .............................................................................. 24



CHAPTER |
INTRODUCTION

In the 21°" century, electricity and transportation are important for the modern
life. These sectors are really related to the energy consumption. Figure 1-1 illustrated
the energy source of the world consumption in 2015 and fossil fuels are considered
the major source as 86% of the world energy usage. While the global energy demand
is rising, two major problems have been concerned. Firstly, the reproducibility of fossil
fuel is limited. Secondly, fossil fuel combustion causes CO, emission and pollutants,
NO, and SO,, which relates to a greenhouse effect, global warming, and acid rain.
Moreover, to convert fossil fuel to energy, this process requires the conversion of fuel
to heat, then to mechanical energy and consequently to electrical energy, which is
limited by the Carnot-efficiency (~30% efficiency). To decline these problems, the
different way to produce energy with high efficiency and cleanliness is important. Fuel
cells are an alternative way to use as the energy devices, which directly convert
chemical fuel to electricity through the electrochemical reaction of fuel and oxidant
without any intermediate physical conversion step and attain high energy conversion
efficiency with significantly lower pollutant emission than conventional internal-
combustion engines. Therefore, the main feature of fuel cell is the efficiency, which is

not limited by the Carnot-cycle.
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Figure 1-1 World consumption of primary energy by a source in 2015 [1]

In fuel cell technology, the electrochemical combination of oxidant (oxygen in
air) and fuel (hydrogen from several sources) across an ionic membrane is the main
function. Although fuel cells are not a new technology, their potential in transportation

recently causes a huge attention to the world. [2]

There are many types of fuel cells classified by the type of electrolyte. Among
them, solid oxide fuel cells (SOFCs) have strongly gained attention in a couple decades
as a stationary power source due to their several advantages. [3-8] Fuel flexibility and

high-efficiency generation (~50-60% efficiency) are major preferences of SOFCs.

SOFCs compose of cathode, electrolyte, and anode under a feeding of hydrogen
and oxygen source to cathode and anode as fuel and oxidant, respectively, at a high
operating temperature (around 900-1000 °C) to achieve the satisfied oxygen fluxes. [7,
9, 10] However, the high operating temperature causes some problems affecting the fuel cell
performance, for example, reaction occurs between electrode and electrolyte. [11] A
conventional SOFC cathode, La;,Sr,MnOs, reacted with a conventional yttria-stabilized zirconia
electrolyte and formed an insulating phase of La,Zr,0; at 1000 °C, which reduced the

conductivity of the cell. [12] Moreover, the thermal expansion coefficient (TEC) of each



component at high temperature is different and incompatible, resulting in delamination
between the component. For these reasons, the development of each component to operate

at lower temperature has been attempted.

The required properties for cathode material are the mixed ionic and electronic
conductivity (MIEC) as well as the well-matched thermal expansion coefficient (TEC) with other
components to provide good performance and durability. The electronic conduction process
performs through the electron transportation between metal and oxygen in the structure while
the ionic conduction occurs by jumping of the occupied oxide ion in the lattice to a vacancy.
[7] Perovskites and -perovskite-related structure materials have been intensively studied
because they have mixed ionic and electronic conductive property. However, the low operating
temperature obstructed oxygen reaction at the cathode. Thus, the development of these

materials to use as a cathode for low operating temperature is a challenge.

Among perovskite-related structures, Ruddlesden-Popper (RP) phase had been
discovered by Ruddlesden-Popper in 1957. [13, 14] This structure consists of n perovskite layers
separated by a rock salt layer. The first discovery of this phase was Sr3Ti,O;, however, the
derivative of this material by substitution of several different cations for both Sr and Ti sites as
well as the increase in number of perovskite layers to achieve the desired properties, such as
AniitMiOsnyg (A = Sr, La, Nd and Sm; M = Al, Ga, Co, Fe, and Mn), had been studied. [15-20]
However, these materials had poor electronic conductivity compared to perovskite. Thus, the
development of RP structure to use as cathode material is interested. In this regard, this
research was aimed to develop alternative material with sufficient catalytic activity and
acceptable TEC, which are major issues of the cathode in SOFC at low operating temperature
(600-800 °C). With this purpose, the investigation of Ruddlesden-Popper perovskite-related
oxide LnSrs,CaFes B,Ops (LN = La, Prand Sm; x = 0-1.0; B = Co, Ni and Cu; y = 0-1.5)
has been focused in order to achieve a potential material which has proper thermal
expansion coefficient closed to the electrolyte and good conductivity and

electrochemical performance, to be used in intermediate temperature SOFC.



CHAPTER Il
BACKGROUND AND THEORY

2.1 Fuel cells

Fuel cells are energy conversion device which generates electricity and heat from
an electrochemical reaction between a fuel (typically H, from a variety of source) and
oxidant (typically O, from the air), as equation (2-1). This function is similar to a battery
with the external fuel supply. The basic components of fuel cells comprise an

electrolyte, a porous cathode, and a porous anode as any other electrochemical cell.
H, + O, — H,O + electrical power + heat (2-1)

Recently, the fuel cells have been received much attention, although their
concept was initiated since the 19" century by Sir William Grove, who successfully
operated the hydrogen-oxygen cell in 1839 and when the electrolysis of water was
investigated. Glove found a little flow of electrical current in the reverse direction,
which supposed to be the flow of electron from the electrolysis of water when the
current was not applied. Glove confirmed this by feeding hydrogen and oxygen to each
side of the platinum electrode and found the current flow and water generation. This

discovery is a beginning of fuel cell history. [21]

The development of ceramic or solid fuel cells commenced in the late of the
19" century with the discovery of Nemnst who found that zirconia (ZrO,) can conduct
the ion at high temperature (above 600°C) even though it has a huge resistance at
room temperature. Its electrical resistance also could be reduced with the addition of
other elements such as magnesia, yttria, and calcia. Surprisingly, the combination of
yttria (Y,03) with zirconia is the most promising mixture and has been widely used as

electrolyte material in Solid Oxide Fuel Cells (SOFCs). [22]

In 1937, Baur and Preis investigated the first working tubular SOFC by using 10 %
w/w MgO and 10 % w/w Y,05 doped ZrO, as the electrolyte, while iron or carbon and



magnetite (Fe;0,4) were used as the anode and cathode, respectively. Even the
electrochemical performance of the SOFC cell was evaluated, the current density was
really poor (approximately 0.3mA-cm™) to be used for practical work. Moreover, the
fuel reaction was not clearly understood [23]. In the early 1960s, the development of
electrolyte and electrode in SOFC, especially the increase of electrolyte conductivity,
has been intensively considered with the main purpose as new energy device for
military, space, and transport. The research was subsequently studied with several
fuels on the alkaline fuel cell system for the project of NASA Apollo space program
from 1960 to 1965 by space-technology sector. [24]. The research activities in fuel cell

technology have been continuously focused until today.

2.2 Classification of fuel cells

Fuel cells are classified into five different categories according to the type of
electrolytes as listed in Table 2-1. The electrolyte, operating temperature, fuel
composition and charge carrier of each type are compared. The type of fuel cells is
normally classified by the nature of electrolyte, which controls the type of transferred
ions and their transportation. In addition, each electrolyte also requires different ranges
of operating temperature. Molten Carbonate Fuel Cells (MCFC) and Solid Oxide Fuel
Cell (SOFCQ) requires high operating temperatures, while Alkaline Fuel Cells (AFQ),
Polymer Electrolyte Membrane Fuel Cells (PEMFC) and Phosphoric Acid Fuel Cells

(PAFC) can be operated in much lower operating temperature.



C0IZ PaZNIGRIS-FO°A = ZSAex

JIUOHNSOIONIHUD = Sd«

*xZSA PNOS 20 0D ““H ‘uogied0pAH 000T-009 240S 12D 19N4 =apXO phos
f00%
00 20D 0D "HD “H 059-055 pEB)Y 113D 13N SjeUOCRD) USHOW
usnon
"Od*H +H “H984-0D 071¢-051 2dvd 192 19n4 pioe suoydsouyd
ueIqUIBW 119D 19N aurIgUB 81410412913
H °H aind 011-08 24N3d/D4dS
pI2€ ,S4d 1PWA)0d 10 12WA)od phos
’H aind
snosnbe HOM HO 001 odv 1190 19N =uhexy
AUeIH
D,]
21410412913 Jsuled adieyd 19n4 ucneAsiqqy adA1 1192 134

ainjeladwal suileiadp

[9Z ‘GZ] s2dAy 1192 1any Juauayip Y} Jo Alewwns -z a\gqel



Among fuel cell technologies, PEMFC and SOFC show high potential to achieve
the target efficiency and cost because the high operating temperature of PEMFC and
SOFC provides good efficiency and low sensitivity to the composition of the fuel.
However, the precious metals, an anode in PEMFCs system, are poisoned by sulfur- or
CO-contained compound, even in a low concentration level, a pure H, fuel stream is
therefore required in PEMFCs system. Thus, Solid Oxide Fuel Cells (SOFCs) are an
attractive system due to excellent fuel flexibility such as hydrocarbon, biogas, and

hydrogen without employing precious metals as the anode. [27-29]

2.3 Solid oxide fuel cells (SOFCs)

2.3.1 Definition and principle

A SOFC fuel cell, which a solid ceramic, dense metal oxides, is used as
an electrolyte. This electrolyte is an oxide ion (O%) conductors, which have negligible
electronic conductivity and impenetrable to gas flow. A high operating temperature
(typically in the temperature of 800-1000°C) is required for the solid oxide electrolytes
to provide an appropriate conductive.[3] The electrolyte also separates anode and

cathode, which are exposed to fuel and oxygen, respectively.
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Figure 2-2 Schematic diagram of the triple-phase boundary (TPB) on the cathode.



The principle of conventional SOFC operation is demonstrated in Figure
2-1. At the cathode, oxygen is dissociated and electrochemically reduced (oxygen
reduction reaction, ORR) to oxide ions (O%) by charge transfer reaction with electron
consumption from the external circuit at the cathode-electrolyte-gas interface, as
described in equation (2-2). The generated oxide ions migrate through an electrolyte
with a vacancy hoping mechanism to the anode-electrolyte-fuel interface and then
react with the hydrogen or fuels at the anode through electrochemical oxidation
reaction to liberate electrons and form water as the by-product as described in
equation (2-3). [30, 31] The reactions of oxygen reduction and fuel oxidation occur at
the interfacial area between electrode, electrolyte and gaseous phase, which is called
triple-phase boundary (TPB), as demonstrated in Figure 2-2. [32] The overall

electrochemical reaction occurred at TPB can be written as equations (2-4).

Cathode % O, + 20 = 07, (2-2)
Anode Hy o + % 0%, &= H,0, + 2¢° (2-3)
Overall reaction Hy o + % 0, . = H,0, (2-4)

where @, ¢, and e subscript are species located at the anode, cathode, and electrolyte

respectively.

Electrical circuit generation is started from the oxidation of fuel on the
anode to release electrons, which are conducted through the external circuit,
performed work, and returned to the SOFC system at the cathode. The difference in
oxygen activity between fuel at the anode and oxidant at the cathode is the driving

force for transporting oxide ions through the electrolyte,

2.3.2 Electrochemical performance of SOFC

The performance of a single cell is related to the current-voltage curve
(I-V), as illustrated in Figure 2-3. The I-V curve consists of main polarizations, which are
the open circuit voltage (OCV) (lower than the theoretical value), the initial rapid

decrease in voltage at low current density region or activation polarization, the slowly
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decrease in voltage at intermediate current density region or ohmic polarization and
the rapid decrease in voltage at high current density region or concentration
polarization. The difference in voltage which is deviated from the theoretical value is
influenced from several factors, for example, the thickness of electrolyte, operating
temperature, properties and microstructure of electrode and electrolyte, and gas flow
rate. The activation polarization is related to the kinetic reactions on the electrodes.
The ohmic polarization concerns on the resistance from the charge carrier, electrons,
and ions. The concentration polarization is related to the limitation of mass transfer of

electrode.

Theoretical voltage

“~Open circuit volyage (OCV)

*~ Activation polarization

”

Ohmic polarization

Terminal voltage/ V

q Nl
Concentration pola rization

Current density/ Acm™

Figure 2-3 Current-voltage (I-V) curve of a fuel cell and the polarization loss.

2.3.3 SOFC materials

SOFCs consist of electrolyte, anode, and cathode as the basic
components. Each component has to achieve its function for minimizing the energy
loss. The requirements of each component include good stability in chemical, phase

and morphological under oxidizing and/or reducing atmosphere, chemical
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compatibility with other components as well as a proper conductivity. Both electrodes,
anode, and cathode, require a porous structure to allow gas diffusion to the reaction
site, while the dense electrolyte is needed to separate the oxidant and fuel gases. The

requirement of electrolyte, cathode, and anode are described as follows
2.3.3.1 Electrolyte requirement

The electrolyte material for SOFC is an oxide-ion conductor, that
transfers the ionic charge from the cathode to the anode. It is also used as a physical
barrier to separate between the oxidant and fuel; the electrolyte thus needs to be
thin enough to minimize ohmic losses and also be stable and compatible with both
electrodes at high operating temperatures. The materials for SOFC electrolyte require
not only high oxide-ion conductivity (> 0.05 S cm™ at operating temperature) with no
or barely electronic conductivity but also an excellent mechanical strength with
fracture strength > 400 MPa at room temperature as well as proper phase and thermal

stability in a wide range of temperature. [33]

Zirconia-based oxide (ZrO,), a cubic fluorite structure, has
commonly been used as the conventional electrolyte for SOFCs, especially yttria-
stabilized zirconia, (Y,03)y0g(ZrO5)0.90 Or YSZ, because it shows a pure ionic conductivity
over a wide range of oxygen partial pressures at high temperature (900-1000 °C). [3, 34]
Although the substitution of a trivalent cation such as Y*'for Zr* improved the
deficiency of ionic conductivity of ZrO, by creating a high concentration of oxygen
vacancy in the crystal lattice, which provides channels for oxide-ion conduction,
stabilizes the fluorite structure at room temperature and reduces the phase transition
problem. YSZ showed low oxide-ion conductivity at intermediate temperatures (500-

800 Q).

Ceria-based oxides have been considered as an alternative
electrolyte because it provides high ionic conductivity at intermediate temperatures,
as shown in Figure 2-4 [35-37]. The substitution of Gd** or Sm*>* for Ce*" in CeQ, is able

to increase the ionic conductivity of CeO,, as shown in Table 2-2. However, the
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reduction of Ce* to Ce® ions at the low oxygen partial pressure of ceria-based
electrolytes is the main drawback because it creates the electronic conduction in ceria
which consequently decreases the cell efficiency [38]. Even the YSZ thin film
(functional layer) has been used between the anode and ceria electrolyte [39, 40],
impurity phases, which have low oxide-ion conductivity, are formed at the interface

between YSZ and GDC [41, 42].

Table 2-2 lonic conductivity of ceria-based electrolytes[43]

Concentration Conductivity (S-cm™) Activation energy
Dopant
(Mol %) 700 °C 500 °C (kJ-mol?)
Sm,0, 10 3.5 x 10-2 2.9 x 10-3 68
Gd,0, 10 3.6 x 10-2 3.8 x 10-3 70
Y,0, 10 10x102  2.1x10-3 95
Ca0o 5 2.0 x 10-2 1.5 x 10-2 80
TFC Tre
1200 1000 800 600 700 600 500 400
0 %’ T ! | ' | Opr————7T 71—
(Zroz)w(ScZOJ)m _
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Figure 2-4 Electrical conductivity of various electrolytes depending on temperature

[36]
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LaGaO; perovskite has also been investigated as an alternative
electrolyte, especially La;.SrGay,MgyOs (LSGM). The composition of 0.1 < x < 0.2 and
0.15 < y <0.2 had been widely studied [44] because it not only provides high ionic
conductivity similar to that of YSZ at 1000°C (> 0.1 S cm™ at 800 °C), as shown in Figure
1.5, but also shows the chemical stability over a wide range of temperatures and
oxygen partial pressures [45-47]. Moreover, LSGM shows higher stability in reducing
atmosphere compared to the ceria-based electrolyte. Even La in LSGM can react with
Ni anode and produces undesired LaNiO; or La2NiO4 phases, which are drastically
decreased the ionic conductivity of LSGM, [48] the preparation of the cell at low
temperature possibly reduced this problem. Therefore, LSGM is chosen as an

electrolyte in this research.
2.3.3.2 Anode requirement

Anode material is a catalyst for the fuel oxidation reaction at
the operating temperature. Therefore, the anode material must have good electronic
conductivity to release electrons which can be utilized as current, catalytically active
for fuel oxidation and internal hydrocarbon reforming, and sufficient porosity to
transport fuel to the active site as well as for water vapor to exit. The anode material
should also tolerate the contamination and deactivation by impurity in fuel. As the
similar reason as a cathode, the anode materials should have good thermoelectrical
under reducing environments, chemical stability, compatibility and TEC matching with

electrolyte and other cell components. [6, 49-51]

In the past, nickel metal (Ni) is one of the materials which is
used as anode materials for SOFC because it tolerates in the reducing atmosphere and
high temperature. Even noble metals, such as platinum and gold, is also possible to
use as anode materials, the high cost of these materials is not suitable for the
commercialization. Moreover, as considerate in term of chemical stability, catalytic
activity, volatility, and cost, Ni can be the best candidate. Ni acts as electronic

conducting phase, which transports the electrons from the reaction site to the current
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collector. However, at high operating temperature, Ni particles are easy to aggregate

and then block pores leading to gas transportation limit.

To moderate these issues without decreasing the anodic activity,
the secondary metal had been alloyed in pure Ni and provided a synergistic effect.
The partial addition of Fe, Cu, and Co into Ni decreased the polarization resistance and
improved the cell performance of nickel, especially for Fe [52-55]. The addition of Fe
in Ni-cermet improved performance of the Ni-cermet anodes [52, 56-58]. Therefore,

The Ni-Fe alloy is used as anode material in this research.
2.3.3.3 Cathode requirement

The cathode material is a catalyst for oxygen reduction reaction
(ORR) at high operating temperature. The materials require an adequate catalytic
activity to decrease the electrode polarization for ORR and thermodynamical stability
under oxidizing atmospheres at high operating temperatures. The cathode materials
should also provide the sufficient electronic and oxide ion conductivity higher than
100 S.«cm™ and 0.1 S-cm’, respectively, at the operating temperatures. Moreover, the
chemical stability and compatibility with the electrolyte at high temperatures, the
adequate porosity for gas transportation to the reactive sites, and good matching of
the thermal expansion coefficients (TEC) with those of other components of the cell

to avoid cracking and delamination. [6, 50, 59]
2.3.3.4 Cathode review

The Sr-doped lanthanum manganite (La;,Sr,MnO; (LSM) with
0.15< x <0.30), a traditional cathode material for SOFCs, has a perovskite structure and
good electrochemical activity for ORR at high temperatures (800-1000°C). LSM shows
low TEC of 11 x 10° - 13 x 10° °C" in the temperature range of 35-1000°C, which is
compatible with that of YSZ. [60, 61] Although LSM shows acceptable electronic
conductivity, it is poor ionic conductivity because Mn*" is stable and it is difficult to
generate the oxygen vacancies in the LSM structure, resulting in almost oxygen-

stoichiometric materials. [62-64] To approach high ionic conductivity materials,
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materials with the same structure or element as an electrolyte are chosen to make a
composite with LSM. For example, LSM reacts with YSZ to forms La,Zr,0;, which is an
insulating phase at high temperature [65], but it can be operated at intermediate
temperature (600-800°C) However, LSM remains intrinsically poor ionic conductivity
and insufficient catalytic activity at intermediate operating temperature. [43, 62, 66-68]
The alternative materials, which give a good mixed ionic and electronic conductivity
(MIEC) and high catalytic activity for ORR, for intermediate operating temperature SOFC
is intensively developed in order to replace LSM. Sr-doped lanthanum cobaltite (La,.,
Sr,Co0s: LSC) has been introduced because it maintains good electronic conductivity
(>1300 Scm™) at intermediate temperature range [69, 70] However, the large oxygen
loss from lattice and the transition of Co®* 3d® ion between high- and low-spin states
causes the unacceptable-high TEC value of 20x10° K™ that relates to the delamination
of the cell. [66, 71-73]. The substituted Fe for Co in LSC, forming La;,Sr,Coq Fe,056
(LSCF), can decrease this problem. LaggSrysCoggFey,05.6 is a common composition
with high electronic conductivity of 250 Scm™ at 800 °C [74] and sufficient ionic
conductivity (>10% Scm™) at 800 °C. [75] However, the decreasing of Co content in
LSFC needs to be traded-off between the decrease in catalytic activity and the
decreasing of TEC which promotes its long-term stability for practical application. [19,
76] Researchers are thus interested to look away from the perovskite oxide to a new
cathode material with good catalytic activity and low TEC for intermediate temperature

SOFC.

Among the variety of new structure materials, the Ruddlesden-
Popper (R-P) oxides have been received much attention because of their flexibility in
terms of oxygen content that can improve oxide-ion conductivity. The RP structure
(An41BOsn41) consists of rock-salt (AO) layers sandwiched with the (ABO;) perovskite n
layers along the c axis [77, 78] When n = oo, the structure can be regarded as a

perovskite. The RP structures are shown in Figure 2-5.
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Perovskite

Rock salt

(a) (b)

Figure 2-5 Crystal structures of Ruddlesden—-Popper phase (a) n=1, (b) n=2 and (c)
n=3 [13]

The RP phase is interesting because it provides the flexibility in
terms of oxygen content, which improves oxide-ion conductivity at an intermediate
temperature, particularly in the RP (n = 1) with the general formula of A,BO, due to
the transportable of excess oxygen in its structure. [79] The ionic conductivity of RP (n
= 1), such as La,NiOg § (0.02 S.cm™), was found significantly higher than LSCF perovskite
structure (0.003 S.cm™) at 700 °C. [79, 80] because of the localization of excess oxide
ions in the tetrahedral interstitial sites of the adjacent rock-salt LaO layers, though the

electronic conductivity of La,NiO4.g structure was lower than LSCF. [19, 81-84]

Velinov et al. [84] reported the conductivity of the Ruddlesden-
Poper phase of (LaSr),,1Fe Ozn.1 (n = 1, 2 and 3) synthesized by a nitrate-citric method.
As increasing of n, the lattice parameters a and ¢ and the unit cell volume increased.
LaSrFeOq4 (n=1) was formed at 900°C without the additional phase. La,SrFe,0;.5 (n=2)
was prepared at 1400°C with the LaSrFeO, and perovskite co-exist phases. While
LaSrsFe;0;0.6 (N=3) needed a higher temperature over 1100°C to generate the phase

but LaSrFeQg4s, La,SrFe,0;.6 and perovskite are co-existed phases. The electronic
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conductivity of LaSrsFe;044.6 was significantly higher than La,SrFe,O;.6 and LaSrFeO,.s

at temperature over 140°C.

The increasing of the number of perovskite layer, n, leads to the
increase in electronic conductivity because the electron can localize through the BOg
octahedral in the perovskite structure (Figure 2-6(a)).[85] The d-orbital of B-site overlaps
with p-orbital of oxygen (Figure 2-6(b)), resulting in localization of electron in the
perovskite structure. Thus, the increasing of the number of perovskite layer supports
an increase in the O-B-O interaction along the c¢ axis and subsequently increases
electronic conductivity. However, the thermal expansion coefficient (TEC) of RP n = 3
was higher than that of RP n = 1. Sr,Fes0,0.5 provides the TEC approximately 17x10°
while Sr,FeOq, 5 was approximately 13x10°. [86] Moreover, the thermal degradation of

RP n =3 was concerned.[87]

Figure 2-6 (a) The perovskite structure (ABOs) [87], (b) Covalent bonds between

anionic p-orbital and d-orbital of B-site cation

Fossdal et al. [87] studied the thermal stability of Sr,FeO,,6 and
SrsFes040.6 phases. The samples were prepared by a solid-state reaction method. The
degradation of these samples was investigated by powder x-ray diffraction and in-situ
high-temperature X-ray diffraction (HTXRD) techniques at 800-1000 °C. The Sr,FeQq,6
and SrqFe;0,p5 showed the thermal degradation at 930 °C and 850 °C in air,

respectively. With decreasing of oxygen partial pressure (pO,), the decomposition
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temperatures of both Sr,FeO4,6 and SrgFes;O40.86 were decreased. SrgFes;O06 also
showed higher oxygen vacancies than Sr,FeQ4,8 in both atmospheres, air, and N,.
However, the effect of pO, had a lower influence on SrsFe;050.5 compared to
Sr,Fe0q.8. The concentration of oxygen vacancies in the structure was concerned to

be the main factor for the difference in thermal stability between the materials.

Lee et al. [88] reported that a partial substitution of La for Sr
stabilizes the SrgFe;0,0.6 phase. The amount of oxygen vacancy affected the structure
degradation and no phase degradation was observed in LaSr,Fe;0;0.5 (0.1<6<0.8). The
stoichiometry of oxygen in the structure varied in air as a function of temperature. With
increasing temperature from 100 to 900°C, the oxygen content decreased from 9.88 to
9.45, which corresponds to the linearly decreasing of the value of c-axis parameter.
The oxygen vacancies were found at the apical oxygen joining of the octahedral sites
and they localized on the central FeO4 octahedral with three sequential FeOq

octahedral along the ¢ axis.

The substitution of trivalent metal for Sr in RP structure was not
only affected the thermal stability but also TEC and conductivity. Kim et al. [18]
investicated the effect of ionic radius of lanthanide metal substituted for Sr in
Srp7LNngsFe; 4Coo 076 (Ln = La, Nd, Sm and Gd), RP n = 2, as cathode materials for
SOFC. No structural degradation in air was found by the substitution of La, Nd, Sm for
Sr, except the substitution of Gd due to the different size between Sr** and Gd**. The
TEC value was reduced by reducing Ln** size. However, the electrical conductivity and
the fuel cell performance decreased with the decreasing size of Ln** ions from La®* to
Nd** and Gd** due to the increase of oxygen vacancy concentration. Kim et al. [89]
also investigated the effect of ionic radius of lanthanide metal substituted for Sr in
LnSrsFe;040.6 (LN = La, Nd, and Gd), RP n = 3. Even the oxygen content in the structure
and the conductivity showed the similar trend as RP n = 2, which were decreased with
the decreasing size of Ln** ions from La®>* to Nd** to Gd**, the electrochemical
performance of NdSrisFe;O;08 was improved while the GdSrsFe;0;0.6 showed the

lowest performance. The improvement in electrochemical performance of
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NdSrsFes0,0.6 was described as it had high surface oxygen exchange kinetics due to
the high oxygen vacancies and total electrical conductivity. However, the result was

different from the electrochemical performance of RP n = 2.

The size of ionic radii of A-site ion significantly affects the RP
structure. Tang et al. [90] investigated the solubility limit of the divalent ion on La,.
ANIO, (A = Ca, Sr, Ba) and found that the substitution of the cation with a different
size from the host leads to the stress in the structure. The solubility limits in a mole
ratio of Ca, Sr, and Ba cations were reported as 0.6, 1.5, and 1.1, respectively. The
samples with composition of x<0.3 presented an excess oxygen content whereas x>0.3
samples provided the oxygen vacancies in the following order Ca > Ba > Sr. Even Ca
has small ionic radii and provided more compressive stress in the metal-O bond
comparing to Sr**, Ca** preferred the 8-fold coordination and favored oxygen vacancies
in the structure more than the excess oxygen. On the other hand, Ba?* substitution
had a lower tensile stress in the metal-O bond because it has larger ionic radii

compared to Sr**, but it generated the oxygen vacancies.

The research of isovalent substitution for rare-earth metal in RP
structure is limited, especially Ca substitution for Sr, however the substitution of
divalent for Sr** and Ba”" on double perovskite was studied. Choi et al. [91] studied
the effect of Sr** substituted for Ba®" in LaBa;_Sr,C0,0s,.5 (x = 0 and 0.5) and found
that the conductivity increased due to the decreasing of oxygen vacancies. Yoo et al.
[92] investigated NdBa;_,Sr,C0,0s,8 (x = 0, 0.25, 0.5, 0.75, and 1.0) and found that the
Sr substitution enhanced the conductivity by reducing oxygen vacancy in the
NdBaCo,0s,§ structure. With increasing of Sr concentration, the conductivity increased
by the increase of electronic holes associated with oxygen content. However, Wang et
al. [93] reported that the Ca substitution for Ba, SmBa;_Ca,CoCuQOs,s (x = 0-0.3),
showed the decrease in oxygen content with increasing of Ca concentration and
oxygen vacancy in the structure, which was opposed to the work report by Choi et al.
[91] and Yoo et al. [92]. The decrease in oxygen vacancy reduced the area specific

resistance (ASR) of the material and enhanced the sing cell performance for Ni-
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YSZ|YSZ|GDC| SmBa;_,Ca,CoCuOs,s (x = 0-0.3). Zheng et al. [94] studied the substitution
of Ca for Ba in SmBa;_,(Ca,C0,05,5 (x = 0 and 0.25) and found that the oxygen content
in SmBaCo,0s,s increased by Ca substitution. On the contrary, the conductivity of
SmBay 75Ca0.25C0,0s5,6 was lower than the Ca-free sample. However, the effect of small
ionic radii of rare-earth metal on oxygen vacancies and conductivity of double
perovskite materials was not clearly understood. Moreover, the variation of Ca for Sr
in the RP structure was also limited. Therefore, the effect of Ca substitution for Sr in

LaSrsFe;049.6 was investigated in this research.

Among the various compositions of the RP structure
investigated, La,,1Ni Os,.1 Was extensively investigated due to its high oxygen diffusion
compared to LSCF perovskite and the TEC compatible with those of standard
electrolytes [95]. However, it provided poor electronic conductivity similar to the
SrniiFenOsn, series. Amow et al. [19] investigated the substitution of Co for Ni in
LagNis_,C0,040.6 (x = 0-2) and found that the structure of LasNi;_,C0,0;0.8 transferred
from orthorhombic Bmab to Fmmm under different Co concentration. The Bmab
structure was detected for x = 0-0.2 and 0.8-1.8, while the Fmmm structure was
observed at x = 0.4-0.6. The conductivity of LasNi;_,Co,0;0.6 Was decreased with the
increasing of Co concentration due to the reduction in oxygen content in the structure.
However, the ASR was decreased by Co addition, which was associated with amounts
of the Co*"/Co’" ions. Ferkhi et al. [96] evaluated the electrochemical performance of
La,Ni, Cu,O4,8 (x=0-0.1) and found that doping of Cu decreased the total resistance
and improved the electrochemical performance. However, with x > 0.01, La,Nij.
LU, 04,6 reacted with YSZ electrolyte and generated La,Zr,O; and unidentified phase
because Cu diffused to the cathode-electrolyte interface. Mogni et al. [97] investigated
the oxygen content of SrsFeMOg,6 (M = Fe, Co, Ni) RP structure and found that the
oxygen-vacancy concentration decreased with decreasing size of substituent M in the
order of SrsFeNiOg4,.8 > SrsFeCoOq,6 > SrsFe,O¢,s. They also suggested that the ionic
conductivity should increase in the order of SrsFeNiOg,.§ > SrsFeCoOg,s > SrsFe,Og.s.

Armstrong et al. [83] studied the Co substitution for Fe in LaSrsFe;_,C0,049.6 (x = 0-1.5)
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and found that the conductivity was increased with the increase in Co addition due to
the increasing of covalence in the (Fe, Co)-O bond and the reduction of oxygen vacancy
in the structure. The oxygen permeation flux also increased with increasing of Co
content, suggesting the ORR of LaSr;Fe;040.6 was promoted by the Co addition. Lee et
al. [98] evaluated the electronic conductivity and TEC value of LaSrsFes_Co,0;0.6 (X =
0-1.5) and found that the conductivity of samples increased with increasing of Co
concentration. This result was in agreement with the work reported by Armstrong et
al., who explained the increasing of conductivity by the increase in the covalent
interaction between the O-(Fe,Co)-O bond. However, the TEC was dramatically
increased by the Co addition because of the transition of Co®* from low-spin to high-
spin and the reduction in the electrostatic attractive forces between the cations and
anions, which resulted in a decrease of oxygen vacancy in the structure and the
increase of TEC. Therefore, the substitution of Ni, Cu, and Co for Fe in the RP structure

of Ca-substituted LaSrsFe;0,4.6 was also investigated.

From literature survey in other perovskite and perovskite-related
oxides, the substitution of Ni and Cu for B cation can provide a large number of oxygen
vacancies and increases electrochemical performance. The substitution of Ca for A
cation and the decreasing of A cation size can decrease TEC and improve the
conductivity. Furthermore, (Sri,Lnn.i(FeiyM)).Osnyq with n=3 (M = transition metal)
has been investigated a much lower extent compared to the perovskites and RP
structure with n=2. Therefore, the aim of this work is to investigate the thermal
expansion behavior and electrochemical properties, e.g. conductivity, fuel cell
performance of LnSr;Ca,Fes,B,0;0.6 (Ln = La, Prand Sm; x = 0-1.0; B = Co, Ni and Cu;
y = 0-1.5) for intermediate-temperature SOFC (IT-SOFC) based on the hypothesis that
the substitution of smaller Ln and Ca for Sr will decrease the TEC value and increase

the oxygen vacancy, while the substitution of Co and Ni for Fe increases conductivity.
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CHAPTER Il
EXPERIMENTAL

3.1 Material preparation

3.1.1 Chemicals and reagents

The cathode, electrolyte, and anode materials used in this research were
synthesized by a citric nitrate combustion method, a conventional solid-state method,

and an impregnation method, respectively. The chemicals were listed in Table 3-1.

3.1.2 Sample preparation

3.1.2.1 Cathode preparation

The LnSrs,CaFes Ca 008 with x = 0-1.5; Ln = La, Pr, Sm; B =
Ni, Co, Cu; and y = 0-1.5 cathode materials were synthesized by dissolving an
appropriate molar ratios of metal nitrate as metal precursors into distilled water at
room temperature, then this solution was mixed with citric acid to produce a solution
which has a citric acid to metal ion molar ratio of 2 to 1. Subsequently, the obtained
solution was stirred for 2 h and dehydrated by heating at 180 °C on a hot plate with
continuous  stirring until the solution finally became a viscous dark gel. The
temperature was raised up to 250 °C to make a complete combustion of the viscous
gel until a loose dark ash was formed. The ash was transferred to a box furnace and
calcined at 800 °C for 5 h with a heating rate of 200 °C/h in air to remove the remaining
hydrocarbon residues and obtain the metal oxide powders. The calcined powders
were then manually ground in ethanol and subsequently sintered at 1400 °C for 12 h
in air. The sintered powders were re-ground and annealed at 900 °C for 30 min to

obtain the high oxygen content in their structure.[99-101]



Table 3-1 Chemicals and reagents in this research

Chemicals and Molecular Weight
Purity (%) Manufacturer
Reagents (g/mol)
La(NO5)5"6H,0 433.01 99.9 Nacalai Tesque
Pr(NO);"6H,0 435.01 99.9 Nacalai Tesque
SmM(NO3), 444.47 99.5 Wako Pure Chemical
Strem Chemical
Sr(NO,), 211.63 >98
Incorporated
Ca(NO3),"4H,0 236.15 99.99 Nacalai Tesque
Fe(NOs);*9H,0 404.00 99 Nacalai Tesque
Ni(NO3);-6H,0 290.79 99.95 Wako Pure Chemical
Co(NO3)5-6H,0 291.03 99 Nacalai Tesque
Cu(NO3),-3H,0 241.60 99 Nacalai Tesque
Ce¢HgO7-H,0 210.14 99.5 Aldrich
La, O3 325.81 99.99 Wako
Ga,03 187.44 > 99.99 Aldrich
MgO 40.3 > 98.0 Fluka
Sm,0; 348.70 99.9 Aldrich
NiO 74.69 99 American Elements

NH,OH 35.05 30 Aldrich
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3.1.2.2 Electrolyte preparation

The appropriate molar ratios of La,0s, Ga,0s, SrCOs, and MgO
was homogenously ground and calcined at 1000 °C for 5 hours in air with heating and
cooling rate of 200 °C/h. [102] The calcined powder was ground and then uniaxially
pressed into a pellet with a diameter of 20 mm by a cold isostatic pressing (CIP)
method under pressure of 325 MPa for 30 minutes. The pellets were sintered at 1500
°C for 5 h with a heating rate of 200 °C/h to obtain dense pellets. After cooled down,
the sintered pellet was polished and trimmed down to the thickness of 0.3 mm using

a diamond grinding machine.
3.1.2.3 Anode preparation

NiO-Fe,O5; used as anode material in this research was prepared
by an impregnation method. The stoichiometric amount of NiO and Fe(NOs);*9H,0
solutions were mixed in the molar ratio of Ni to Fe at 9 to 1. The mixture was stirred
for 2 h at room temperature and heated at 180 °C to dryness and then fired at 400 °C
for 2 h to eliminate the hydrocarbon. The fired powder was calcined at 1200 °C for 2
h in air with heating and cooling rate of 200 °C/h.

3.2 Physical properties characterization

3.2.1 Structural characterization

All samples were structurally characterized by powder X-ray diffraction
(XRD) technique. This measurement was carried out in an X-ray diffractometer (RINT-
2200HF, Rigaku) with a monochromated Cu Ka radiation, AMKa) = 1.54056 A, which
operated at 40 kV and 30 mA. Diffraction patterns were recorded in the 26 range of
20° to 90°, with a sampling step of 0.02° and a scan speed of 2°/min under continuous
scan mode. The samples were ground into a fine powder before measuring. The
diffraction patterns, crystal structures and unit cell parameter (a and ¢) of the samples

were determined by matching the measured patterns with the database of the
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International Centre for Diffraction Data (ICDD) using the MDI/JADE7 software and the
results were also used to calculate lattice parameters by Bragg’s diffraction law, as

equation (3-1).

nil = Zdhkl Sln(9) (3-1)
where n is 1,2,3... (order of diffraction), dy is a distance between adjacent reflection

planes (hk() and @ is the angle that X-ray beam hit the reflection plan.

3.2.2 Microstructure characterization

The microstructure of LnSrs,CasFes B/Oy08 (x = 0-1.5; Ln = La, Pr, Sm; B
= Ni, Co, Cu; and y = 0-1.5) were observed by a scanning electron microscope (SEM,
TM3000 Miniscope, Hitachi) with the acceleration voltage of 15 kV. The Pt was
sputtered on the 30-mm thick samples by an auto fine coater (JFC-1600, JEOL) under
the applied current of 30 mA for 40 s for 30 min in order to collect the secondary
electron that emitted from the sample. The particle sizes of the samples were also

roughly analyzed by this technique.

3.2.3 Thermogravimetric analysis

The variation of weight of LnSrs,CaFes B/O0.6 samples during heating
and cooling temperature of 30-800 °C, in air were recorded on the thermogravimetric

analyzer (Mettler Toledo TGA, SDTA 851).

3.2.4 Thermal expansion measurement

Dilatometer (NETZSCH, DIL 402 PC) was used to measure the thermal
expansion behavior of LnSrs,CaFes B/O1g.6 samples. A bar-shaped sample with a
height of > 2 mm was heated in the temperature range of 25-800 °C in air with a
heating rate of 20 °C/min then the change in length along the Z-axis was recorded and
compared to the original position. Thermal expansion coefficient (TEC) value of the

samples was calculated as equation (3-2).

a =21 (3-2)
Ly T-Tp
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where a represents the TEC value, L, represents the length of the sample at an initial
temperature, AL is a change in sample length at a final temperature, and T;, T, are

initial and final temperatures.

3.3 Single cell fabrication and fuel cell set-up consideration

A slurry of LnSrs,CafFes B/O,p6 was prepared by mixing its fired powder with
glycerol and several organic additives, such as solvent, dispersing agents, binder, and
softener until a homogeneous slurry was obtained. The slurry was then painted as a
circle on one face of the LSGM disk, which was used as the electrolyte, by tape casting
method to form a thin and flat layer with controlled thicknesses. The Pt mesh and Pt
wire as a current collector were welded by a spot welder (USUTANI, mini WELDER UH-
1001) and then attached to the top of the painted cathode. This set was heated at
1000 °C for 30 min in air to secure the attachment between the current collector and

the cell.

The NiO-Fe,O; powder used as an anode was similarly prepared into a slurry as
that of LnSrsCaFes,B,00.6 cathode. The NiO-Fe,O5; slurry was then painted to
another face of the LSGM disk. Another set of welded Pt mesh and Pt wire was also
attached to the top of the anode surface and then fired at 1000 °C for 30 min in air.
The geometrical area of both anode and cathode was ~0.28 cm?, as a schematic
configuration of the test single cell illustrated in Figure 3-1. Sealing between the single
cell and the alumina tube was achieved with a Pyrex glass ring. A setting up of the cell
in a furnace and the gas flow system are shown in Figure 3-2 and Figure 3-3,

respectively.
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(Cathode electrode)
Pt mesh Lner-xcaxFeS-yByOIO-ﬁ
(0 5 mm) (@ 5 mm, 60 pm thick)
LSGM disk
(015 mm, 0.3 mm thick)
NiO-Fe,0;
(9 5 mm, 60 um thick) Pt mesh
(Anode electrode) (05 mm)
Figure 3-1 A schematic configuration of a single cell
Cathode gas inlet  Cathode gas outlet
sl Alumina tube (@ 15mm)
ol _‘ Alumina tube (& 6mm)
U B A Single cell

!m!’ | . Thermo couple

o Alumina tube for inlet gas

ﬂ || ®—__ Thermo couple
Pt wire K Pt wire D Sealing glass
Anode gas inlet Anode gas outlet x- ~ Single cell

- Sealing glass

m ' Alumina tube for outlet gas

Figure 3-2 Schematic configuration of the single cell test set-up
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Cathode flow control system

Backflow preventer

Mass flow controller

Cathode gas cylinder

Reactor

(Details are shown in Figure 3-4) \E

........................

Anode gas cylinder

Figure 3-3 SOFC setting schematic



29

3.4 Electrochemical properties

3.4.1 Total conductivity

Total conductivity measurement was performed with a 4-probe DC
method using an Autolab PGSTAT302N potentiostat/galvanostat at 200-800 °C with
heating and cooling rate of 200 °C/h in air. The schematic of bar-shape LnSr;, Ca,Fes.
yB,010.86 samples was shown in Figure 3.4. The total conductivity of the samples was

calculated as equation (3-3)

-

Figure 3-4 Schematic illustration of the DC four — point probe experiment.

(3-3)

where o is the total conductivity (S cm™), / is the applied DC current (A), L is length
between voltage probe, and A is the cross-sectional area of the bar-shape sample. The

relative density of all sample was larger than 90%, as shown in Appendix, which was

high enough for the conductivity test.
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3.4.2 Electrochemical performance

The electrochemical performance of the cells for LnSr;,Ca,Fes.
,B,010.6 cathodes was evaluated from the Current-Voltage (/-V) measurement which
was carried out with the voltage between the cathode and anode, as shown in Figure
3-5. The cells were sealed to the aluminum tube using a Pyrex glass ring at the sealing
temperature of 800 °C. The H, and O, were supplied to the anode and the cathode
component, respectively, at the flow rate of 20 cm’min™. Before measuring the cell
performance, the NiO-Fe,O; anode was reduced to Ni-Fe at this temperature for 1 h
and the cell was consequently activated preliminary by passing a certain amount of
electric current (preloading) at the load which provided the cell voltage about 0.2 V
for 30 min. The cell performance measurement was performed at the operating
temperatures of 600-800 °C. During the measurement, the current was applied to the
cell by a current pulse generator (NIKO KEISOKU, NCPG-101) and the voltage was
collected by a multimeter mobile corder (YOKOKAWA, MV1000)

3.4.3 Electrode resistance characterization

The area specific resistance (ASR) of the cell was measured at 600-800 °C
using a frequency response analyzer (FRA5097) in the frequency range of 0.1 mHz to
IMHz. The results were plotted as Nyquist plot by Frequency Respond Analysis Data
Display program.
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Figure 3-5. Cell equivalent circuit
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CHAPTER IV
RESULT AND DISCUSSION

4.1 Effect of Ca substitution for Sr in LaSr;,Ca,Fe;0,,§ Ruddlesden-

Popper phase

4.1.1 Crystal structure and phase identification of LaSr;,Ca,Fe;0,0.8

XRD patterns of LaSrs,CaFes010.6 (x = 0-1.5) after fired at 900 °C were
illustrated in Figure 4-1. The XRD patterns of LaSrsFe;0,4.6, Figure 4-1(a), was refined
on the basis of tetragonal structure with space group /4/mmm phase, which
corresponded to LaSrsFe;0qq (JCPDS no. 81-1234). A small amount of perovskite co-
exisiting phase (La,Sr)FeO; observed at 26 of 40.5 degree was corresponded to
LagsSro7FeOs (JCPDS no. 82-1964). The formation of the co-existing phase was caused
by the structural instability of LaSrsFe;Oq9 which can decompose to (La,Sr)FeO; and
(La,Sr)FeQq at high temperature (T > 850 °C), according to equation (4-2).[87] However,
the phase of (La,Sr)FeO4 was not found in this study.

(La, S1)4Fe3010-5,(5) > (La,S1),Fe0,_5,(s) + 2(La,Sr)Fe0s_s,(s) + (22=0) 0, (9)  (4-2)
With Ca substitution at x = 0-1.0, the RP structure of LaSrsFe;Oq9 phase
and the perovskite co-existing phase were remained. The ratio of perovskite to the RP
structure was calculated using the peak area of 202 lattice plane of perovskite structure
and that of 118 lattice plane of RP structure, as shown in Table 4-1. These planes were
used for calculation instead of the main diffraction peak of each structure because the
main lattice plane of perovskite, 110, was overlapped with the lattice plane of RP, 110.
As the result, the amount of perovskite was approximately ~7% in LaSr;,Ca,FesO016
for x = 0-0.7, whereas the amount of perovskite phase was dramatically increased
approximately ~209%, for x = 1.0, suggesting the phase transformation of RP structure.

Since the amount of impurity was low for x = 0-0.7, the effect of impurity was possibly
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negligible. At the composition of x = 1.5, the diffraction intensity of LaSrsFe;Oq4 phase
was diminished and the pure perovskite phase only exist, suggesting the RP structure
was completely transformed to the perovskite structure. Thus, the limitation of Ca
substitution for Sr in LaSrsFe;044.6 in this study was approximately x = 0.7. The phase
equilibria system of La-Sr-Fe-O reported that the stability of LaSrsFe;0,0.6 depended
upon the oxygen loss in the structure which might relate to the material preparation
conditions.[84, 88, 103] Thus, the substitution of Ca for Sr in the RP structure would

influence the oxygen concentration and instability of LaSrs,CaFes044.6.

Table 4-1 Peak area and perovskite to RP ratio in LaSrs,Ca,Fe;010.5 (x = 0-1.0)

X in Peak area Perovskite to
RP ratio
LaSrs.CafFe;0108 5 0 2 of perovskite 217of RP
0 273 5797 0.05
0.1 465 5639 0.08
0.3 65 4496 0.01
0.5 308 5933 0.05
0.7 401 5360 0.07
1.0 1262 4874 0.26

Upon the increasing of Ca concentration, the diffraction pattern of the RP
phase was shifted to the higher angle, Figure 4-1(inset), indicating the contraction of
unit cell parameters and the distortion of the RP structure. The lattice parameters, a
and ¢, and the unit cell volume of LaSr;,Ca,Fe;044.6 at the composition of x = 0-1.0
were calculated from the lattice plane of 107 using a Scherrer equation, as shown in

Figure 4-2(a)-(c). Since LaSr;sCaisFesOi06 (X = 1.5) had the perovskite structure, its
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lattice parameters and unit cell volume were not included. The parameter a was not
significantly different while the parameter ¢ and the unit cell volume were decreased
with increasing the Ca concentration for 0 < x < 0.7, which was due to the small ionic
radius of Ca?* (1.34 A) [104] compared with that of Sr** (1.44 A).[104] As a consequence,
the bond length between (La, Sr, Ca)-O was decreased, leading to the unit cell
distortion along the a- or c-axis. On the other hand, the increase in parameter c in
LaSrs,CaFes00.8 for x = 1.0 was a result of the phase transformation from the RP
structure to perovskite. [105] Since the Ca substituted concentration was limited at x

= 0.7, the LaSrs,Ca,Fe;04.6 with x = 0-0.7 was further investigated.
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4.1.2 TG analysis of LaSrs;,Ca,Fe;040.6

The oxygen losses of LaSrs,Ca,Fes0yq.6 (x = 0-0.7) samples were recorded
using a thermal gravimetric analyzer in air at 25-800 °C as presented in Figure 4-3. All
samples showed a similar trend of thermogram in the variation of weight decreasing
with increasing temperature. The loss in humidity was found in the samples in the
temperatures between 100-200 °C and the weight continuously decreased as
increasing temperature from 200-400 °C which corresponded to the loss of surface
oxygen. Above 400 °C, a drastically decreasing of weight loss was assigned to the
oxygen loss from the bulk of the structure.[106] The total weight loss of each sample
was approximately 2% which was similar to the weight loss of LaSrsFe;0;q.5 report by

Kim et al.,.[89]

At low Ca concentration (x = 0-0.3), the weight loss was decreased with
increasing Ca concentration,while at higher Ca concentration (x > 0.5), the weight loss
turned to increase.. This result implied that the low concentration of Casubstitution
reduced the oxygen vacancy in the LaSrsFe;0;q.6 structure. Generally, the substitution
of the same valence state ion had no effect on the charge of the composition.
However, in this case, since Ca had small ionic radii and caused the contraction of the
unit cell, the interaction between metal and oxygen bond was possibly strenghten,
resulted in a decrease of oxygen loss, similar to the work reported by Choi et al. [107],
who investigated the effect of Ca doped for Sr in PrBagsSrgs.CaC0,05,.6 layered
perovskite oxides. They found that Ca substitution increased oxygen concentration
and enhanced the conductivity of PrBagsSry5C0,05.8 because the difference in size
between Ca** and Pr’* was smaller than that between Sr** and Pr**, resulting in a
stronger interaction between the metal-O bond and consequently leading to the
decreasing of oxygen loss. For higher Ca content (x > 0.5), LaSr, sCagsFe;010.6 provided
higher weight loss than LaSr,;CagsFes;0,0.8, because the unit cell was highly distorted
by the moderated Ca addition which caused the weak interaction between metal-O
bond and create more oxygen loss. Manthiram et al. also reported the effect of A-site

size of Lny,Sr,Co0s6 (Ln = La, Pr, Nd, Sm, and Gd) perovskite and found that with
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decreasing ionic radius from La** to Gd>*, the O-Co-O bond angle was more lowerthan

180° and the elimination of oxygen in the structure was increased.[108]
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Figure 4-3 TGA plots of LaSrs;,Ca,Fe;044.6 (x = 0-0.7) measured in air at 25-800 °C.
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4.1.3 Total conductivity of LaSr; Ca,Fe;010.6

The total conductivities of LaSrs,CaFes010.6 (x = 0 - 0.7) samples were
investigated in air at 200-800 °C. At low temperature (T < 400 °C), the conductivities of
all samples shown in Figure 4-4 were increased gradually with increasing temperature,
which indicated a semiconducting behavior. At high temperature (T > 400 °C), the
conductivity was decreased with increasing temperature due to the oxygen loss
generated in the structure. The oxygen vacancies generated would decrease the charge
carrier concentration and perturb the electron localization between Fe-O-Fe, resulting

in a drop of conductivity.[98, 106, 109]

At low Ca content (x = 0-0.3), the conductivity was promoted with
increasing the Ca concentration in LaSrs,Ca,Fe;0,0.6 and the highest total conductivity
was achieved at the composition of LaSr, ;Cag sFe;040.5 (180 Scm™ at 400 °C). In the RP
structure, the electronic conductivity was generally explained by the mechanism of
small-polaron hoping in the perovskite layer along the Fe**-O-Fe** bonds, which Fe**
acted as the charge carrier with electron holes. The substitution of Ca decreased the
metal-O bond length, increased the interaction between metal-O bond and possibly
reduced the formation of oxygen vacancies in the RP structure, as the TGA result. Thus,

the conductivity was promoted by the small amount of Ca substitution.

Conversely, the conductivity turned to decrease with a high Ca content
of x > 0.5 because the high amount of Ca substitution caused highly distortion of the
unit cell structure, which was possibly undesirable for the overlapping between the
metal-O bond and thus provided an adverse effect on the electronic transportation
between the Fe-O-Fe bond.[85] In addition, to maintain the RP structure, the oxygen
atoms were eliminated and oxygen vacancies were formed. These oxygen vacancies
possibly reduced Fe™* to Fe®, resulting in a decrease of charge-carrier concentration
and subsequently reduced the electronic conductivity.[109] These conductivity results

were well-agreement with the weight loss from the TGA studied
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Figure 4-4 The total conductivity of LaSr;,Ca,Fes0,0.6 (x = 0-0.7) at 200-800 °C in air

4.1.4 Microstructure of LaSr;,Ca,Fe;040.6

The microstructure of LaSrs,Ca,Fe;0,0.6 (x = 0-0.7) after coating on the
LSGM electrolyte and firing at 1000 °C in air was observed. The SEM images of crossed
section of LaSrs,Ca,Fe;0,0.6 cathodes were illustrated in Figure 4-5. The bottom part

of the micrographs represented a dense area of LSGM electrolyte while the upper
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portion showed the porous area of LaSrs,Cafe;0,0.6 cathode and a well-coated
cathode on electrolyte without delamination along the interlayer. All sample showed
no significantly difference in microstructure and particle size of each sample. The
samples were homogeneous and the average particle size was approximately 5-7 um.,
Thus, the electrochemical performance of the cell was not affected by the

microstructure of materials.
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Figure 4-5 SEM images of crossed section of LaSrs,CaFez00.6: (@) x = 0, (b) x = 0.1,
(c)x=0.3,(d)x=0.5,and (e) x = 0.7

4.1.5 Thermal expansion behavior of LaSr;, Ca,Fe;04.6

Figure 4-6 exhibited thermal expansion behaviors of the LaSr;,CaFe;O4.
& (x = 0-0.7) specimens investigated in the temperature range of 25-800 °C in air. All
samples showed a linear degree of thermal expansion (AL/L,) at temperature lower
than 400 °C, which indicates the oxygen loss was negligible.[110] At higher temperature
(T>400 °C), the slopes were non-linearly increased due to the loss of oxygen atomes
from the lattice.[98] When the temperature increased, the bond energy was increased
and caused the increasing of bond length between Ln-O and Fe-O bond, which
resulted the reduction in the bond interaction between metal and oxygen. With
weaker bond interaction, the oxygen was easily eliminated and the lattice was easily
expanded.[111] Table 4-2 showed the calculated average thermal expansion
coefficient (TEC) values of LaSrs,CaFes0i08 (x = 0-0.7) at two different temperature
ranges, 25-400 °C (low temperature) and 400-800 °C (high temperature). At both
temperature ranges, the TEC value of LaCaSrsFe;0,0.6 was decreased and provided the
lowest value at the composition of x = 0.3, which was closed to that of LSGM
electrolyte (18.82 x 10°°K* at 25-800 °C). The lower in TEC value could be explained
by the lower in oxygen loss of Ca-doped samples compared to the undoped sample.
Thus, the structure was tightly bonded and not much expanded compared to the
loosely bonded structure. In addition, the shorter the bond length, the higher the
bonding energy was, which could be lowering the TEC value.[112] As a consequence,
the smaller unit cell of Ca addition provided the high bond energy and the low TEC
value. However, the TEC value was increased with the Ca addition at x > 0.5, which
was due to the greater amount of oxygen loss in the structure of composition x > 0.5.

The increasing of oxygen vacancy caused the decrease in total negative charge of the
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lattice, resulting that the Fe was oxidized from 3+ to 4+ and/or 3+ to 2+ to compensate
the charge and caused the lowering of electrostatic attraction of Fe-O bond, resulting

in increased the TEC value.[98]
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Figure 4-6 Thermal expansion (AL/L,) curves of LaSrs,CaFes006 (x = 0-0.7) in air at

25-800 °C

Table 4- 2 Average TECs of LaSrs,CaFes010.6 (x = 0-0.7) in air at 25-800 °C

TEC® (10%k?)

X in LaSr; Ca,Fe;040.8

25-400 °C 400-800 °C
0 13.47 38.44
0.3 12.24 34.92
0.5 13.19 35.59

0.7 13.66 44.66
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4.1.6 X-ray Photoelectron Spectroscopy (XPS) of LaSr;, Ca,Fe;040.6

4.1.6.1 Calcium spectra in LaSr;,Ca,Fe;04.6

The deconvolution of Ca 2p core level of LaSrs,Ca,Fe;0.8 (x =
0, 0.3 and 0.5) samples was exhibited in Figure 4-7. The band spectra of 2p core level
was splitting into two peaks at the binding energies of 345.7 eV and 349.2 eV, which
were assigned to Ca 2p 1/2 and Ca 2p 3/2, respectively. The splitting was the effect of
spin-orbit splitting, which showed the energy separation approximately 3.5 eV.[113,

114] The peak area was increased with the increasing of Ca concentration.
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Figure 4-7 XPS spectra of Ca 2p core - level of LaSrs,Ca,Fe;050.5 (x = 0, 0.3 and 0.5)
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4.1.6.2 Iron spectra in LaSr;,Ca,Fe;040.8

The deconvolution of Fe 2p core level of LaSrs;,Ca,Fe;010.6 (x =
0, 0.3 and 0.5) samples were split into two peaks of 2p 3/2 and 2p 1/2, as illustrated
in Figure 4-8. Both peaks were shifted to higher binding energy with increasing of Ca
concentration, indicating the strong interaction between the Fe-O bond. The
deconvolution of each 2p core level showed three main signals assigned to Fe?*, Fe*,
and Fe*. The peaks with the binding energy of ~708, ~709.2 and ~711.5 eV were
associated with Fe?* 2p 3/2, Fe** 2p 3/2 and Fe* 2p 3/2 while the peaks at binding
energy about ~721.5, ~722.6 and 723.9 eV were associated with Fe*" 2p 1/2, Fe** 2p
1/2 and Fe* 2p 1/2, respectively.[115-117] The oxidation state of Fe ion in LaSrs
CaFe;050.5 was mixed valence state of Fe®* and Fe*, and the Fe?" ion was formed
due to the defect of oxygen vacancy in the structure which induced the reduction of
Fe.[98, 107, 118, 119] The formation of oxygen vacancies and the reduction of Fe ion

in LaSr;,CaFes0;0.8 can be written based on Kréger-Vink notation as follows:[120, 121]
2Fee + 0F © 2Fef, + Vo +0, (4-1)

where V; was the oxygen vacancy and 0 was the oxygen in lattice.

The percentage for each chemical state of Fe 2p in LaSrs
La,Fes040.8 was calculated from the peak area and summarized in Table 4-3, Upon
increasing the Ca concentration, the percentage of Fe®* was slightly decreased but Fe**
was slightly increased, while that of Fe** was almost constant. This result implied that
the reduction of Fe** to Fe?" was increased due to the charge compensate caused by

the increase of oxygen concentration in the structure.
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Figure 4-8 XPS spectra of Fe 2p core - level spectra in LaSrs;,CaFes010.6 (x = 0, 0.3

and 0.5).
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Table 4- 3Percentage for each chemical state of Fe 2p in LaSrs,Ca,Fe;010.6 (x = 0, 0.3
and 0.5).

X in LaSr; Ca,Fe;040.6
Oxidation State

0 0.3 0.5
Fe* 14.75 9.63 10.67
Fe’* 45.82 50.82 49.91
Fe* 39.43 39.55 39.41

4.1.7 Electrochemical performance of LaSr; , Ca,Fes0.0.6

4.1.7.1 Single cell performance for LaSr;,Ca,Fe;0,0.§ cathode

The electrochemical performance of cells using LaSr; Ca,FesOq
5 (x = 0-0.7) cathodes were performed in 3% humidified H, fuel. The terminal voltage
and power density as a function of current density (-V-P curve) were collected using
a potentiostatic measurement at 600-800 °C. As considering /-V curve (Figure 4-9(a)), all
cells exhibited the distinction between the activation polarization range at a low
current density (below 10 mA*cm™?) and the ohmic polarization range at medium to
high current density (above 10 mA*cm™?) while the concentration polarization was not

observed.

With increasing of Ca addition, the slope of activation
polarization (Figure 4-9(a) (inset)) and ohmic polarization of LaSrs,Ca,Fe;0;0.6 (Figure
4-9(a)) were slightly decreased, suggested that the kinetics of the electrochemical
reaction and the electrical and ionic transportation of the cells increased by the Ca
addition. Since the single cell fabrication was identically prepared and the electrolyte
and anode polarization resistances of the cell were assumed to be constant, the

resistances of the cells were dominated from the cathodes. Thus, it could be
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concluded that the Ca substitution improved the catalytic activity of the LaSrsFe;O;q.
s cathode. The power density of the cell for Ca-free cathode (Figure 4-9(b)),
LaSrsFe;0;0.6, (227 mWem™), was improved by Ca substitution and the highest power
density was achieved at the composition of x = 0.3 (301 mWcm™). However, the power
density of the cell of Ca concentration of x > 0.5 was decreased from that of

LaSry7CagsFes040.8 cathode.

The effect of temperature on the electrochemical performance
was also investigated. All single cells for LaSrs;,Ca,Fes010.6 cathodes provided the
decrease in electrochemical performance with decreasing operating temperature
because the ORR decreased at low temperature..[6] The terminal voltage and power
density as a function of current density of the cell using LaSr,;CagsFes040.8 cathode
was selectively represented in Figure 4-10 and the maximum power densities of the
single cells for LaSrs,Ca,Fes01p.6 (x = 0-0.7) cathodes were summarized in Table 4-4.

The electrochemical performance was affected by the operating temperature.
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Figure 4-9 (a) Terminal voltage and (b) power densities as a function of current density

of the LaSrs, Ca,Fe;040.5 (x = 0-0.7) cathodes at 800 °C.
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Table 4- 4The maximum power density of the single cells for the LaSr;,CaFes;040.6

cathodes (x = 0-0.7) at 600-800 °C in H, fuel.

X in LaSrs Ca,Fe;040.8

Maximum Powder density (mW=cm™)

800 °C 700 °C 600 °C
0 227 102 34
0.1 261 134 43
0.3 301 186 61
0.5 296 188 64
0.7 208 142 49
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4.1.7.2 Resistance of the single cells for LaSr;,Ca,Fe;0,,.6 cathode

To investigated the resistance of the cell, the impedance
spectra of single cells for LaSrs,CaFe;0,0.6 cathodes (x = 0-0.7) were analyzed in the
temperature range of 600-800 °C. The impedance spectra of the cell for LaSrs
La,Fes010.8 cathodes showed the similar trend in various operating temperature.
Therefore, only the spectra at 800 °C was demonstrated in Figure 4-11 in order to
compare the effect of Ca substitution in LaSr;,Ca,Fe;010.8. The difference between
the two intercepts at the real axis, Re(2), of the semicircle at high frequency and low
frequency were the area specific resistance (ASR) of the cell. Generally, several
semicircles of impedance could be observed, corresponded to the several reactions
on the surface of the electrodes, such as gas dissociation (surface activity) and bulk
diffusion, which related to the ionic and electronic conductivity of the electrodes. For
roughly observation, there are two semicircles, belonged to the cathode (at lower
frequency) and the anode (at higher frequency). Since the single cell fabrication was
identically prepared, the ohmic and anodic polarization resistance of the cells were
thus assumed to be constant and the resistance of the cells was dominated from the
cathodes. In this case, the particle size of the LaSr;,Ca,Fe;0108 cathodes was not
significantly different, as the SEM result, therefore the gas diffusion to the cathode
should not significantly different. Thus, the minimize ASR was depended on the
oxidation reduction reaction (ORR) of cathode, which was considerate as the oxidation
of oxygen molecule (surface exchange), oxide ion diffusion in cathode bulk, and
electron transportation, which depended on the Ca concentration substituted in LaSr;.
LaFe;0;0.6 cathodes.

With increasing Ca concentration, the ASR decreased and the
lowest value was observed for the composition of x = 0.3. The lower the ASR values,
the higher the cell performance obtained. In this study, the resistance of the
LaSr, ;CagsFes040.6 cathode was the lowest, whichwas accorded with the increase in
total conductivity as discussed in the previous section. The increasing of conductivity
facilitated the electron transformation, the oxidation of oxygen molecules to oxide

ions, equation (2-2), and decreased ASR. Compared to the composition of x = 0.3, the



52

ASR value of the composition of x = 0.5 was slightly increasedbecause the conductivity
of LaSr,sCagsFes0i0.6 was slightly reduced. A slightly drop of conductivity possibly
obstructed the electron migration, retarded the ORR and raised the resistance of the
cell. For the composition of x = 0.7, the ASR was dramatically increased implied that
the rate of ORR was decreased as a result poor conductivity. Even the oxygen vacancy
could promote the oxide ion migration, too high oxygen vacancy in Ca content x = 0.7
could also blocked the electron transformation, resulting in high ASR. Therefore, the
proper concentration of oxygen vacancies in LaSrs,Ca,Fe;0,0.5 could be controlled by
the proper amount of Ca substitution to facilitate both oxide and electron

transportation, minimize the ASR and promote cell performance.

At various temperatures, the impedance spectra of all samples
showed the increase in ASR with reducing temperature because the kinetics of the
electrochemical reaction and ionic transportation of the cells were reduced with
decreasing temperature.[6] Figure 4-12 showed the impedance spectra of
LaSr,,CagsFe;044.6. The ASR value of LaSrs,Ca,Fe;0q4.6 (x = 0-0.7) at different operating

temperatures was summarized in Table 4-5.
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Figure 4-12 Impedance spectra of the cell for LaSr,;CagsFes040.6 (x = 0-0.7) cathodes

at 600-800 °C.

Table 4- 5ASR of the single cells for the LaSr;,CaFe;040.6 cathodes (x = 0-0.7) at

600-800 °C in H, fuel.

X in LaSr3_XCaXFe30 10-0

Area specific resistance, ASR (Q cm?)

800 °C 700 °C 600 °C

0 2.50 2.95 99.57
0.1 2.15 293 133.69
0.3 1.64 2.54 161.19
0.5 1.66 2.56 165.78
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4.2 Effect of lanthanide ion in LnSr,;CaysFe;0,0.6 (LN = La, Pr, and Sm)
Ruddlesden-Popper phases as Cathodes for Intermediate

Temperature Solid Oxide Fuel Cells

4.2.1 Crystal structure and phase identification of LnSr,;CagsFe;040.8

XRD patterns of LnSr,7CagsFes010.6 (Ln = La, Pr, and Sm) after fired at 900
°C, were illustrated in Figure 4-12. With Pr and Sm substitution, the diffraction peaks of
both samples remained the tetragonal structure of RP n = 3 corresponded to
LaSrsFe;0q9 (JCPDS no. 81-1234) with the perovskite co-existed phase. However, other
impurity phase, (Sm,Sr)FeQ,, was also found and refined based on the LaSrFeQ,
structure (JCPDS no. 71-1744), RP n= 1, due to the phase instability as the previous
discussed (equation (4-1)).[84, 87, 88] No Pr- and Sm-oxide phase was observed in the
spectrumindicating that Pr and Sm were incorporated in the LnSr,;CagsFesOqq
structure. To identified the ratio of impurities in the structure, the ratio of perovskite
impurity to the RP n = 3 structure was calculated from the peak area of 202 lattice
plane of perovskite structure and the 217 lattice plane of RP n = 3 structure because
the main peaks of both phases were overlapped. While the ratio of (Sm,Sr)FeQ,
impurity to the RP n = 3 phase was calculated from the peak area of the main
diffraction peak of each phase (the 103 lattice plane of RP n = 1 phase and the 107
lattice plane of LnSr,;Cag3Fe3040.6,. These ratios were as summarized in Table 4-6. The
perovskite ratio was lower than 5% in LnSr,;CagsFes010.6 (Ln = Pr, La)and increased
almost 10 % by Sm substitution while the (Sm,Sr)FeOq4 impurity phase was ~6%, which
indicated that the RP structure of Sm substituted sample was transformed. Since the
amount of impurity phases (perovskite in PrSr,;CagsFesOip6 and (Sm,SrFeQ, in
SmSr,;CagsFes044.8) were quite low, the effect of these impurities was thus negligible.

However, the effect of (Sm,Sr)FeO5; would be further discussed.
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Table 4- 6Peak area and impurity to RP ratio in LnSr,,CagsFes09.6 (Ln = La, Pr, and
Sm)

Peak area Perovskite
Ln in RPn=1
217of 103 107of to
LnSr,; 202 of toRP n
RP of RP RP RPn=3 .
CapsFes010.6 perovskite . = 3 ratio
n=3 n=1 n=3 ratio
La 65 4496 - 17721 0.01 -
Pr 223 5428 - 19197 0.04 -
Sm 670 6176 718 12113 0.11 0.06

With Pr and Sm substitution (Figure 4-1(b-c) ), the XRD patterns were
shifted to the higher angle, which was easily seen in Figure 4-13 (inset), indicating the
shrinkage and distortion of the unit cell. The lattice parameters, a and ¢, and the unit
cell volumes of LnSr,;CagsFes044.6, calculated from the main lattice plane of 107 using
a Scherrer equation, were shown in Figure 4-14(a)<(c). By replacing La with Pr, the
parameters (a and ¢) and unit cell volume decreased because the ionic radius of Pr**
(1.32 &) and Pr** (1.13 A) were smaller than that of La®* (1.36 A), [122] resulting in the
decreasing of bond length between (Ln, Sr, Ca)-O which leads to the unit cell distortion
along g-and c-axes. Once Ln = Sm, the parameter a was increased, the parameter ¢
was not significantly changed, resulting the increase in unit cell volume, which was
because Sm ion had the mixed oxidation state of +2 and +3, providing a longer (Ln.

Sr, Ca)-O bond and the expansion of unit cell volume from Pr to Sm.[123]
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Figure 4-13 XRD pattern of the various LnSr,;Cag3Fes010.8 after sintered at 1400°C for
12 h and annealed at 900°C for 30 min with (¥ = LaSr;, CaFe;0q4, X = SrFeQ5, and
O = (Ln,SrFeQy); (@) Ln = La, (b) Ln = Prand (c) Ln = Sm
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volume of the LnSr,;CagsFes;00.6 (Ln = La, Pr, and Sm)
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4.2.2 TG analysis of LnSr,;Cag3sFes04.8

The weight loss of LnSr,;CagsFes010.6 (LN = La, Pr, and Sm) samples were
recorded in air in the temperatures between 25-800 °C as presented in Figure 4-15.
The thermogram showed the weight loss increased from LaSr,;CagsFes010.6 to
SmSr,;CagsFes010.8, implying that the substitution of smaller ionic radii increased the
oxygen vacancy in the structure. With Pr substitution, the present of Pr** possibly
caused the increasing of the bending of bond angle and distorted the structure,
resulting in the loss of oxygen from the strucuture in order to maintain the RP structure.
This phenomenon was also observed by Kim et al. who investigated the effect of A-
site size through the comparison between LaSrsFe;00.6 and NdSrsFe;0;0.6 and found
that the smaller A-site of NdSrsFe;O;0.6 generated more oxygen loss, compared with
LaSrsFe;044.6 due to the decreasing of binding energy between Ln-O bond in the lattice
with decreasing the ionic radii of Ln.[89] In case of Sm substitution, the existing of Sm?*
decreased the total positive charge in the structure and possibly caused the
elimination of oxygen for the charge compensation. In addition, the high value of
oxygen loss in Sm substituted sample might be relate with the loss of oxygen in the
impurity phases such as perovskite, (Sm,Sr)FeOs;. Demont et al.investigated the oxygen
loss in perovskites, LageSrgsFe0s-§ and LaggSry4Co00s-8, and in the RP, LaSrFeO,4 and
LaSrCoQq, in Ar atmosphere and found that the perovskite structures provided higher
oxygen loss than the RP structures because the oxidation state of metal at B-site in

perovskite was greater than RP structure.[124]
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Figure 4-15 TGA plots of the LnSr,,CagsFes040.6 (Ln = La, Pr, and Sm) measured in air
at 25-800 °C.
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4.2.3 Thermal expansion behavior of LnSr,;CaysFe;010.6

Figure 4-16 exhibited the thermal expansion behaviors of the
LnSr,7CagsFes0106 (Ln = La, Pr, and Sm) specimens operated at 25-800 °C in air.
LaSr,;CagsFes040.6 and PrSr,;CagsFesO106 showed a linear degree of thermal
expansion (AL/L,) at the temperature lower than 400 °C, while SmSr,;CagsFes010.6
showed a linear thermal expansion until 300 °C. However, the slopes were non-linearly
increased at higher temperature due to the loss of oxygen from the lattice. Table 4-7
showed the calculated average thermal expansion coefficient (TEC) values at two
different temperature ranges of 25-400 °C and 400-800 °C. The average TEC value of
the samples slightly decreased from substitution on La by Pr but increased by Sm
substitution. The decrease in TEC by Pr substitution was possibly caused by the strong
interaction of the shorten Pr-O and Fe-O bond length, and a smaller unit cell, which
made the unit cell difficulty to expand.[112] However, the oxygen loss of Pr substituted
sample also had an influence on reducing the total negative charge in the structure,
causing the reduction of Fe, decreasing the electrostatic attraction of Fe-O bond, and
resulting in the increased TEC .[98] In this case, the TEC value of Pr substituted sample
was thus slightly decreased, indicating the interaction with shorten bond length was
dominated the effect of oxygen loss. For Sm substitution, the increasing of TEC was
caused by a large concentration of oxygen vacancies in SmSr,;CagsFe;0;0.6 structure.
As a result, the TEC was significantly higher than that of LSGM (18.82 x 10°K™ at 25-

800 °C), thus the delamination of SmSr,;CaysFes010.6 was concerned.
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Figure 4-16 Thermal expansion (AL/L,) curves of LnSr,,CagsFe;0406 (Ln = La, Pr, and

Sm) in air in a temperature range of 25-800 °C compared to LSGM electrolyte

Table 4-7 TECs of LnSr,,CagsFez010.6 (Ln = La, Pr, and Sm) samples

TEC (10°K™?)

Lain LnSr2,7Ca0_3Fe3O 10-8

25-400 °C 400-800 °C
La 11.48 34.92
Pr 10.56 32.72

Sm 16.98 44.02
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4.2.4 Total conductivity of LnSr,;CagsFes044.6

The total conductivity of LnSr,;CagsFes010.6 (Ln = La, Pr, and Sm) samples
was investigated in air at 200-800 °C, as shown in Figure 4-17. With Pr and Sm
substitution, the sample provided a similar behavior as LaSr,;CagsFes010.5, which was
a semiconducting behavior. The conductivity increased as increasing temperature and
decreased after 400 °C due to the oxygen loss .[98, 106, 109] The total conductivity of
LNnSr,;CagsFes010.6 decreased from La (~198 Scm™ at 400 °C) to Pr (~150 Scm™ at 400
°C) and Sm (83 Scm™ at 500 °C), suggesting the electron mobility was decreased with
decreasing size of Ln>*. This result was well-related to the oxygen loss from TGA (Figure
4-15). The oxygen vacancy blocked the electron transformation between 2p orbital of
oxygen and 3d orbital of Ln and Fe, consequently decreased the electron mobility of
PrSr,,Cag sFes010.6 and SmSr, ,CagsFes040.6. In the case of Pr substitution, even the

mixed oxidation state of Prr/#

could generate the electron-hole and promote the
electron migration, the effect of oxygen vacancy, which prohibit the electron

transformation, was dominant the effect of oxidation state.

For Sm substitution, the decrease in conductivity might be caused by the
impurity phases, such as perovskite. The PrygSry,FeOs had the conductivity around 78
Scm™! at 800 °C [125] and the conductivity of LngsSrysFeOs.s was decreased in the
sequence La > Pr > Nd > Sm. The mismatch in size of A-site cation distorted the
structurelowered the overlapping between oxygen and Fe, and perturbed the electron
transportation.[95] Thus, in this study, it was concluded that (Sm,Sr)FeO5; might provide

a low conductivity which influenced the conductivity of SmSr,;CagsFes;010.6.
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Figure 4-17 The total conductivity of LnSr,,CagsFes00.6 (Ln = La, Pr, and Sm) at 200-

800 °C in air
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4.2.5 Microstructure of LnSr; ,Ca,Fe;040.6

Figure 4-18 presented the cross-section SEM images of LnSr;,Ca,Fes010.6
(Ln = La, Pr, and Sm) cathodes after fired on the LSGM electrolyte at 1000 °C in air.
The porous top area was LnSrs,Ca,Fe;010.8 cathodes. No significantly difference in
microstructure and particle size between the samples The  samples were
homogeneous and the average particle size was approximately 5-7 um. Thus, the

electrochemical performance was possibly not affected by the microstructure.

Figure 4-18 SEM images of crossed section of the LnSr,,CagsFe;0,0.6 samples: (a) Ln

=La, (b)Ln = Pr, and (c) Ln = Sm



66

4.2.6 X-ray Photoelectron Spectroscopy (XPS)

4.2.6.1 Lanthanum spectra for LaSr,;CagsFes;040.8

Figure 4-19 exhibited the XPS spectra of La 3d core level for
LaSr,;CagsFes040.6. The band spectra of 3d core level showed the splitting of La 3d
5/2 and La 3d 3/2 caused by the effect of spin-orbit coupling with the separated energy
of ~17 eV. Each splitting peak was deconvoluted to four peaks, which were 4f° (the
main core level without electrons in the 4f orbital and no charge transfer from ligand),
4f'L-bonding, 4f'L-antibonding (the satellites with charge transfer from ligand, L, for
bonding and antibonding with the final state to 4f orbitals) and the plasmon peak.[126,

127] However, all peaks were corresponded to La*, suggesting the oxidation state of

La in LaSr2'7Ca0'3Fe3Om_5 Wwas 3+.

La3d3/2
La3d5/2
=
<
£
£
2
k=
4
2
=
&
825 830 835 840 845 850 855 860
Binding energy/ eV
Experimental —— 3d La3* 4f'L bonding
——- Background —— 3d La3* 4f°
—— Envelop —— 3d La3* 4f'L antibonding

3d La3* plasmons

Figure 4-19 XPS spectra of La 3d core-level of LaSr,;CagsFes;010.8
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4.2.6.2 Praseodymium spectra for PrSr,,;CajsFe;0,0.6

The XPS spectra of Pr 3d core - level spectra for
PrSr,,CagsFes010.8 was illustrated in Figure 4-20. The deconvolution exhibited the
characteristics of Pr 3d 5/2 and Pr 3d 3/2 with the separated energy approximately ~20
eV. Each splitting peak was deconvoluted to the main core peak without charge
transfer of 3d 5/2 and 3d 3/2, the spin-split doublets of 3d 5/2 and 3d 3/2 and the
satellite peak of 3d 3/2. The peak of Pr** was found, which belonged to the electronic
configuration state of 3d°4f'. Thus, Pr for PrSr,;CagsFesO0.8 provided the mixed
oxidation states of 3+ and 4+ [123] The peak position of Pr 3d for PrSr,;CagsFez010.6

was summarized in Table 4-8.

Pr3d3/2
Pr3d5/2 ‘

Relative intensity/ a.u.

Ln=Pr

920 925 930 935 940 945 950 955 960

Binding energy/ eV
Experimental —— 3d Pr3* spin-split doublet
——- Background —— 3dPr*
—— Envelop — 31 Pr**
3d 3/2 Pr3* satellite

Figure 4-20 XPS spectra of Pr 3d core - level of PrSr,;CagsFes010.6



Table 4-8 Chemical states of Pr 3d for PrSr,;CagsFes014.6.

Peak Designation Peak position (eV)
3d 5/2 Pr** 932
3d 5/2 Pr** spin-split doublet 927
3d°f* for Pr* 947
3d 3/2 Pr** 952
3d 3/2 Pr** spin-split doublet 948

3d 3/2 Pr** satellites 956




69

4.2.6.3 Samarium spectra for SmSr,;Cag sFe;010.6

The XPS spectra of Sm 3d core - level for SmSr,;CagsFes01086
was exhibited in Figure 4-21. The influence of spin-orbit caused the splitting of Sm 3d
core — level to Sm** 3d 5/2 and 3d 3/2 at the binding energy of 1083 eV and 1108 eV,
respectively, while the Sm** 3d 5/2 and 3d 3/2 at the binding energy of 1081 eV and
1105 eV, respectively, thus Sm was mixed oxidation state of 2+ and 3+. In addition,
the additional peak at 1076 eV for Sm?* and the broad peak of Sm Auger at 1110.5 eV
were found, which generally appeared in the metal oxide. [128, 129]

Sm 3d 3/2

Sm 3d 5/2

Ln=Sm

Relative intensity/ a.u.

Experimental —— 3d Sm?*

— —- Background — 34 Sm3
— Envelop ——— 3d Sm?** additional
Sm Auger
1070 1080 1090 1100 1110

Binding energy/ eV

Figure 4-21 XPS spectra of Sm 3d core - level of SmSr,,CagsFes04.6
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4.2.6.4 Iron spectra of LnSr,;CagsFes044.6

The XPS spectra of Fe 2p core level for LnSr,;CagsFes;040.6 (LN
= La, Pr, and Sm) samples showed the splitting of 2p 3/2 and 2p %2 peaks, which was
influenced by the spin-orbit coupling in Figure 4-22. The deconvolution of each 2p
core - level showed the three main signals of Fe*, Fe®*, and Fe*. The peaks with the
binding energy of ~708, ~709.2 and ~711.5 eV were associated with Fe®* 2p 3/2, Fe*
2p 3/2 and Fe* 2p 3/2, respectively. The peaks at binding energy about ~721.5, ~722.6
and 723.9 eV were also associated with Fe?* 2p 1/2, Fe** 2p 1/2 and Fe** 2p 1/2,
respectively.[116, 117, 130] Even the spectra of Fe 2p core level was not significantly
shifted by the reducing size of La to Sm, the amount of each iron species was different.

The percentage for each chemical state of Fe 2p in
LnSr,,CagsFes09.6 were summarized in Table 4-9. Upon the substitution of Pr, the
peak areas and percentages of Fe*" was decreased while that of Fe** and Fe** was
increased, compared to those of LaSr,;CagsFes;0,0.6, indicating the reduction of Fe
occurred. The occur ofPr** in the structure promoted the reduction of Fe in order to
compensate the charge in the structure.

With the substitution of Sm, the peak area and percentage of
Fe?* was not significantly changed while Fe** were decreased and Fe** was increased,
compared to those of LaSr,;CagsFes0y8, indicating the oxidation of Fe®" to Fe™
occurred. The oxidation of Fe in Sm substituted material was explained by the mixed
oxidation stated of Sm?" and Sm>' in SmSr,;CagsFes0y0.8 Structure in order to

compensate the charge in the structure.
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Figure 4-22 XPS spectra of Fe 2p core - level spectra in LnSr,7CagsFes0508 (Ln = La,

Pr, and Sm)
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Table 4-9 Percentage for each chemical state of Fe 2p in LnSr,,CagsFes010.6 6 (LN =
La, Pr, and Sm)

Ln in LnSr,,CagsFe;040.6
Oxidation State

La Pr Sm
Fe? 9.63 14.93 9.56
Fe’* 50.82 59.16 50.41
Fe* 39.55 25.91 40.03

4.2.7 Electrochemical performance of LnSr,,;Ca,sFe;0,0.6

4.2.7.1 Single cell performance for LnSr,;Ca,sFe;0,.6 cathodes

The electrochemical performance of the cells for
LnSr,,CagsFes010.6 (Ln = La, Pr, and Sm) cathodes was performed under 3% humidified
H, fuel. The terminal voltage and power density as a function of current density were
collected using potentiostatic measurement in the temperature range of 600-800 °C.
The slopes of activation polarization (Figure 4-23(a) (inset)) and ohmic polarization of
LaSr;,CaFes040.6 (Figure 4-23(a)) were in the order from high to low values as follows,
SmSr, ;CapsFes010.6 > LasSr,;CagsFesO19.6 > PrSry,CagsFes040.6, indicating the kinetics
of the electrochemical reaction and the electrical and ionic transportation of the cells
increased by the Pr substitution but decreased by the Sm substitution, compared to

La substitution.

The power density of the cells at 800 °C for LnSr,;CagsFesO44.8
(Ln = La, Pr, and Sm) cathodes were illustrated in Figure 4-23(b). PrSr,;CagsFe;010.6
gave the maximum power density of 356 mWcm™?, which was higher than that of
LaSr,7CagsFe;050.6 (301 mWem™@), while SmSr,;CagsFes010.6 gave a lower maximum

power density at 242 mWcm™?. The maximum power densities of the single cells for
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LnSr,7CapsFes010.6 cathodes at different operating temperature were summarized in

Table 4-10 and showed that the electrochemical performance was also promoted at

high temperature.

14
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Figure 4-23. (a) Terminal voltage and (b) power densities as a function of current

density of the LnSr,;CagsFe;010.6 (Ln = La, Pr, and Sm) cathodes at 800 °C.
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Table 4- 10 The maximum power density of the single cells for the LnSr,;CagsFesO.

6 (Ln = La, Pr, and Sm) cathodes at the temperature range of 600-800 °C in H, fuel.

Ln in Maximum Powder density (mW=cm™)
LaSrsCa,Fe;040.6 800 °C 750 °C 700 °C
La 301 186 61
Pr 354 233 88
Sm 242 138 80

4.2.7.2 Resistance of the single cells for LnSr,;CagsFe;040.6

cathodes

The impedance spectra of single cells for LnSr,7CagsFe;010.8 (LN
= La, Pr, and Sm) cathodes were analyzed in the temperature range of 600-800 °C.
Since the impedance curve corresponded to the reactions that taking place on the
surface, in this case, the particle sizes of LnSr,7CagsFes010.5 were not significantly
different, , therefore the gas diffusion rate from cathode to electrolyte should not
significantly different. As a result, the different in ASR depended on the oxidation-
reduction reaction (ORR) of cathode, which could be depended on the size of Ln

substituted in LnSr,,CagsFes;040.6 cathodes.

The impedance spectra of Pr substitution sample,
Prsr,,CapsFesOq0.6 at 800 °C, Figure 4-24, showed the lowest ASR which was in
agreement with the highest cell performance. Even the conductivity of
PrSr, ,Cay sFes040.6 was lower than that of LaSr,,CagsFes;0;0.6, the ASR of Pr was lower
and the cell performance was better that could be related to the oxygen vacancy in
the material structure. As previously discussed, the ASR could relate to both electronic
and ionic transportation in the cathode structure. In PrSr,;CagsFe;040.6, the cathode

had higher oxygen vacancy than LaSr,;CapsFesO.0.5 cathode, therefore it would
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enhance the migration of oxide ions through the oxygen vacancies in the structure
easier and consequently promoted the ORR rate, and reduced ASR. Moreover, the
previous research found that the Pr substitution for Sr showed a higher catalytic activity
for oxygen dissociation on the surface than LaSrsFe;0,0.5 cathode due to the mixed

valence state of Pr*> and Pr*.

However, SmSr,;CagsFe;0,0.8 showed the higher ASR than
LaSr,7CagsFe3040.6, which was corresponded to the cell performance, impling that the
resistance of the cell was increased. This could be related to the high concentration
of oxygen vacancies of SmSr,;CagsFes010.6 which could block the electron
transportation between the metal-O bonds and significantly reduced the conductivity
of the sample and delayed the rate of ORR. Even the oxygen vacancy was important
for the oxide ion transportation of SOFC cathode, too high concentration of oxygen
vacancies was not able to compensate the poor conductivity and thus decreased the
ORR of SmSr,-CagsFes;049.6. Therefore, the proper concentration of oxygen vacancies
in LnSr,7Cag3Fes010.6 could be controlled by the substitution of suitable ionic radii to
facilitate both oxide and electron transportation, maximize the ORR and enhance cell
performance. The ASR value of the cell for LnSr,;CagsFe;010.6 (Ln = La, Pr, and Sm)

cathodes at different operating temperatures were summarized in Table 4-11.
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Figure 4-24 ASR of the LnSr,,CagsFe;0106 (Ln = La, Pr, and Sm) cathodes at 800 °C.

Table 4-11 ASR of the single cells for the LnSr,;CagsFes010.6 (Ln = La, Pr, and Sm)
cathodes at 600-800 °C in H, fuel.

Ln in Area specific resistance, ASR (Q cm?)
LnSry7CagsFe3010.8 800 °C 700 °C 600 °C
La 1.64 2.54 4.05
Pr 1.34 1.98 3.23

Sm 2.46 5.33 7.24
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4.3 Effect of transition metal in PrSr,-,Ca,sFe,sB,50,0.5 (B = Fe, Ni, Co,
and Cu) Ruddlesden-Popper phases as Cathodes for Intermediate

Temperature Solid Oxide Fuel Cells

4.3.1 Crystal structure and phase identification of PrSr,;CajsFe, 5By 50106

XRD patterns of PrSr,;CagsFe,sBos010.6 (B = Fe, Ni, Co, and Cu) after fired
at 900 °C, were illustrated in Figure 4-25. With Ni, Co, and Cu substitution for Fe in
PrSr,-CagsFes5By5010.6, the tetragonal structure corresponding to LaSrsFe;Og4 (JCPDS
no. 81-1234) was remained with the perovskite coexisting phase. Besides that, the RP
with n = 1 of (Pr,Sr,Ca)(Fe,M)Oqs, corresponded to LaSrFeO, (JCPDS no. 71-1744), was
also detectedbecause of phase instability as previously mentioned.[84, 87, 88] No Ni-,
Co-, and Cu-oxide phases were found indicating Ni, Co, and Cu were incorporated in
the PrSr,7CagsFe, 5Bos010.6 structure. The calculated ratio of impurities to the PR n =
3, was shown in Table 4-12 and the perovskite impurity in all sample was lower than
6% while the RP n = 1 impurity phase was ~12-14 % in the Ni and Cu substituted
sample. Since the amount of impurity was quite low, it had not affectes physical and
electrochemical performance of these samples. However, the unknown impurity phase
was also detected in the Ni substitution sample, thus PrSr,;CagsFe; sNigsO19.6 was not

thus further investigated.
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Table 4-12 Peak area and impurity to RP ratio in PrSr,CagsFe;5B05010.6 (B = Fe, Ni,

Co, and Cu)
Peak area
Perovskite RPn=1
B in 217 103 107
202 of to to
PrSr,;,CagsFess of of of
perovskit RPn=3 RPn=3
Bo5O10-6 RP RP RP )
e ratio ratio
n= 3 n= 1 n= 3
Fe 223 5428 - - 0.04 -
Co 233 3996 224 14517 0.06 0.02
Cu 1113 7680 941 16369 0.14 0.06
Ni 747 6383 732 11564 0.12 0.06

With Co substitution, PrSr,;CagsFe,5Cops010.5, the XRD pattern was
shifted to the higher angle, indicating the contraction of the unit cell. It was because

the ionic radius of Co>* (0.545 A) is smaller than that of Fe** (0.55 A) [83]

Upon Cu substitution, the XRD pattern of Cu content sample was slightly
shifted to the higher angle indicating the shrinkage of the unit cell because the ionic
radii of Cu®* (0.54 A) was smaller than the Fe**. However, when compared to the Co
content sample, the XRD pattern of Cu contained sample was shifted to the lower
angle, indicating the unit cell of PrSr,;CagsFe,sCuys010.6 Was larger than that of
PrSr,-CapsFe,sCoys010.6. Since the ionic size of Cu®" was smaller than the Co™, it could
provide a smaller unit cell and the XRD pattern should shift to the higher angle. [104]
However, this phenomenon was not observed in this work which could be due to the

mixed oxidation state of Cu?"**

in PrSr,,CapsfFe, sCugsOqp.6 structure. The mixed
oxidation state of Cu was commonlyfound in perovskite and double perovskite

structure, such as Pro75r03C01.,Cu 03,8, LnBaCo,,Cu,Os,8, and
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SMBag 551y sCo; sCUys0s,8.[118, 131, 132] The ionic radii of Cu?* (0.73 A) was larger than
the Co® and Fe **, resulting in the larger unit cell than Co contained sample and
slightly smaller unit cell than the Cu-free sample. The intensity of perovskite impurity
phase (26 of 40.3 degree) was increased and the ratio of characteristic peaks of RP n =
3 at 260 of 32.4 and 32.9 degree was significantly changed. In addition, the diffraction
peak of RP structure at 26 of 32.8 degree was also overlapped with the characteristic

peak of perovskite phase.. Thus, it was suggested that the phase of RP n = 3 of

PrSr,,CagsFessCuys010.6 was transformed to the perovskite phase

For Ni substitution, PrSr,7CagsFe,sNigs0;0.6, the XRD pattern was shifted
to the higher angle and no NiO phase was observed, indicating the unit cell was
expanded and Ni was partially substituted in the structure. Since the ionic radii of Ni**
(5.6 A) was not different from that of Fe**, the expansion of the unit cell which could
be a result of the mixed oxidation state of Ni*" and Ni** in the structure.[104, 133] The
ionic size of Ni** (0.69 A) which was larger than that of Fe**, would affect the expansion
of unit cell. [104] The intensity of the perovskite peak at 26 of 40.4 degree was
increased and the drastically change in the ratio of the RP structure at 26 of ~32.2 and
~32.8 degree was clearly observed, indicating the PrSr,;CagsFessNigsO.0.8 phase

transformation occurred, as previous described in the Cu substitution sample.

The impurity ratios of perovskite and  (Pr,Sr,Ca),(Fe,B)O, to
PrSr,,CagsFessBos010.8 Were calculated and found that the ratios of perovskite in all
samples were lower than 6% while the RP n = 1 phase was ~12-14 % in the Ni and Cu
substituted samples (Appendix A-6). Moreover, the unknown phase was also detected.

Thus, PrSr,;CagsFe, sNigsO10.6 was not further investigated.
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Figure 4-25 XRD pattern of the various PrSr,,CagsFe,sBy5010.6 (B = Fe, Ni, Co, and Cu)
after annealed at 900°C for 30 min with (¥ = LNnSrsFe;044.6, X = (LN,Sr)FeOs5, O =
(Ln,Sr)FeOy, and ? = unknown); (@) B = Fe, (b) B = Co, (c) B = Cu, and (d) B = Ni



81

4.3.2 TG analysis of PrSr,;CagsFes5Bg5010-6

The weight losses of the PrSr,;CagsFe;sBos0i0.8 (B = Fe, Co, and Cu)
samples were carried out in air at 25-800 °C as presented in Figure 4-26. All samples
showed a similar trend of thermogram in the variation of weight decreasing with the
increasing of temperature which was humidity loss, surface oxygen loss, and bulk
oxygen loss at the temperature of 100-200 °C, 200-400 °C, and above 400 °C,
respectively. The substitution of Cu for Fe provided the higher weight loss but the
substitution of Co for Fe gave the reduction in weight loss, compared to
PrSr,,Cag sFes040.6. This result was because the unit cell of Co substitution had a
stronger interaction between the metal-O bonds thus the oxygen in the structure was

maintained.

For the Cu substituted sample, a rapid increasing of weight loss was
observed compared to other samples, which could be caused by the distortion of the

RP structure and the loss of oxygen by the charge compensation in

PrSr,;CagsFe, sCUysO10.6 due to the presence of Co”'.
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Figure 4-26 TGA plots of the PrSr,;CagsFe, 5By 50106 (B = Fe, Co, and Cu) samples

measured in air at the temperature range of 25-800 °C.

82



83

4.3.3 Thermal expansion behavior PrSr,;CagsFe;5B05010-6

Figure 4-27 exhibited the thermal expansion behaviors of the
PrSr,;CagsFe,sBos010.8 (B = Fe, Co, and Cu) specimens operated at 25-800 °C in air. All
samples provided a linear degree of thermal expansion (AL/L,) at a temperature lower
than 400 °C, indicating the oxygen loss was negligible at low temperature. However,
the non-linear slopes were increased at higher temperatures (T>400 °C). Table 4-13
showed the average TEC values calculated at two different temperature ranges, 25—
400 °C and 400-800 °C. With Co substitution, at a temperature below 400 °C, the TEC
value was not significantly different, compared to the Co-free sample. While at high
temperature, the TEC value was drastically increased compared to others because
Co™ ions changed the spin state from low spin (t;,°eg”) to high spin (tzg‘legz) and the
ionic radius of low spin Co®>"was 0.545 A whereas that of high spin Co®" was 0.61 A,
Thus, the strength of metal -O bond was reduced, as a result, the materials easily
expanded at high temperature, as reported by Raccah et al. [134] For the Cu contained
sample, PrSr,,CagsFe,sCuysO10.8 showed a large TEC value in both temperatures

ranges, which could be a result of oxygen loss from the structure.



84

0.016

0.014 |

0.012 |

0.010 |

0.008 |

dL/Lo

0.006 |

0.004 |

0.002 r

0.000 = L Y ) L
0 200 400 600 800 1000

Temperature, T /°C

Figure 4-27 Thermal expansion (AL/L,) curves of PrSr,-CagsFe,5By5010.6 (B = Fe, Co,
and Cu) in air at a temperature range of 25-800 °C compared to LSGM electrolyte

Table 4- 13 Average TECs of PrSr,,CagsFe; 5By5010.6 (B = Fe, Co, and Cu) samples at
25-800 °C

TEC (10°k™)

B in PrSr;7CagsFe;5Bo5010-8

25-400 °C 400-800 °C
Fe 10.56 32.72
Cu 11.22 42.73

Co 10.15 43.41
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4.3.4 Total conductivity characterization of PrSr,;CagsFes 5Bo5010-6

Figure 4-28 showed the total conductivity of PrSr,;CagsFe;sBos010.6 (B =
Fe, Co, and Cu) samples evaluated in air at 200-800 °C. All samples provided the
semiconducting behavior at low temperature (T < 400 °C) but the conductivity
decreased at high temperature (T > 400 °C) due to the generation of oxygen vacancies
on the structure, as previously described. [85, 98, 106, 109] Compared to
PrSr,,CagsFes019.8, the total conductivity of Co-substituted sample was increased
while the Cu substituted sample was decreased. This result was well-related to the
oxygen loss in the structure determined by TGA analysis. PrSr,,CagsFe;sCoy5010.6 had
higsher oxygen concentration in the structure which facilitated the electron
transportation between the 2p orbitals of oxygen and the 3d orbitals of Fe and Co,
similar to the works related perovskite structure, e.g. La;,SrFe;,Co,O3 and Nd, 75rg sFey.
L0,03. [135, 136] On the contrary, PrSr,7CagsFe, sCugs010.5 showed a high oxygen loss,
high oxygen vacancy, which could block the electron transportation and consequently

decreased the conductivity.
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Figure 4-28 The total conductivity of PrSr,;CagsFe,5Bos010.6 (B = Fe, Co and Cu) at
200-800 °C in air
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4.3.5 Microstructure of PrSr,;CagsFe,sBs010.6 (B = Fe, Co and Cu)

Figure 4-29 presented the cross-section SEM image of PrSr,,CagsFe,sBy5010.6 (B = Fe,
Co and Cu) cathodes after fired on the LSGM electrolyte at 1000 °C in air. The dense
bottom part and the porous upper part represent LSGM electrolyte and
PrSr,,CagsFessBosO10.6 cathodes, respectively. The microstructure of Cu and Co
substituted samples showed larger particle size than that of PrSr,;CagsFe;01q.8, which
could be due to CuO and Co30,4 form during the material preparation. Since the metal
nitrate, raw materials, was combusted at 800 °C and turned to the metal oxide before
sintered into the RP n=3 strucutre at 1000°C, CuO and Cos;O, were formed after
calcination of Cu(NOs),-3H,0 and Co(NOs);-6H,0. Thus, the melting point of CuO (1024
°C), which was much lower than that of FeO (~1300 °C) and Fe;0,4 (~1600 °C promoted
the sintering ability of the oxide sample and enlarged the particle size of
PrSr,,CagsFessCuys010.6 sample.[137-139] For Co substitution sample, Co;0, could be
transformed to CoO at 900 °C.[140] At this temperature, CosO, coated around the
particles of metal oxides and acted as a sintering aid via liquid phase sintering.[141]
This effect was found in Co substitution for NiO, reported by Boskovi¢ et al. [S.
Boskovi¢, M. Stevanovi¢, Sintering of cobalt-doped nickel oxide, J. Mater. Sci. 10 (1975)
25-31] At higher temperature, these CuO and Co;O, were incorporated in the

PrSr,-Cag sFe, sBos010.86 Structure.

Figure 4-29 SEM images of crossed section of the PrSr,;CagsFe;sBy5010.6: (@) B = Fe,
(b) B = Cu, and (c) B= Co
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4.3.6 Electrochemical performance of PrSr,;CagsFe,sBy5010.6

4.3.6.1 Single cell performance for PrSr,;CagsFe, 5By 5010.6 cathodes

The electrochemical performance of the «cells for
PrSr,;CagsFe,sBos0106 (B = Fe, Co, and Cu) cathodes were performed under 3%
humidified H, fuel. The terminal voltage and power density as a function of current
density were recorded in the temperature range of 600-800 °C. The slopes of activation
polarization  (Figure 4-30(a) (inset)) of all sample were not significantly different,
suggesting that there was no difference in kinetics of the electrochemical reaction.
However, the ohmic polarization of PrSr,;CagsFe,sBys010.6 (Figure 4-30(a)) was in the
order from high to low values as follows, PrSr,;CagsFes019.8 > PrSry7CagsFes sCugs010.
& > PrSr,;CagsFe; 5Coq5040.8, indicating the electrical and ionic transportation of the

cells increased by the Co and Cu substitution for Fe.

Figure 4-30(b) exhibited the power density of the cells for
PrSr,,CagsFessBosO10.6 cathodes at 800 °C. The maximum power density of
PrSr,,CagsFes01.6 was improved from 354 mWcm™ to 406 mWem™? and 480 mWcm™
by Cu and Co substitution, respectively. The summarization of maximum power
densities of the single cells for PrSr,;CagsFe, 5By s010.6 cathodes at different operating

temperature was shown in Table 4-14.
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Figure 4-30 (a) Terminal voltage and (b) power densities as a function of current

density of the cell for PrSr,;CagsFe,5Bos010.6 (B = Fe, Co, and Cu) cathodes at 800 °C.
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Table 4-14 The maximum power density of the single cells for the

PrSr,;CagsFe, 5By s010.6 (B = Fe, Co, and Cu) cathode at 600-800 °C in H, fuel.

B in Maximum Powder density (mW*cm™)
PrSr,7CagsFe,5B0.5010.6 800 °C 750 °C 700 °C
Fe 354 233 88
Cu 406 256 88
Co 481 304 156

4.3.6.2 Resistance of the single cells

The impedance spectra of single cells for PrSr,7CagsFes 5B sO010.
s (B = Fe, Co, and Cu) cathodes were evaluated in the temperature range of 600-800
°C. The impedance spectra of the cell for PrSr,-CagsFe;sBys010.6 cathodes at 800 °C
was demonstrated in Figure 4-31. PrSr,;CagsFe; 5Cog 50106 showed the lowest ASR and
the highest cell performance which could be a result of the increase in conductivity
of materials, as reported in the conductivity section (Figure 4-28). The higher the
conductivity, the higher the number of electrons in the materials promoted the ORR.
However, for PrSr,;CagsFe,sCuys0108, it showed lower ASR and higher cell
performance compared to Cu-free sample, indicating the ORR was promoted by Cu
substitution. Even the electron migration of Cu substituted sample was lower than that
of Cu-free sampleas a result of low conductivity, the ORR could be promoted by the
increase in oxygen migration, which correlated to the number of oxygen vacancies
and the weight loss of the Cu-substituted sample. Therefore, it can be summarized
that the addition of Cu and Co can promote the electrochemical performance of the
cell by reducing the ASR values. The ASR value of the cell for PrSr,;CagsFe; 5Bg5010.6
(B = Fe, Co, and Cu) cathodes at different operating temperatures was summarized in

Table 4-15.
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Figure 4-31 ASR of the cell for PrSr,;CagsFe; 5By 50106 (B = Fe, Co and Cu) cathodes
at 800 °C

Table 4-15 ASR of the single cells for the PrSr,;CagsFe; 5By 50106 (B = Fe, Co and Cu)
cathodes at 600-800 °C in H, fuel

Area specific resistance, ASR (Q cm?)

B in PrSr,;CagsFe; 5By 50106

800 °C 700 °C 600 °C
Fe 1.34 1.98 3.23
Cu 1.27 1.51 3.11

Co 1.18 1.20 1.74
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4.4 Effect of Co concentration in PrSr,;Ca,sFe;,Co,O406 (y = 0.5-1.5)
Ruddlesden-Popper phases as Cathodes for Intermediate

Temperature Solid Oxide Fuel Cells

4.4.1 Crystal structure and phase identification of PrSr,;CagsFe;,C0,010.6

XRD patterns of PrSr,;CagsFes,Co,010.6 (y = 0.5-1.5) after fired at 900 °C,
were illustrated in Figure 4-32. With increasing Co concentration, the tetragonal
structure of RP n=3, the (Pr,Sr,Ca)Fe,Co)O; perovskite impurity and the
(Pr,Sr,Ca),(Fe,Co)Oq4, RP n =1 impurity which related to LaSrsFe;Oq 4 (JCPDS no. 81-1234),
Lag 3Srg7Fe0s (JCPDS no. 82-1964) and LaSrFeO, (JCPDS no. 71-1744), respectively, were
remained.The XRD patterns of Co compositon of y =0.5toy = 1.0 (Figure 4-32(b)) were
shifted to the higher angle, indicating the contraction of the unit cell due to the
substitution of smaller Co®" ion, as the previous discussed.[83] Moreover, the phase of
(Pr,Sr,Ca)s(Fe,Co),04 ,RP n = 2, corresponded to SrisFe,O; (JCPDS no. 82-0415), was
detected in the composition of y = 1.0 while there was no trace of this phase in the
composition of y = 0.5. To evaluate the amount of impurity in the structure when
increased Co concentration fromy = 0.5 to y = 1.0, the ratios of impurites to RP n = 3

phase were calculated as followed,

- The ratio of perovskite to RP n = 3, calculated from the peak area of 202
perovskite lattice plane and 217 RP n = 3 lattice plane due to the
overlapping of the main diffraction peak, as the previous described, was

increased from 1.5% to 13% with increasing Co concentration.

- Theratio RP n = 1 to RP n = 3, evaluated by the peak area of the lattice
plane of 103 of RP n = 1 and 107 of RP n = 3, was also increased from 2%

to 15% with increasing Co content.

- Theratioof RP n=2to RP n = 3in composition y = 1.0 was calculated by

106 RP n = 2 lattice plane and 118 RP n = 3 lattice plane because the main
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lattice plane 1010 of RP n = 2 was overlapped with the main lattice plane
107 of RP n = 3. Thus, the RP n = 2 impurity was around 20% in the

structure.

These evidences indicated that the phase of RP n = 3 of PrSr,,CagsFe; (Co1 00106 Was

transformed with increasing of Co concentration. Moreover, at y = 1.5, not only the
intensity of RP n = 3 of PrSr,,CagsFe; sCo; 50,06 was hardly observed but the impurity
phases e.g. Fe;04 SrO and unknown phase, were also detected. These evidences
indicated that the structure of PrSr,;CagsFe;sCoi500.8 was collapsed. Thus,
PrSr,,CagsFe;sCo15040.6 Was not further investigated. Additionally, it would be noted
that PrSr,,CagsFe; sCo10010.86 had more impurity than PrSr,;CagsFe; sCo0504,.6 which

could affect the material properties.
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Figure 4-32 XRD pattern of PrSr,+CagsFes,Co,010.6 (y = 0.5-1.5) after annealed at 900°C
for 30 min with (¥ = PrSr,;CagsFes,Co,0;0.6, x = perovskite, O = (Pr,Sr,Ca),(Fe,Co)Oy,
O = (Pr,Sr,Ca)s(Fe,C0),0;, A = FesO,, B = SrO, and ? = unknown); @)y = 0.5, (b) y =
1.0, and (c) y =1.5.
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4.4.2 TG analysis PrSr,;CagsFe;,Co,010.6

The weight losses of the PrSr, ;Cag sFes,Co,040.6 (y = 0.5, and 1.0) samples
were carried out in air at 25-800 °C as presented in Figure 4-33. With increasing of Co
concentration, the weight loss was decreased. This result was possibly because
increasing Co content in the materials increased the bond strength between the metal-
O bonds, as a result, the unit cell was contracted and then reduced of the oxygen loss
in the structure. Even the composition of y = 1.0 contained the impurity phases, such
as perovskite and RP n = 1 and 2, the perovskite was reported to have larger weight
loss than the RP phase. Demont et al. investigated the oxygen loss of perovskite,
LagsSroaFe0s, and LagSrg4Co0s, and RP LaSrFeO4 and LaSrCoQy, in Ar atmosphere and
found that the perovskite structures provided higher weight loss than the RP structures
because the oxidation state of metal at B-site in perovskite was greater than RP
structure. [124] Amow et al. compared the oxygen loss of La,,;Ni O34 RP structure
with n = 1, 2, and 3 in air, and found that oxygen loss of RP n = 3 was larger than that
of n =1 and 2. [19] Thus, as our result, it was possibly concluded that the impurity
phases was not significantly affected the oxygen loss in the PrSr,,CagsFe;qCo10010.6

structure.
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Figure 4-33 TGA plots of the PrSr,;CagsFe;CoyO10.6 (y = 0.5, and 1.0) samples

measured in air at 25-800 °C

4.4.3 Thermal expansion behavior PrSr,;CagsFe;,Co,010.8

Figure 4-34 exhibited the thermal expansion behaviors of the
PrSr,;CagsFes,CoyO10.6 (y = 0.5, and 1.0) specimens observed at 25-800 °C in air. Both
samples showed a linear degree of thermal expansion (AL/L,) at temperature lower
than 400 °C and non-linear behavior at high temperature. The TEC value was increased
with increasing of Co content because increasing of Co content increased the number
of Co that changed the spin state from low spin to high spin. The change in spin state
played role in the expansion of Co-doped materials as reported by Kim et al.[142] In
addition, the large expansion of PrSr,;CagsFei,Co10010.6 might be caused by the
expansion of impurities in the materials. However, Amow et al. reported that the TEC
of was increased with La,,1Ni O3, RP structure was increased with decreased the
number of perovskite layer. [19] Thus, it possibly implied that the impurity phases had

not significantly influenced the TEC of PrSr,;CagsFes Co/010.6 samples. Table 4-16
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showed the calculated average TEC values at two different temperature ranges, 25-

400 °C and 400-800 °C.
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Figure 4-34 Thermal expansion (AL/L,) curves of PrSr,;CagsFes,C0,010.6 (y = 0.5, and
1.0) in air with a temperature range of 25-800 °C compared to LSGM electrolyte

Table 4-16 Average TECs values of PrSr,;CagsFes, 0,006 (y = 0.5, and 1.0) samples
recorded in air at 25-800 °C

TEC (10°Kk™)

Yy in PrSr2.7Ca0_3Fe3_yCOYO10_5
25-400 °C 400-800 °C

0.5 10.15 43.41

1.0 12.56 44.33
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4.4.4 Total conductivity characterization of PrSr,;CagsFe;,Co,0408

Figure 4-35 exhibited the total conductivity of PrSr,;CagsFes,CoyO10.5 (y
= 0.5, and 1.0) samples evaluated in air at 200-800 °C. All samples provided the
semiconducting behavior at a temperature below 400 °C but the conductivity
decreased at a temperature above 400 °C due to the generation of the oxygen
vacancies on the structure, as previously described. [85, 98, 106, 109] The total
conductivity increased with the increase in Co concentration, indicating the increase in
electronic conductivity which facilitates the electron migration. In addition, increasing
of Co content reduced the weight loss, which was presumably the loss of oxygen, in
the materials. The lower the number of oxygen loss in the structure, the more electron
facilitated between the 2p orbitals of oxygen and the 3d orbitals of Fe and Co. This
result was also in similar trend with other Co-doped materials such as perovskites, La;.
SrFer,Coy05 and Ndg 75rq sFe.,Lo,0s. [135, 136] Besides, the enhancein conductivity
of PrSr,7CagsFe;,0C0o19010.6 might be influenced by the conductivity of impurities in
the materials. However, Velinov et al. reported that the conductivity of
(LaSr)p41Fe 0sn41 RP structure can be enhanced by increasing the number of perovskite
layer (n).[84] Thus, it suggested that the impurity of RP n = 1 and 2 had not significantly
affected the conductivity of PrSr,;CagsFei,0C01¢010.6. On the other hand, Chiu et al.
reported that LaNiO; provided a higher conductivity than La,NiO4. [143] Thus, the

perovskite impurity phase might enhance the conductivity of PrSr,;CagsFeq,0C0o1.0010.

5.
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Figure 4-35 The total conductivity of PrSr,;CagsFes,Co,010.5 (y = 0.5, and 1.0) at 200-

800 °C in air
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4.4.5 Microstructure of PrSr,;CagsFe;,C0,0406 (y = 0.5, and 1.0)

Figure 4-36 presented the cross-section SEM image of PrSr,;CagsFes.
,C0,010.6 (y = 0.5, and 1.0) cathodes after fired on the LSGM electrolyte at 1000 °C in
air. Notice at the porous area of PrSr,;CagsFes o046 cathodes, the size of particles
was enlarged from 8-15 um to 15-20 um with increasing Co concentration fromy = 0.5
to y = 1.0. This result was caused by the transformation of Co;0, to CoO at 900 °C,
which Co;04 acted as sintering aids and provided larger particles, as previous described.
[140] With increasing of Co concentration, the sintering ability on the sample was

increased.

Figure 4-36 SEM images of crossed section of the PrSr,;Cag sFes,Co,040.6 cathodes;

(a)y =0.5and (b)y = 1.0.
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4.4.6 Electrochemical performance of PrSr,;CagsFes ,Co,010.6

4.4.6.1 Single cell performance for PrSr,;CagsFe;,Co,04.6 cathodes

The electrochemical performance of the cells for PrSr,;CagsFes.
yC0,010.6 (y = 0.5, and 1.0) cathodes were operated with 3% humidified H, fuel. The
terminal voltage and power density were recorded as a function of current in the
temperature range of 600-800 °C. At 800 °C, the slopes of activation polarization (Figure
4-37(a) (inset)) of both cells were not significantly different, suggesting there was no
difference in kinetics of the electrochemical reaction. However, the slope ohmic
polarization range was increased with increasing of Co content, indicating the electrical

and ionic transportation of the cells increased.

The power density of the cells at 800 °C, Figure 4-37(b), slightly
decreased from 481 mWcm™ to 451 mWcm™ by increasing Co concentration from'y =

0.5 to y = 1.0. The summarization of maximum power densities of the single cells for

PrSr,;CagsFersBosO10.6 cathodes at different operating temperature was shown in

Table 4-17.
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Figure 4-37 (a) Terminal voltage and (b) power density as a function of current

density of the cell for PrSr,;CagsFes,Co,010.6 (y = 0.5, and 1.0) cathodes at 800 °C.
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Table 4-17 The maximum power density of the single cells for the PrSr,;Cag sFes.
yC0,010.6 (y = 0.5, and 1.0) cathodes at the temperature range of 600-800 °C in H,

fuel.

Maximum Powder density (mW+*cm™?)

y in PrSr,;Cag sFe; ,Co,010.8

800 °C 700 °C 600 °C
0.5 481 304 156
1.0 451 273 113

4.4.6.2 Resistance of the single cells for PrSr,;CagsFe;,Coy040.6

cathodes

The impedance spectra of single cells for PrSr,;Cag sFes,CoyO.
5 (y = 0.5, and 1.0) cathodes were evaluated at 600-800 °C. At 800 °C (Figure 4-38), the
ASR was slightly increased with the increasing of Co concentration, indicating the
resistance of the cell was increased. This result could be related to the low oxygen
vacancy in Co concentration y = 1.0, compared to that of y = 0.5. Since the ORR
required the oxygen vacancy to migrate oxide ion, the low oxygen vacancy in
PrSr,;CapsFe,0Co1 gO19.6 oObstructed the oxide ion migration, retarded the ORR, and
increased ASR. The summarization of ASR values of the cells for PrSr,,CagsFes,Co,O10
5 (y = 0.5, and 1.0) cathodes at different operating temperatures was shown in Table

4-18.
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Figure 4-38 ASR of the cell for PrSr,;CagsFes,Co,010.6 (v = 0.5, and 1.0) cathodes at
800 °C

Table 4-18 ASR of the single cells for the PrSr,+CagsFes,Co,00.6 (y = 0.5, and 1.0)
cathodes at 600-800 °C in H, fuel

Area specific resistance, ASR (Q cm?)

Y in PrSr2.7Ca0.3Fe3_yCOy010_5
800 °C 700 °C 600 °C

0.5 1.18 1.20 1.74

1.0 1.23 1.37 241




CHAPTER V
CONCLUSION

In this work, a development of new cathode in H,-fuel SOFC was reported to
enhance the electrochemical performance of LaSrsFe;044.6, various concentration of
Ca was substituted for Sr in the LaSrsFes;044.6 structure as LaSrs, CaFe;0q0.8 with x =
0-1.5. The electrochemical performance of single cell using LaSrs, Ca,Fe;044.6 cathode
was improved to approximately 32% in LaSr,;CagsFes3010.6 and LaSr,sCagsFesOq0.6 at
800 °C. At low concentration of Ca substitution for Fe (x = 0-0.3), the power density of
cell using LaSrsFe;0,0.6 cathode was promoted while the ASR was reduced. The
conductivity was enhanced by small Ca?* substitution that shortened metal-O bond
length, promoted the bond interaction, maintained oxygen in the structure, and
facilitated the electron transportation in the structure to promote the ORR. At higher
concentration of Ca (x = 0.5), the electrochemical performance and the ASR were not
significantly different from at x=0.3 because LaSr,5Ca;sFes010.6 has high content of
oxygen vacancy in the structure. The oxygen vacancy facilitated the oxide ion migration
in LaSr,5CagsFesO40.8 and consequently promoted the ORR and reduced ASR. In
addition, the high Ca?* substitution also influenced the contraction and distortion of
the unit cell, the phase transformation, and the weight loss relating to the oxygen
vacancy in the structure. On the contrary, the microstructure of LaSr;,Ca,Fe;0;0.6 had

not affected by the Ca?* substitution.

With Pr and Sm substitution for Sr in LaSr,;CagsFes044.6, the electrochemical
performance of Pr-doped cell was improved with the reduction on ASR due to the
increase in oxygen diffusivity via oxygen vacancy in the structure and the decreasing of
Fe reduction. For Sm substituted cell, the electrochemical performance was increased
with the increasing of ASR because the conductivity of Sm-doped material was poor
by a large number of oxygen vacancies. Even the oxygen vacancies facilitated the oxide
ion migration, too high concentration of oxygen vacancies in the structure could

obstruct the electron transportation reduced ORR. The TEC study showed the increase



in TEC value from Ln = La to Sm which could relate to the increase in oxygen loss in

the structure and the distortion of the unit cell as the ionic size of Ln>" ions decreased.

The effect of Ni, Co, and Cu substitution for Fe in PrSr,;CagsFe,sMys010.6
showed the shrinkage of the unit cell due to the small ionic size of Co®* and Cu®">*
while the unit cell of Ni substituted material expanded due to the mixed oxidation
state of Ni?”* and the unknown impurity phase. The electrochemical performance of
the cell for PrSr,;CagsFe, sMy5010.8 cathodes was improved with the reducing in ASR
by the Co and Cu substitution because Co substitution provided high conductivity in
the materials and Cu substitution stimulated weight loss which related to the oxygen
vacancy in the structure. The increase in conductivity with Co substitution might be a
result of the unit cell contraction that possibly increased the interaction between
metal-O bonds and promoted electron transportation in the structure. While the Cu

substitution improved the bulk oxygen migration by the increase in oxygen vacancy.

With increasing of Co concentration, the shrinkage of unit cell was increased
due to the increasing number of the small Co®" ion. However, the Ruddlesden-Popper
structure was collapsed with Co concentration of y = 1.5. The electrochemical
performance was decreased whereas the ASR was increased with increasing of Co
concentration. Even the conductivity was promoted by high Co concentration, which
possibly due to the increase in the interaction between (Fe,Co)-O by the smaller unit
cell, the oxide ion migration could be obstructed by oxygen in the structure, reducing
ASR. In addition, electrochemical performance had also been influenced by the
particle size of materials. Increasing Co content promoted sintering aids of Co304 and
consequently enlarged the particle size and reduced active surface area; besides, the
TEC value was affected by the spin state transformation from low spin to high spin of

Co.

In conclusion, to improve the electrochemical performance of LaSrsFe;044.6
in H, fuel, the proper amount of Ca, Pr, and Co should be concerned for improving

of conductivity and oxygen vacancy. In this work, PrSr,;CagsFe;5Coy5010.6 provided



the highest improvement in the properties than others. Thus PrSr,7CagsFe;5C005010.8

can be a potential alternative cathode for intermediate temperature SOFC.
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APPENDIX



Table A-1 lonic radius of related metal ions with their corresponding coordination

numbers [104] 9 [144]

Metal Oxidation State Coordination Number lonic Radius (A)
6 1.032
3+
La 12 1.360
6 1.180
Sr 2+
12 1.440
6 1.000
Ca 2+
12 1.34
6 0.990
3+ 8 1.126
Pr 12 1.320¢
6 0.850
4+
12 1.130°
8 1.270
2+
12 1.240
Sm
6 0.958
3+
12 1.240
6 (LS) 0.550
3+
6 (HS) 0.645
Fe
a4+ 6 0.585
6 (LS) 0.650
2+
6 (HS) 0.745
Co
6 (LS) 0.545
3+
6 (HS) 0.610
2+ 6 0.690
Ni 6 (LS) 0.560
+3

6 (HS) 0.600
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Table A-2 Relative density of LnSrs,CasFes B,O10.6 (x = 0-0.7; Ln = La, Pr, and Sm; B
= Co, Cuandy = 0-1.0)

Sample Relative density

LaSrsFe;O049.8 93.60
LaSr,4Cag1Fes040.8 93.51
LaSr,7CagsFes040.8 93.17
LaSr,sCagsFes040-8 94.58
LaSr,3Cag7Fes040.8 95.64
PrSr,;CagsFes010.8 93.13
SmSr,;CagsFes040.8 99.14
PrSr,;CagsFe, sCups010.8 99.90
PrSr,;CagsFe, 5C0p 50108 94.12
PrSr,;CagsFe;0C010010.8 95.15

Table A-3 Peak area of Pr 3d for PrSr,,CagsFez04p.6.

Peak Designation Peak area (a.u.)
3d 5/2 Pr’* 23989
3d 5/2 Pr** spin-split doublet 7606
3d°f* for Pr* 1410
3d 3/2 Pr** 12291
3d 3/2 Pr** spin-split doublet 2463

3d 3/2 Pr** satellites 2214




Table A-4 Summary of peak areas for each chemical state of Fe 2p in

LnSr, ;CagsFes010.8 (LN = La, Pr, and Sm).

Ln in LnSr; Ca,Fe;040.6

Peak Designation

La Pr Sm
2p3/2 Fe** 605 1183 805
2p3/2 Fe* 3250 4627 4313
2p3/2 Fe™ 2514 2014 3408
2p1/2 Fe** 195 360 317
2p1/2 Fe** 966 1486 1604

2p1/2 Fe* 768 663 1291
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