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## 4872484823 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE
KEY WORD: PEROVSIKTE / K;NiFs -TYPED / LANTANUM NICKEL IRON
OXIDES / YTTRIA STABILIZED ZIRCORIA / SOLID OXIDE FUEL CELLS
SIRINOOT IAMSAARD: CHEMICAL AND PHYSICAL
COMPATIBILITY OF LANTHANUM NICKEL IRON OXIDES AND
YTTRIA STABILIZED ZIRCONIA. THESIS ADVISOR: NIPAKA
SUKPIROM, Ph.D., 128 pp.
The chemical and physical compatibilities of the candidates, LaNi,.(Fe,O3
(LNF) perovskites and K;NiFs—typed LasNii ,F<Os (L2NF), of a cathode material for
solid oxide fuel cell with the commercial solid electrolyte, 8 mol % Yttria Stabilized
Zirconia (8-YSZ), were studied. Firstly, LNF and L,NF with x = 0-1.0 were prepared
by Water Citrate (WC) and Modified Water Citrate (MWC) methods, and
characterized by XRD. It was found that the single phased LNF perovskites were
synthesized successfully by both methods at 700-900 °C for 5h. As x is 0-0.5, the
crystal structure is cubic and rhombehedral at the calcination temperature of 700 °C
and 900 °C, respectively. The further investigation indicated that the cubic structure
changed to the rhombghedral structure at 900 °C, and was stable up to 1200 °C. Asx
is 0.6-1.0, the crystal structure is in the orthorhombic phase at both calcination
temperatures. This orthorhombic phase decomposed at 1200 °C. The single-phased
LoNF systems were achieved only that of x = 0 and 0.1 after calcination at 900 °C.
The crystal structure of LoNF is tetragonal. In all cases; the lattice constants and the
volume per formula unit in all series generally increased as the Fe content increased.
Following the reaction by XRD and SEM-EDX, the stoichiometric La(Nig¢Fep4)O;
and Lay(NipoFeq)O4 have a good chemical compatibility with 8-YSZ from room
temperature up to 900 °C. In the case of the non=stoichiometric La(Nig¢Feo 4,03 and
Lay(NipoFeq))yOs (y = 0.95 and 1.05), the chemical compatibility with 8-YSZ is good
up to 800 °C. In addition the thermal expansion-coefficients of La(NigsFeo4)O3 and
Lax(NiggFeo )04 are 13.2x10° K' and 12.7 x 10° K7\, respectively. These values are
close to that of 8-YSZ: therefore, lanthanum nickel iron oxide of both structures have
a good physical compatibility with 8-YSZ.

Academicyear 2007 Advisor’s Signature_g_ipql?g\__j&l‘?ﬁoﬂ



Vi

ACKNOWLEDGEMENTS

The author is deeply appreciated to her family for their love, support and

encouragement during her the period of her study.

The author wishes to express greatest gratitude to her advisor, Dr. Nipaka
Sukpirom, for her valuable advice, kind assistance, and encouragement throughout the

course of this research. Gratefully thanks to Dr. Sumittra Charojrochkul from National

Metal and Materials Technology Center, and Assistant Professor Dr. Jinda

Yeyongchaiwat, hers for good advice, kind assistance and equipment. In addition, the
author would like to special thank to Associate professor Dr. Phattarapan Prasassarakich,
Associate Professor Dr. Wimonrat Trakarnpruk, and Assistant Professor Dr. Jinda
Yeyongchaiwat for serving as the chairman and members of her thesis committee,

respectively, for their valuable suggestions and comments.

Appreciation is extended to Materials Chemistry and Catalysis Research Unit
(MATCAT) for financial support during study and provision of experimental facilities.
Acknowledgement is also extended to Program of Petrochemistry and Polymer Science,
Department of Chemistry, faculty of Science and Graduate School, Chulalongkorn

University for granting financial support to fulfill this study.

This thesis can not complete without generous help of the staff members of the
Materials Chemistry and Catalysis Research Unit (MATCAT). Special thank is
forwarded to my best friends for theirdove, assistance-and encouragement. Without them,

the author would have never been able to achieve this goal.



vii

CONTENTS
Page
ABSTRACT IN THAL e e e e aaaas 1\
ABSTRACT IN ENGLISH ... e e %
ACKNOWLEDGEMENTS ... e e e e e s Vi

LIST OF FIGURES ... i e e e et e e e X
LIST OF SCHEMES ..o e et et e e e e e e e e 2 XV
LIST OF TABLES ..o a0 . . i 0 - . eeeeeeeeneae e enneeenens Xvii
LIST OF ABBREVIATIONS ... e XX

CHAPTER I INTRODUCTION .ttt i v e e e e e L
I T Uod (0 [ {0 o I PP |
1.2 Literature reviews of cathode materials SEleCtion ...........c.cccvoiiiiinincicniniiee 2
1.2.1 Literature reviews of perovskite type structure ...............ccoovviiiiniiinnn2
1.2.2 Literature reviews of KoNiF4-typed structure .............cocovvvivivieiieiieennnnn 8

1.2.3 Literature reviews of chemical and physical compatibility of cathode with

the 8-YSZ electrolyte. ... ..o i i 10

1.3 The objectives OF this StUAY . . oo i e s e e e 13
CHAPTER Il THEORY ot e ae e 15
2.1 Materials ISSUES (SOFC) ...t e e et e e e e 17
2.1.1 Cathode (Air Electrode) and Anode (H2/CO Electrode)..............c.coeee ... 17
2.1.2 Electrolyte (Air Electrode).........cov i iciin e i e 17
2.1.3 Interconnect (between Cathode and Anode)...........o.viiviiiiiinienieennnn 17

2.2 Physical and physicochemical properties of cathode materials......................... 18
2.2.1 Perovskite-type StrUCIUME .......c.vieiieiie it e e i e e 18
2.2.2 KoNiF4-typed StrUCTUIE ... e 20

2. 2.3 Fundamental .......cooiii i 22
2.2.4 Thermal eXPanSION ......cue it et e e e e e e e e eaeaeens 22
2.3 Reactivity of perovskite cathode with YSZ ... 23

2.3.1 Thermodynamic considerations ..............cc.ccivvriieiieiieiieiiiiieieianeenn, 23



2.3.2 Reaction of perovskite with the zirconia component in YSZ ... 24
2.4 The synthesis of perovskite and K;NiFs-typed structure synthesis ................ 24
2.4.1 Solid-state reaction ..........cc.eeveiieiieiieeie e einineie e et eereeeeseenennen 24
2.4.2 SOIUTION TEACTION ....v ittt e 24
BT o 111 T 0 74 o 25
2.5.1 Powder compacting by uniaxial pressing .............ccoceiviiviiiiiiieiinnnnn 25
2.5.2 SINTEIING ettt it et et ettt it e et e e 20
IS 1ol 1= 0 B o] 111 T O TRSRRR 27
2.7 Crystal SITUCTUIE ... . ouuiiii et e e e it e e e e e e nieseseneeenn 20
2.7.1 Lattice and Unit Cell ... .. 27
2.7.2 Crystal systems and Bravais Lattices ................ccovviviiiiiiiiciiiieennnnnn. 28
2.7.3 Miller INICES ...cin it e e 29
2.8 Characterization of materials ...........cccoiiiiiii i 30
2.8.1 X-ray Diffraction (XRD) ....cciuiiiviiiiiiiiiiiiiiiiniveenenese e 30

CHAPTER Il EXPERIMENTAL oottt e e e e e 33
L CNEMICAIS ..ttt e e e et et e et e e e e e 33
3.2 Synthesis of perovskite and KoNiFs—typed pOWOEIS .co....vvviviiiieiiiiieiceieeen 33

3.2.1 Synthesis of perovskite and K;NiF; powders by
water citrate method (WC) ... e, 33

3.2.2 Synthesis of perovskite and K;NiF4 powders by
modified water Citrate (MWWC). ... vun v i s v e e et e e 34
3.2.3 Synthesis of perovskite and K;NiF, powders by
NIFIC CITrate (NC) oot e it iee e e e ssnr s esreesnee e e e OO
3.2.4 Synthesis of perovskite and K;NiF, powders by
modified nitric citrate (MNC)..........cccviiiii 000, 3D
3.3 Chemical compatibility ... ..o 40
3.3.1 The mixtures of LNF and L,NF powders with 8-YSZ ..........ccc.cc. ceeniin, 40
3.3.2 The membrane of LNF and L,NF powders with 8-YSZ by
screen-printing technique ..o 040

3.4 Physical compatibility ... 40



Page
3.5 Characterization of materials ... 40
3.5.1 Powder X-ray diffraction (XRD) .......ccoiiiiiiiiiiiie i e e 40
3.5.2 Scanning electron microscopy (SEM ) ....ooiiiiiiiiiiiiii e 41

3.5.3 Particle size analysis .........ccoviiiiiiiiiiiii e e A

CHAPTER IV RESULTS AND DISCUSSION.........ccoivvviieiiiiieeiesenieenn 42
4.1 PeroVskite POWEIS .....cuiiiiieiit it it e D2
4.1.1 Crystal STTUCLUIE ...ooiv e et e e e e e 42

A. Crystal structure of LaNi;.x FexO3 by the WC method

IO o 7 /1] B NN, i TR 42
B. Crystal structure of LaNi; FexO3 by the MWC method
at700  C A A LN BN NN ... 45

C. Crystal structure of LaNi;« FexO3 by the WC method
At 900 °C ..o it it e e BT
D. Crystal structure of LaNi;.x FexO3; by the MWC method

at900°C .. il oot M. ..., 49
E. The volume per formula unit of LaNi;«FexO3 perovskites................... 50
F. The phase diagram of LNF perovskite powders ...........ccccovevveiiennnnne 54
4.1.2 The comparison of four combustion methods in the synthesis
OF LNF-BA . e e e, 56
4.1.3 Chemical compatibility with 8-YSZ electrolyte.................cccceveeeeen .59
4.1.3.1 The mixtures of LNF-64 perovskite powders with 8-YSZ ............. 59
A. Stoichiometric perovskite of La(Nig.Feo.4)yO3 (y = 1.00)
WIth 8-YSZ MIXIUIES. .. ... it e e e e 59

B. Non-Stochiometric perovskite of La(Nios Fep4)yO3z (y = 0.95)
With 8-YSZ MIXIUIES ... e e e 02
C. Non-Stochiometric perovskite of La(Nige Feo4)yO3 (y = 1.05)
WIth 8-YSZ MIXIUIES ... e 65
4.1.3.2 The membrane of LNF-64 perovskite powder with 8-YSZ .........68
4.1.4 Physical compatibility of LNF-64 with 8-YSZ electrolyte ....................72



Page
4.2 K;oNiF,4 powders e
4.2.1 Crystal STIUCTUIE ...t e e e e e e e e e e e e e 74
A. Crystal structure of La;Niy.x FexO4 by the WC method at 700 °C ............ 74
B. Crystal structure of LayNiy.x FexO4 by the MWC method at 700 °C .........75
C. Crystal structure of La;Niyx FexO4 by the WC method at 900°C ............76
D. Crystal structure of La;Ni;x FexO4 by the MWC method at 900°C .......... 77
E. The volume per formula unit of LasNijxFexOsg ..ovvvnvnniniiiiin i, 79
4.2.2 The comparison of four combustion methods on the synthesis of
I | e e . 80
4.2.3 Chemical compatibility with 8-YSZ electrolyte.................cooooviiini. 83
4.2.3.1 The mixtures of Lo,NF-91 K;NiF, powders with 8-YSZ.................. 83
A. Stochiometric KoNiF,-typed of Lay(Nio.sFeo1)yOs
(y =1.00) With 8-YSZ MIXIUIES ....u v e e 83
B. Non-Stochiometric K;NiFs-typed of Lay(NiogFeg1)yOa
(Y = 0.95) With 8-YSZ MIXIUIES ......cooviriiieieieniene e 86
C. Non-Stochiometric K;NiF4-typed of Lay(NiogFeo.1)yOa4
(Y = 1.05) With 8-YSZ MIXLUIES .......cceereirieieiie e 89
4.2.3.2 The membrane of LoNF-91 powder with 8-YSZ ...............ccoeeies 92
4.2.4 Physical compatibtlity of L;NF-91 structure with 8-YSZ electrolyte. .......94
CHAPTER V CONCLUSION AND SUGGESTION .95
5.1 CoNCIUSION ..vviiei et e e e 9D
A. PerovsKite StTUCIUME vu.venieri e it ie e ettt eitene e eeieeeneeeneeen 9D
B. KoNiF4-typed StrUCTUIE ... i i e e e e 95
C. Chemical compatibility of both structures with 8-YSZ............................ 96
D. Physical compatibility between both structures with 8-YSZ......................96
TS 11T o T £ o 97
APPENDICES ... ittt e e e e 106



Figure

2.1
2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

211

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

Xi

LIST OF FIGURES

Page
Solid oxide fuel cells two configurations (a) Flat panel (b) Tubular..............15
Ideal perovskite structure illustrated for ABO3. Note the corner shared
octahedra, extending in three dimenSioNS..........cceveiieniiie e 19
Ideal K;oNiF4-typed structure illustrated for A,BO, showing the NiFg
octahedra and potassium ions (black spheres).............ccooviiiiiviinienen, 21
The relationships for length in terms of the linear expansion......................22
Mechanism Of SINLEIING. ... .. voee e e e e e e 26
Unit cell and IattiCe ..o vr i 27

A unit cell with x, y and z coordinate axes, showing the lattice parameters:

axial lengths (a, b and c) and interaxial angles (o, Band y)..........c.ccevevnen. 28
An example of miller indices: (111).... ..ot 30
Diffraction of X-rays by acrystal .............cccoiieinn 31
XRD pattern of LaNiggFeo4O3 (perovskite structure).........cccovevvvvvvnnnne. 32
XRD patterns of LaNi;xFexO3 (x = 0.0-1.0) perovskites, synthesized by

WC method and calcined at 700 °C for 5h..............ccoceviiviiniiieiineen, 43
Simulated XRD patterns of (a) LaNiO3 from JCPDS: 33-0710 (b) LaFeO3
TrOM JCPDS: 37-14093.......oooiieieeieiteesie e sieesse i sheasbeeseesteeseeeneesseeseeeneesseenseens 43
XRD patterns of LaNi;xFexO3 (x = 0.0-1.0) perovskites, synthesized by

MWC method and calcined at 700 °C for 5h .............coooiiiiiiiiee i, 45
XRD patterns of LaNi;xFexO3 (x = 0.0-1.0) perovskites, synthesized by

WC method after calcined at 900 °C for 5h... .o i AT
Simulated XRD patterns of (a) LaNiO3; from JCPDS: 33-0711 (b) LaFeOg3
fofIEPRS: {49020 1.Q- 1Q 0N A GAD I CR O ooverrnnen 48
XRD patterns of LaNi;«FexO3 (x = 0.0-1.0) perovskites, synthesized by

WC method after calcined at 900 °C for Bh.........cccccceeeviiiceeececce e 49
The volume of formula unit of LaNi;.xFexO3 (x = 0.0-1.0) perovskite,
synthesized by (a) WC (b) MWC, and calcined at 700 °C for 5h................ 52

The volume of formula unit of LaNi;.xFexOs (x = 0.0-1.0) perovskite,
synthesized by (a) WC (b) MWC, and calcined at 900 °C for 5h................ 52


http://hyperphysics.phy-astr.gsu.edu/Hbase/thermo/thexp.html#c2

Xii

Figure page

4.9

4.10

411
412

4.13

4.14

4.15

4.16

XRD patterns of LNF-37 perovskite powder after being calcined at

(a) 700 °C 5h (b) 800 °C 5h (c) 900 °C 5h (d) 1000 °C 5h and

(€) 1200°Cfor5h......ccooiiiiiii i B4
XRD patterns of LNF-64 perovskite powder after being calcined at

(a) 700 °C 5h (b) 800 °C 5h (c) 900 °C 5h (d) 1000 °C 5h and

(8) 1200 °C O BN 55
The structural phase diagrams of LNF-37 and LNF-64........................... 56
XRD patterns of LNF-64, synthesized by four methods (a) WC,

(b) MWC, (c) NC, and (d) MNC with the calcination temperature

0f 1000 °C fOr B Nucci e e e 57
SEM pictures of LNF-64 with the calcination temperature of 1000 °C
for 5h (aQ) WC (b) MWC () NC (d) MNC ......ooviiiiiiiiiie e 58

XRD patterns of (a) LNF-64 (y = 1.00), (b) 8-YSZ, and the powder
Mixtures between LNF-64 (y = 1.00) and 8-YSZ: (c) the mixtures
at room temperature, (d) after calcination at 800°C for 5h,
(e) after calcination at 900°C for 5h,
(f) after calcination at 1000 °C for 5h, (g) after calcination at 1100 °C for 5h,
and (h) after calcination 1200 °C for Bh...............coovvviiviiiiie i eee e, 59
XRD patterns between a 20 range of 25-36° of (a) LNF-64 (y = 1.00),
(b) 8-YSZ, and the powder mixtures between LNF-64 (y = 1.00) and
8-YSZ: (c) the mixtures at room temperature, (d) after calcination
at 800°C for 5h, (e) after calcination at 900°C for 5h, (f) after calcination
at 1000 °C for 5h, (g) after calcination at 1100 °C for 5h,
and (h) after calcination 1200 °C for 5h.......c..cocieeeii e eee B
XRD patterns of (a) LNF-64 (y = 0.95), (b) 8-YSZ, and the powder
mixtures between LNF-64 (y =0.95) and 8-YSZ: (c¢) the mixtures
at room temperature, (d) after calcination at 800°C for 5h,
(e) after calcination at 900°C for 5h, (f) after calcination at 1000 °C
for 5h, and (g) after calcination at 1100 °C for 5h...............cccevveennn .., 62



Figure

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

Xiii

page
XRD patterns between a 20 range of 25-36° of (a) LNF-64
(y = 0.95), (b) 8-YSZ, and the powder mixtures between LNF-64
(y = 0.95) and 8-YSZ: (c) the mixtures at room temperature,
(d) after calcination at 800°C for 5h,
(e) after calcination at 900°C for 5h, (f) after calcination at 1000 °C
for 5h  and (h) after calcination at 1100 °C for 5h..............cccoovvvvvinnnnn. 64
XRD patterns of (a) LNF-64 (y = 1.05), (b) 8-YSZ, and the powder
mixtures between LNF-64 (y = 1.05) and 8-YSZ: (c) the mixtures at room
temperature, (d) after calcination at 800°C for 5h, (e) after calcination
at 900°C for 5h, (f) after calcination at 1000 °C for 5h and
(9) after calcination 1200 °C fOr 5h........oco.iiiiiinn i, 65
XRD patterns between a 20 range of 25-36° of (a) LNF-64 (y = 1.05),
(b) 8-YSZ, and the powder mixtures between LNF-64 (y = 1.05) and
8-YSZ: (c) the mixtures at room temperature, (d) after calcination
at 800°C for 5h, (e) after calcination at 900°C for 5h, (f) after calcination
at 1000 °C for 5h and (g) after calcination at 1100 °C for 5h.................... 67
SEM Maps (mode-1D-point technique) of the cross-sectioned LNF-64
(MNC method)/8-YSZ pellet after calcination at 900°C for 5 h,
detected at (2) point 1, (b) point 2, and (C) point 3...........ccceveviiiiiiiiinnnn 69
SEM Maps (mode-1D-point technique) of the cross-sectioned LNF-64
(MNC method)/8-YSZ pellet after calcination at 1000°C for 5 h, detected
at (a) point 1, (b) point 2, and (C) poiNt 3........cccciiiiiiiiiiii e, 71
The thermal expansion behavior of LNF-64, prepared by MNC method...... 72
XRD patterns of LasNiyxFexO4 (Xx=0.0-1.0) K;NiF4-typed structure,

synthesized by WC method after calcined at 700 °C for 5h...................... 74
XRD patterns of LayNi;xFexO4(x=0.0-1.0) K;NiF4-typed structure,
synthesized by MWC method and calcined at 700 °C for 5h..................... 75
XRD patterns of La;NiixFexO4 (Xx=0.0-1.0) KuoNiF4-typed structure,
synthesized by WC method and calcined at 900 °C for 5h......................76
XRD patterns of La;NijxFexO4 (x=0.0-1.0) K;NiF,-typed structure,
synthesized by MWC method and calcined at 900 °C for 5h.................... 77

Data base of crystal structure La,NiO4 from JCPDS: 34-0314.................. 78



Figure
4.28

4.29

4.30

431

4.32

4.33

4.34

Xiv

page
The volume of formula unit of La;Nij«xFexO4 (x = 0.0-1.0) K;oNiF,-typed
structure, synthesized by (a) WC (b) MWC, and calcined at 900 °C
FOr SN, e 0080
XRD patterns of L,NF-91, synthesized by four methods (a) WC
(b) MWC (c) NC (d) MNC with the calcinations temperature of 1000 °C

(0] = 0 Pt < 1
SEM picture of L,NF-91 with the calcination temperature of 1000 °C
for 5 h(a) WC (b) MWC (¢) NC (d) MNC ..........ccoeiiiiiiiiiiiie e .82

XRD patterns of (a) LoNF-91 (y = 1.00), (b) 8-YSZ, and the powder

mixtures between L,NF-91 (y = 1.00) and 8-YSZ: (c) the mixtures

before calcination, (d) after calcination at 800°C for 5h,

(e) after calcination at 900°C for 5h, (f) after calcination

at 1000 °C for 5h, (g) after calcination at 1100 °C for 5h, and

(h) after calcination 1200 °C for Bh........vvivieeee i e, 83
XRD patterns between a 26 range of 25-36° of (a) L,NF-91 (y = 1.00),

(b) 8-YSZ, and the powder mixtures between L,NF-91 (y = 1.00)

and 8-YSZ: (c) the mixtures before calcination, (d) after calcination

at 800°C for 5h,  (e) after calcination at 900°C for 5h,

(f) after calcination at 1000 °C for 5h, (g) after calcination at 1100 °C

for 5h, and (h) after calcination 1200 °C for5h...............cocoevviiiee e, 85
XRD patterns of (a) L;NF-91 (y = 0.95), (b) 8-YSZ, and the powder

mixtures between L,NF-91 (y = 0.95) and 8-YSZ: (c) the mixtures before
calcination, (d)-after calcination-at 800°C for 5h; (e) after calcination

at 900°C for 5h, (f) after calcination at 1000 °C for 5h, and (g) after
calcination at 1100.°C— fOr BNu..ucevovivun e voe v v s srea s e e e, 86
XRD patterns between a 20 range of 25-36° of (a) LoNF-91 (y =0.95),

(b) 8-YSZ, and the powder mixtures between L,NF-91 (y = 0.95) and

8-YSZ: (c) the mixtures before calcination, (d) after calcination

at 800°C for 5h, (e) calcination at 900°C for 5h, (f) calcination at 1000 °C

for 5h, and (g) calcination at 1100 °C for5h.............cocoeeeeeevivenen......88



XV

Figure page
4.35 XRD patterns of (a) LoNF-91 (y = 1.05), (b) 8-YSZ, and the powder

mixtures between L,NF-91 (y = 1.05) and 8-YSZ: (c) the mixtures

before calcination, (d) after calcination at 800°C for 5h,

(e) after calcination at 900°C for 5h,(f) after calcination at 1000 °C

for 5h and (g) after calcination at 1100 °C for5h...........cccvvviiviiniiinnen. 89
4.36  XRD patterns between a 20 range of 25-36° of (a) L,NF-91 (y = 1.05),

(b) 8-YSZ, and the powder mixtures between L,NF-91 (y = 1.05) and

8-YSZ: (c) the mixtures before calcination, (d) after calcination

at 800°C for 5h,  (e) after calcination at 900°C for 5h,

(f) after calcination at 1000 °C for 5h, and (g) after calcination

L 0 O o = B 91
4.37 SEM-Mapping (mode-ID-point technique) of the cross-sectioned

LoNF-91 (MNC method)/8-YSZ pellet after calcination at 900°C for 5 h.

(@) point 1, (b) point 2, and (C) POINE3.....coe it 93
4.38 Thermal expansion behavior of Lo,NF-91 prepared

DY MNC MEthOd. .. ... it e e e e e e e e 94



XVi

LIST OF SCHEMES

Scheme Page
2.2 Schematic diagram showing the mechanism of a solid oxide
TUBL CEIL ..o e e e 16

FONUUINLUINNS )
RN ITNINENAY



Table

2.1

3.1

3.2

3.3

3.4

3.5

4.1

4.2

4.3

4.4

4.5

4.6

4.7
4.8

XVii

LIST OF TABLES

Page
The seven types of unitcells...............ooiiiiii e 28
Chemicals and reagents .........c.cevieiieiieiie e e e e 0020033
A list of the experimental conditions and results for the synthesis of
perovskite compounds by water citrate method..............ccovevii i, 36
A list of the experimental conditions and results for the synthesis of
perovskite compounds by modified water citrate method......................... 37
A list of the experimental conditions and results for the synthesis of
K2NiF4, compounds by water citrate method...............coovvviiiiiiiiiinnnnn. 38
A list of the experimental conditions and results for the synthesis of
K2NiF, compounds by modified water citrate method............................39

Crystal structures and lattice parameters of LaNi;xFexOs

(x = 0.0-1.0) perovskites, synthesized by WC method and calcined

at 700°C fOr Bh oo 44
Crystal structures and lattice parameters of LaNi;xFexO3(x = 0.0-1.0)
perovskites, synthesized by MWC method and calcined at 700 °C for 5h......46
Crystal structures and lattice parameters of LaNi;«FexO3; (x = 0.0 - 1.0)
perovskites, synthesized by WC method and calcined at 900 °C for 5h........ 48
Crystal structures and lattice parameters of LaNi;FexO3 (x = 0.0 — 1.0)
perovskites, synthesized by MWC method and calcined at 900 °C for 5h.....50
The volume of formula unit of LaNi;.xFexOs (x = 0.0-1.0) perovskites,
synthesized by WC and MWC and calcined at 700 °C for 5h...................51
The volume of formula unit of LaNi;.xFexOs(x = 0.0-1.0)

perovskites, synthesized by WC and MWC and calcined

at 900 °C forbh ..o a5
Particle size-distribution of LNF-64 by four combustion methods.............. 57
The presence of undesired phase(s) in the powder mixtures between

LNF-64 (y = 1.00) and 8-YSZ after calcination at various

temperatures TOr Sh.... ... 60



Table
49

4.10

411

412

4.13

4141

4.15

4.15

4.16

4.18

4.19

XViii
Page

The presence of undesired phase(s) in the powder mixtures between

LNF-64 (y = 0.95) and 8-YSZ after calcination at various temperatures

The presence of undesired phase(s) in the powder mixtures between
LNF-64 (y = 1.05) and 8-YSZ after calcination at various temperatures

The weight percentage of metallic elements of the cross-sectioned

LNF-64 (MNC method)/8-YSZ pellet after calcination at 900°C

for 5 h, summarized by SEM-Maps (ID-point technique) ........................ 70
The weight percentage of metallic elements of the cross-sectioned LNF-64
(MNC method)/8-YSZ pellet after calcination at 1000°C for 5 h,

summarized by SEM-Maps (ID-point technique) .............oooovvieii i, 72
The thermal expansion coefficients of LNF-64 samples and 8-YSZ

at 800°C.0... A L LA VIAMUNNN . 73
Crystal structure and lattice parameters of La;Ni;xFexO4 (x = 0.0-1.0)
K2NiF4-typed structure, synthesized by WC method and calcined

At 900 °C FOr Bh.. et it et e e, 78
Crystal structure and lattice parameters of La;Ni;-xFexO4

(x=0.0-1.0) K;NiF,-typed structure, synthesized

by WC method and calcined at 900°C for5h ..................cooieiiiiinnne, 79
The volume of formula unit of La;NiyxFexO4 (x = 0.0-0.1)

KoNiF,-typed structure, synthesized by WC and MWC and calcined

at 900-°C fOr DR o ioin b o b o it e e e e e e eeeeeien 19
The presence of undesired phase(s) in the powder mixtures

between LoNF-91(y =1.00) and 8-Y SZ after calcination

at various temperatures for 5h ... ... 84
The presence of undesired phase(s) in the powder mixtures between

L,NF-91 (y = 0.95) and 8-YSZ after calcination at various temperatures

The presence of undesired phase(s) in the powder mixtures between

LoNF-91 (y = 0.95) and 8-YSZ after calcaination at various temperatures



Table
4.20

4.21

Xix

Page
The weight percentage of metallic elements of the cross-sectioned
LoNF-91 (MNC method)/8-YSZ pellet after calcination at 900°C for 5 h,
summarized by SEM-Maps (ID-point technique).............ccccooieviinevnnen. 93

The thermal expansion coefficients of L,NF-91 samples and 8-YSZ



°C

min
pm

A
XRD
SEM
SEM-EDX
TEM
IS
EPMA
h

wt %
SOFCs
IT-SOFCs
MIECs
ABO;
A;BO,
TEC
COGs
p(O2)
8-YSz
TPB
SDC
GDC
LSM
LNF
LSC
LSF
LSCF

XX

LIST OF ABBREVIATIONS

Kelvin

Degree Celsius

Minute or minutes

Micrometer

Angstrom unit

X-ray diffraction

Scanning electron microscopy
Scanning electron microscopy-energy dispersive X-ray fluorescence
Transmission electron microscopy
Impedance Spectroscopy

Electron probe microanalysis

Hour or hours

Percent by weight

Solid oxide fuel cells

Intermediate temperature of solid oxide fuel cells
Mixed Electronic and lonic Conductors
Perovskite structure

KoNiF,-typed structure

Thermal expansion coefficients
Ceramic oxygen generators

Partial pressure of oxygen

8 mol% Y,03-stabilized ZrO;
Three-phases boundary

Samaria-doped ceria

Gadolinia-doped ceria

Perovskite containing La,Sr, and Mn
Perovskite containing La,Ni, and Fe
Perovskite containing La,Sr, and Co
Perovskite containing La,Sr, and Fe
Perovskite containing La,Sr,Co, and Fe



CHAPTER I

INTRODUCTION
1.1  Background

Each year, the total worldwide energy consumption increases. It has become
essential to satisfy this demand, in a way that reduces environmental impact by using
fewer non renewable resources. For a growing number of power generators and users,
fuel cells are the key to the nation’s tomorrow power, offering the solution to some
future power generating needs. For instance, fuel cells operate as stand-alone units,
and produce clean power without excessive CO, emissions [1].

A fuel cell is an electrochemical device that converts the chemical energy in
fuels to electricity. Fuel cells are different from batteries in that they consume
reactants, which must be replenished, whereas batteries store electrical energy
chemically in a closed system. Additionally, while the electrodes of a battery react
and change as a battery is charged or discharged, those of a fuel cell remains catalytic
with relative stability [2].

Solid oxide fuel cells (SOFCs) currently operate at very high temperatures up
to 1000 °C. However, such high temperature operation causes material problems
including electrode sintering and interfacial diffusion between electrolytes, electrodes
and other highly cost materials [3-5, 10, 22]. One possible way to overcome this
problem is to reduce the SOFC operating temperature so called intermediate
temperature range. (IT-SOFC). [5, 4]. - The benefits of using SOFC at lower
temperature are (i) to avoid interfacial reactions between an electrode and an
electrolyte, which may cause degradation of cell performance, (ii) to avoid sample
damages due to thermal expansion mismatch at high processing temperature, (iii) to
provide variety of material selection, and (iv) to reduce processing cost [4-9, 11-12,
17-19, 21, 23, 24, 27, 30-32, 36, 63, 76]. The cathode of SOFCs should have
high-electronic and ionic conductivities, adequate porosity for gas transport, thermal
and chemical compatibilities with the electrolyte, and long-term stability.
The development of new mixed ionic—electronic conductors is important for

high-temperature electro-chemical applications, including solid oxide fuel cells
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(SOFCs), oxygen pumps, sensors, ceramic membranes for high-purity oxygen
separation and partial oxidation of hydrocarbons [10-11, 65]. In the case of solid-
electrolyte cells such as SOFCs, mixed ionic electronic electrode materials can
provide a considerable decrease of polarization losses due to an enlargement of the
electrochemical reaction zone. Also, technologies for hydrocarbon oxidation using
ceramic-mixed-conductive membranes have been developed by the integration of
oxygen separation, steam reforming and partial oxidation of natural gas into one
single step [10, 11]. Therefore, the interest is currently being expressed in Mixed
Electronic and lonic Conductors (MIECs), such as perovskite (ABOs) and
KoNiF-typed structure (A2BO,4) with high conductivities [5, 6, 10-12, 14, 15, 21, 22,
24].

1.2 Literature reviews of cathode materials selection
1.2.1 Literature reviews of perovskite type structure

Mixed-conducting perovskites are of considerable interest for industrial
applications such as cathodes of solid oxide fuel cells and ceramic membranes for
high-purity oxygen separation and partial oxidation of hydrocarbons. Technologies of
the methane oxidation using dense mixed-conductive membranes permit
the integration of oxygen separation, steam reforming, and partial oxidation into
a single step for the natural gas conversion. Incorporating divalent metal cations into
the A-sublattice of the ABO; perovskites results, as a rule, is increasing ionic
conductivity and oxygen permeation fluxes, due to the increase in oxygen vacancy
concentration. The most important properties of cathodes are their catalytic activity
for oxygen reduction and their compatibility with the electrolyte (including thermal
expansion match and chemical non-reactivity) [3]. Peravskite type oxides containing
Co ions in their B sites are known to have muchhigher conductivities than those of
the most commonly used cathode material La;«SryMnOs (LSM) [4-6, 9, 12, 30, 36,
47, 54,58, 59, 70, 71, 72, 78]. However, the thermal expansion coefficients (TEC) of
these materials are much larger (22.0 x 10° K™) than that of LaggSro>MnOs
(12.0 x 10°® K™ [5]. Although the lanthanum manganite-based materials are not the
best because of their low oxide ion diffusivity that lead to the limited electrochemical
activity, these are the most common perovskites that are used with 8 mol%
Y,0s-stabilized ZrO, (8-YSZ) electrolyte at 1000°C because of their superior
chemical stability [3]. It was reported that, at temperature above 1200°C, LSM reacted



with 8-YSZ to from La,Zr,0O7 and/or SrZrOs [3, 10, 11, 19, 44, 49, 53, 59, 66, 67, 72,
73, 80] depending on the concentration of strontium in LSM [13].

Zhu et al. reported that LaNiO3 had a very high-electronic conductivity
at room temperature; however, it was unstable above 850 °C, where it decomposed to
La;NiO4 and NiO [5].

Hrovat et al. showed that LaNiO3; was stable at high temperature when
some of the Ni was substituted by Co or Fe. For example, Lai.,SryNiixFexO3 was
stable up to 1400 °C. When the Fe fraction was higher than 0.5, the materials still had
a high-electronic conductivity (Lag4SrosNio2FeosOs 435 S/cm at 800 °C) and its
thermal expansion coefficient (TEC) was close to that of zirconia and ceria
electrolytes [7].

Bevilacqua et al. investigated three different preparation methods:
the glycine nitrate process, the gel citrate complexation route and the coprecipitation
route. The glycine nitrate synthesis produced a non-homogenous LaNiggFep 403
material. Good specific conductivity was obtained only after high temperature
treatments where the materials were homogenized and sintered. The gel citrate
complexation route led to the homogenous LaNiggFeo4O3 sample, which however
was resistant to sinterization/densification. Finally, homogenous LaNiggsFe4O3
is obtained with coprecipitation synthesis. This synthesis is particularly promising
since the morphology of the obtained precipitate favored the sinterization at low
temperatures. The benefit of using such low sintering temperature was preventing the
undesirable reaction with ZrO,-based electrolyte [12].

Falcon et al. reported very good catalytic activity of LaNijxFexOs
series. The materials were extensively studied using infrared spectroscopy, Mossbauer
spectroscopy, magnetic measurement, electrical resistivity measurement and X-ray
powder diffraction. The crystal structure in which with 0 < x < 0.5 resembled
the structure of LaNiOg, crystallized in the rhombohedral system and a space group of
R3c, while those with composition 0.5 < x < 1 resembled the structure of LaFeOs,
crystallized in the orthorhombic system and a space group of Pnma.
For LaNipsFeosOs, the sample was the mixture of the rhombohedral and
orthorhombic phases. The cell volume increased with the iron content. This can be
ascribed to the larger ionic radius of Fe** compared to Ni**. LaFegsNio7505 was

found to be single phase when prepared at temperatures as high as 1000°C, indicating



an increase in the stability of the perovskite phase at high temperature when
a relatively small amount of Fe (111) was substituted for Ni (I11) [14].

In 1999, Provendier et al. reported that, within LaNi;«FexO3 series,
the LaNigsFeg 703 was the best catalytic activity at the temperature of 800°C [13].

In 2003 Bontempi et al., LaNiOs;, LaFeOs; and their solid solution
LaNigsFeo 703 had been prepared using acetate and citrate salts as precursors. The
decomposition of organic substances was obtained by calcination in mild. The
symmetry of the phases of LaFeOs, LaNigsFeq;Oz and LaNiOz at 700°C is
orthorhombic, cubic and rhombohedral repectively [14].

Chiba et al. investigated LaNi;.xFexO3 (x = 0-1.0) series. It was showed
that LaNigsFeo4O3 mixed oxide exhibited suitable properties as cathode materials for
SOFC such as the high electrical conductivity and the thermal expansion coefficient
closer to that of Yttria-Stabilized Zirconia (YSZ) electrolyte with respect to that of
LSM [5].

Basu et al. prepared LaNiggFeo4O3 using two combustion synthesis
routes: citrate-gel (LNC) and urea (LNU). The powders were sintered over a wide
temperature range (900-1400 °C). The thermal expansion coefficient (TEC), electrical
and microstructural characteristics of LNF was thoroughly investigated. Electrical
conductivities were found to be one and a half times higher than that of most
commonly used cathode material, La(Sr)MnOs. Moreover, the TEC value of
LaNiogFeo4Os; was found to be 11.4 x 10° K™ at 800 °C. The study opened up
a possibility of using LNF as a promising cell component for SOFC [18].

Zhen et al. stated that La(NiosFeo4)Os perovskite material has been
developed as one of most promising cathode materials for the intermediate
temperature-solid oxide fuel cells (IT-SOFCs) because it has high electrochemical
activity for the oxygen reduction reaction and a thermal expansion coefficient close to
that of zirconia electrolyte [19].

Proskurnina et al. synthesized LaNi;.xFexO3; (0 < X < 1) with the step
of x = 0.05 at 1100°C in air. According to the results of XRD, the homogeneity range
of LaNi;«FexOs3 solid solution laid within 0.6 < X < 0.8 in the crystal structure with
R3c space group, similar to the parent LaNiO; (rhombohedral structure) [18].

Knudsen et al. investigated the influence of A-site stoichiometry on
phase stability and electrical conductivity of the perovskite based series

La(NigsoFeo41)03.5 for cathode current collection in solid oxide fuel cells. X-ray



diffraction and DC electrical conductivity studies were performed on samples,
prepared by the glycine nitrate combustion method. Reaction between
Lao g9(Nigs9F€0.41)03-s and (LaossSro15)09:Mn0O3.5 resulted in a single perovskite
material when the compounds were co-sintered. The interface between
a screen-printed layer of  Laggo(NipsoFep41)O3s and a  layer of
Ce0.9Gdp.1003-5/(Lao.ssSro.15)0.9010MNO3.5 composite has been investigated and the extent
of the reaction zone determined by energy dispersive X-ray spectroscopy [20].

The doping with nickel has been established to increase oxygen
nonstoichiometry and permeation fluxes of the perovskite-like solid solutions of
LaCo(Fe,Ni)Os.; and LaGa(Ni)Os.;. Kharton et al. reported that incorporation of
nickel into the iron sublattice of LaFeOs, resulting in the increase of oxygen
nonstoichiometry, electrical conductivity, and thermal expansion of the perovskites.
Activation energy for electrical conductivity of the LaFe;«NixO3 (x = 0.2-0.5)
decreased with the increase of x in the range from 23.9 to 6.6 kJ/mol, respectively.
Thermal expansion coefficients of these materials calculated from the dilatometric
data were (8.9-11.9) x 10° K*. Oxygen permeation through LaFe;.xNi O3 membranes
was found to increase with nickel content due to increasing oxygen vacancy
concentration and bulk ionic conductivity, which are the permeation flux-limiting
factors [21].

Komatsu et al. reported that the relationship between the chemical
compatibility and electrochemical properties of LaggSrosFeosCo00203 (LSCF),
LaNipgFeo4Os (LNF), and LaggSrgoMnOs; (LSM) as a cathode against
the Cr poisoning condition. Powder mixtures of LSCF-Cr,03, LSM-Cr,O3 and
LNF-Cr,03 were heated at 1073 K and analyzed by X-ray powder diffraction with
the Rietveld refinement. It was found that LNF powder was less reactive with Cr,03
than LSCF and LSM powder from the viewpoint of the consumption of Cr,O;3 in
the mixtures. Therefore, LNF is expected to be a long-life cathode with high stability
against Cr poisoning in solid oxide fuel cell because of the low reactivity with Cr,03
[22].



1.2.2 Literature reviews of K;NiF,~typed structure

A;BO,s compounds (A, rare earth and/ or alkaline earth and B,
transition metal) with K;NiF,-typed structure have been the targets of intensive
studied because of their structure similarity to the LayNiOy4, LayxSrkCuO4, La,CuOy
superconductors [25, 28, 35]. This structure consists of layers of ABO3 separated by
AO layers in which it is possible to incorporate excess oxygen in the unusual from of
an interstitial species. This excess of oxygen provides an attractive alternative to the
vacancy-based conduction mechanism present in the perovskite and fluoride oxides
where the dopant-vacancy interaction can limit the observed conductivity. Compared
to perovskites, this layered structure has a particular interest because it allows great
flexibility in the oxygen stoichoimetry [24]. Results on oxygen permeation through
dense ceramics of K;NiF,-typed materials suggested two significant contributions to
the ionic conductivity of the oxygen-hyperstoichiometric phases with K;NiF4-typed
structure. The oxygen interstitial migration in the rock-salt-type layers of the KoNiF,
like lattice increases with increasing temperature; where as, the oxygen vacancy
diffusion in the perovskite layers decreased when temperature increased [10].
The electrical conductivity of the A,BO, oxides was of p-type and reached values
close to 100 S cm™ at high oxygen partial pressures at 800 °C for nickelates and
cobaltites [26].

LaNiO3 exhibits high electronic conductivity at room temperature, but
decomposes at elevated temperature into the K;NiFs-typed structure La,NiO4 and
NiO, with a reduction in conductivity [5, 6, 21]. A,BO, oxides with the perovskite
related K;NiF,-typed structure have not been intensively investigated. Recently
Daroukh et al. reported that the thermochemical stability of A,BO, oxides
(A-A/BOs4, A = La, A’ = 8Sr,,B = Mn, Fe, Co, Ni) was higher than that of
the perovskite ABO; oxides, and the thermal “expansion of A;BO, oxides was
generally lower than that of the ABO3 oxides with comparable cationic compositions.
This implies that A,BO, oxides are very likely to be the new type of cathode materials
of IT-SOFCs [24, 29, 32, 33]. Recent studies on mixed conductors indicated that
the KyNiF,-typed structure have promising properties at intermediate operation
temperatures due to their high ionic conduction and their high electrocatalytic activity
[30, 36].

The oxide phases existing in the ternary La—Ni—-O system included

perovskite-type LaNiO3s and Ruddlesden—Popper series [28, 30] Lan+1NinOzn+1; With



La;NiOy4+g having a K;NiF4-typed structure as the end-member (n = 1). Oxygen-
deficient LaNiOss exhibited a metallic conductivity, which was as high as about
10° S cm™ at room temperature; however, in a narrow range of temperatures and
oxygen partial pressures this phase decomposes into Lan+1NiyOsne1 and NiO at
temperatures above 1100 K in air. The La,NiO,4 phase is oxygen-hyperstoichiometric,
a result of incorporation of interstitial oxygen anions into the rock-salt layers of
intergrowth K;NiF,-typed structure. In air, the equilibrium oxygen nonstoichiometry
was 0.14-0.16 at 300K [26, 29, 33, 37, 41, 43] and decreased on heating.
At temperatures below 600 K, La;NiOy4.s exhibited a semiconductor-type electronic
conductivity, which occured via hopping of p-type charge carriers between
mixed-valence nickel cations; a smooth change to metallic-like conduction was
observed at higher temperatures [28].

In 2000, Skinner et al. found that La;NiO4.s have an oxygen diffusivity
higher than that of LaggSro4Coo2FeosOs; (LSCF). The fast oxide ion diffusion of
La;NiOg4+5 combined with its thermal stability indicated that this material would be
a good candidate for use in ceramic oxygen generators (COGs) and solid oxide fuel
cells (SOFCs) [10, 24, 30, 36, 39]. Oxygen permeability of K,NiF,-typed phases such
as LayNigosFeo0204+5, exhibited maximum ionic transport, La;NiggsFeo02CuUo 100445
and LayCup9C00.1004+5, in about one order of magnitude lower than that of most
permeable perovskite typed materials. The decreasing radii of the rare-earth cations in
the A-sublattice of cuprates and nickelates led to a dramatic decrease in ionic
transport, similar to perovskite oxides. Thermal expansion coefficients of the title
materials varied in the range (10.1-13.4) x 10°° K™*[10].

In 2003, Daroukh. et -al. confirmed  that the thermal expansion
coefficients of K;NiF,-typed oxides were generally lower than the coefficients of
the perovskited type oxides of comparable cationic compositions. The comparison of
the oxidation states of AMO3. and AMO;AO gave evidence on the stabilizing
influence of the AO interlayer on the perovskite layer. Comparable compositions of
the perovskite and the K;NiF,-type structure showed the higher oxygen to metal
stoichiometries at low oxygen partial pressures for the K;NiF4-typed structures, e.g.
LaosSrosMnO3.SrO, demonstrating higher thermodynamic stability than that of
Lag 5SrosMn0Os. [26].



Huang et al. reported that the preferred sintering temperature of
La;NiO4+5 was as certained to be 1300 °C with regard to the electrical conducting
properties. La,NiOg4+s ceramic sintered at 1300 °C presented a generally uniform
microstructure together with electrical conductivities of 76-95 S cm™ at 600-800 °C
[29].

Recently, La;NiOg4.+s was reported to show good performance in terms
of electronic conductivity and thermal expansion properties [29, 32]. In 2003 Li et al.
reported that a complex sol-gel processing was effective in fabricating dense
supported membrane for oxygen permeation. Mixed conductor La;NiOg4:+s was
synthesized by complex sol-gel approach. Its dense membranes were obtained by
coating the sol on porous alumina substrates followed by heat treatment.
The supported membranes exhibited a much better performance in oxygen
permeability than that of bulk membranes made from same material, showing a great
potential for the application in both air separation and catalytic membrane reactor
[29]. In 2004 La;NiggFep 204 was synthesized by complex sol-gel approach its dense
membranes were successfully obtained by coating the sol on porous alumina
substrates followed by heat treatment. The oxygen permeation flux of supported
La,NiogFeo204 membranes is greater than 1.0x10° mol cm™?s™ at 750 K, which is
appropriately ten times higher than that for Fe-free supported La,NiO, membranes
and 100 times higher than that for La;NiO, bulk membranes under the experimental
conditions [41].

Amow et al. [2004] investigated on the parent nickelate, LayNiOgss,
which is made up of alternating LaNiOs; perovskite and La;O, rock salt layers.
Significant excess oxygen, o, can be incorporated into the rock-salt layer as interstitial
defects. A series of structural changes from tetragonal to orthoarhombic symmetry may
be induced by varying the amount of excess oxygen in the rock-salt layer. The solid
solution = La;NijxC0xOa4+5 Was successfully prepared by the Pechini method using
both conventional and microwave heating. Successive substitution of cobalt for nickel
in this series led to a structure phase transition from tetragonal F4/mmm (x = 0-0.5) to
orthorhombic Bmab (x = 0.6-1.0) [36].

Munnings et al. [2004] reported that the La;NiO4+s material underwent
a reversible transition from the orthorhombic Fmmm structure to the tetragonal

I14/mmm structure on heating [37].



Skinner et al. prepared La,.xSrkNiO45, x = 0, 0.1 with an oxygen
excess of up to 6 = 0.24. The oxygen tracer diffusion coefficient and surface exchange
coefficient of the materials were determined by the isotope exchange depth profile
method (IEDP). La;NiOg4+s was found to have an oxygen diffusivity higher than that
of LapeSro4Coo2FeosOs (LSCF) and a one order of magnitude lower than that of
the best perovskite oxide ion conductor Lag3Sro;Co03 (LSC). The fast oxide ion
diffusion of La;NiO4+5 combined with its thermal stability indicated that this material
would be a good candidate for use in ceramic oxygen generators (COGs) and solid
oxide fuel cells (SOFCs) [39].

In 2007, Zhao et al studied LasNipgC0204+5 as the cathodes for

SOFCs with doped ceria as the electrolytes. In addition, a site was doped with Sr to
improve the electrode performance. Emphasis was laid on the optimization of Sr
doped La;NiggC0o204+5 composite cathodes [40].

Cheng et al. reported the supported dense oxygen permeating
membrane of mixed conductor La;NiggFep204+5 can be prepared by sol-gel method.
The oxygen permeation flux of supported La,NiggCo00204+5 membranes was greater
than 1.0-10° mol cm™s™ at 750 K, which was appropriately ten times higher than that
for Fe-free supported La;NiOg4+s membranes and 100 times higher than that for
La;NiOa.+s bulk membranes under the experimental conditions [41].

In 2007, Tsipis et al. studied the oxygen hyperstoichiometry of
K2NiF4-type La;NigoFeo 10445 by thermogravimetric analysis and coulometric titration
in the oxygen partial pressure range 6 x 10° - 0.7 atm at 923-1223 K. The value of
the oxygen hyperstoichiometry was considerably higher than that of undoped
lanthanum nickelate. The stability-of La;NiO4-based phase-in reducing atmospheres
was essentially unaffected by doping Fe ions [42]. In 2008, the some group et al.
found that the doping of iron-in K;NiF4-typed lanthanum nickelate increased oxygen-
ion mobility at 1173-1223 K, whilst activation energies remained essentially similar
at 69-80 kJ/mol. At lower temperatures, the surface kinetics and ionic transport in
LayNigoFep104+5 became both slower than those in La,NiOy.s, due to the possible

defect-interaction [43].
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1.2.3 Literature reviews of chemical and physical compatibility of
cathode with the 8-YSZ electrolyte

One of the reason that make the perovskite typed structure and
KoNiF-typed structure of interest as a cathode for SOFC is their relatively good
chemical compatibility with 8 mol% Y,0s-stabilized ZrO, (8-YSZ) electrolyte [4, 10,
27].  The perovskite La;xSrMnOzs (LSM) cathode has been used as a typical
cathode material on electrolyte because it has low chemical reactivity and good TEC
compatibility with the 8-YSZ. However, lowering of the operating temperature of
SOFC below 700 °C the overpotential of LSM increased significantly, due to its
relatively low reaction rate of oxygen reduction in that temperature range. On the
other hand, the La;.xSrxCo0O3; (LSC) cathode provides a higher reaction rate of
oxygen reduction with an enlargement of the reaction sites. However, undesirable
resistive phases such as LayZr,07 or SrZrOgz [4, 12, 13, 21, 23, 45, 54, 60, 67, 68, 72,
73, 75] are easily formed at the interface between the cathode and the electrolyte
when the LSC cathode is directly applied onto the 8-YSZ electrolyte. The practical
properties of LSC from thermal cycling and/or long-term operation become degraded
due to the mismatch of the thermal expansion and the chemical reactivity between
8-YSZ and LSC. These issues have been extensively investigated in an effort to
overcome the problems of the compatibility between cathodes and 8-YSZ electrolyte.

In 1999, Chiba et al. investigated the effect of doping in LaNig Mg 403
(M = Al, Cr, Mn, Fe, Co, Ga) and LaNi;xFexO3 (x = 0.0-1.0) [5, 6, 12, 14-20, 22].
It was shown that LaNi;_xFexOs; mixed oxides exhibited high electrical conductivity
[5, 12, 14-20, 53] and thermal expansion coefficient closer to that of 8-YSZ
electrolyte with respect to LSM [5, 12, 18, 19, 20, 53]. LaNi;_xFexO3; materials were
tested as cathodes in SOFCs with 8-YSZ and SASZ (Alumina-doped Scandia-
Stabilzed Zirconia) [2, 51]. However, the reaction with the electrolyte above 1000 °C
resulted in the formation of a La;Zr,Oy insulating layer [50, 53].

The electrical properties of La,Zr,O7 had been reported in the literature
[45, 46, 48, 53, 73]. Lee et al. reported the formation of new phase at the
Lao.oSro1MnOs/YSZ interface that affected on the cathodic performances at 900 °C in
air. The resistance caused by the interfacial product layer kept increasing with time to
reach up to 40% of the total resistance after 500 h. The interfacial product was
identified as La,Zr,O; by XRD measurement. The electrical conductivity of La,Zr,0O
(2.4X10° S cm™ at 1000 °C) was 4 to7 orders of magnitude smaller than those of
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LagoSro1MnOs electrode with 8-YSZ electrolyte. Combining these results,
a conclusion was made that the cathodic degradation came mainly from the growth of
interfacial product layer and its contribution to the cell resistance [45].

In 1996, Kindermann et al. reported that the chemical compatibility of
the LaFeO3 based perovskites, LageSro.sFeosMo203-s and (LaoeSro.s)o.9F€0sMo203-5
(M = Cr, Mn, Co, Ni), with 8-YSZ powder mixtures by annealing at 1000°C for time
periods up to 1300 h. The annealed samples were analyzed by XRD and SEM/EDS.
The formation of monoclinic ZrO, was not observed in Co or Ni containing samples.
Following the loss of strontium in significant amounts from these samples, La rich
compositions were formed and reacted further with zirconia to form La,Zr,O7 [46].

In 2000, Kostogloudis et al. reported the chemical reactivity of
perovskite oxide SOFC with 8-YSZ. The perovskite oxides of interest La;.xSrxCoo.
MnggOs3-5, LaixSrxCog2 FepsOs-s, LaixCaxCogaFeps O35 (0 < X < 0.5), the A-site
deficient ~ oxides Lag6-2Sr0.4C00 2F€0 8035, Lag 6Sro4-,Coo2Fe0sO35  and
(L@ap 6-zSr0.4)1-2C002F€0 803 5 (0 < Z < 0.2). The XRD patterns of the perovskite/8-YSZ
mixtures, after annealed at 1000°C for 120h, identified the presence of La,Zr,O; and
(Sr/Ca)ZrOs. The contraction of lattice parametes of 8-YSZ was found, due to
the diffusion of the transition metal cations from the perovskite into 8-YSZ [48].

Simner et al. [2003] studied the reactivity of LaggSro,FeOs-s and
8-YSZ at 1400°C for 2 h. While XRD data of LaggSro,FeO;s/8-YSZ reaction
mixtures indicated no apparent formation of the poorly conducting La and /or
Sr-zironate phases, it did reveal a significant peak shift in the LSF diffraction pattern
after reaction above 1000°C, which appeared to correspond to the dissolution of Zr
cations into the perovskite. The electrical conductivity of the Zr containing LSF was
substantially reduced [49].

Basu et al. [2004] found the formation of a thick white gas-tight film at
the interface between the zirconia (electrolyte) and LaNiggFep403/8-YSZ, resulting to
no voltage output when electrochemical tests are performed. This white layer started
to form at ~1300 °C and became thicker and thicker as the sintering temperature
increased. Quantitative EDX and XRD analysis confirmed that it was La,Zr,O5. [53].

Yang et al. [2006] studied the reaction occurs in the 8-YSZ thin film,
electrophoretic deposited on the LaggSro,03 (LSM) substrate. The characterizations
were conducted by zeta potential analysis, X-ray diffraction (XRD), scanning electron

microscopy (SEM), and transmission electron microscopy (TEM). The LayZr;0y,
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formed at the interface between the 8-YSZ thin film and LSM substrate after sintered
at 1400°C for 52 h, was identified by XRD. LayZr,0; with the thickness of 200 nm
was formed at the interface between the YSZ film and the LSM substrate [72].

Sahu et al. studied the chemical compatibility of LSM with 8-YSZ
using X-ray diffraction (XRD) and electron probe microanalysis (EPMA) techniques.
No secondary phases such as lanthanum zirconate and strontium zirconate were
observed in the XRD patterns of powder mixtures even after firing at 1400 °C for
6h. These results were further confirmed by EPMA studies. In other words, the LSM
prepared were found to have good chemical compatibility with YSZ [13].

Anderson et al. reported the reactivity of LnggSro,03 (Ln = Sm, Pr, Nd
and a mixed lanthanide precursor) and Lag gSro 203 (M = Ba, Ca) cathodes with 8-YSZ
electrolyte. From this study, the most promising candidate was probably
LapsCap2FeOs since it exhibited the least dissolution of Zr into the provskite at
1200°C, compared to the other compositions [51].

Smith et al. investigated the effects of microstructural and interfacial
changes on the cathodic reaction occurring and times ranging at the LSM/8-YSZ
interface by AC impedance spectroscopy. These effects were induced by using harsh
anneals of temperatures ranging from 1250 to 1400 °C from 1 to 48h. The magnitude
of the resistance of this semicircle was shown to be dependent on the time and
temperature of the applied anneal. Extended interfacial pores were also shown to
occur in1400 °C annealed samples [55].

Kim et al. studied on the anode-supported SOFCs for intermediate
temperatures, involving LaggSro4Coo2Fe0sOss (LSCF) based cathodes, 8-YSZ
electrolyte, and Ceg sGdo20,.5 (GDC). The GDC interlayer between the LSCF cathode
and 8-YSZ electrolyte was used to prevent formation of insulating phases such as
SrZrOs or LayZr,07 [60].

Zhao et al. reported that the thermal expansion coefficient (TEC) of
Lag6Sro4C003.5 (LSC) (~ 23 x 10 ® K™) is much higher than those of typical SOFC
electrolytes, such as 8-YSZ [63].

Kawada et al. reported the reactivity between LaMnO; and 8-YSZ.
Electrical conductivity of 8-YSZ decreased when Mn dissolved in the cubic phase of
8-YSZ. Oxidation state of the dissolving Mn varied with partial presuure of oxygen
and affected the electrical properties of 8-YSZ [67].
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Nasrallah et al. explored the chemcical compatibility of
La;«SrkCoryFeyO3 system with 8-YSZ and found that the stioichiometric
compositions, i.e. z = 0, for a particular range of x and y showed no reaction with
8-YSZ [71].

Orui et al. investigated electrochemical properties of the LNF-SDC
composite cathode combined with an 8-YSZ electrolyte in order to reveal effects of
the composite microstructure on the cell performance [73].

Nie et al. studied on preparation, thermal expansion, chemical
compatibility, electrical conductivity and polarization of K;NiFs;—typed Az.A’,MO4
(A =Pr,Sm; A=Sr; M =Mn, Ni; a = 0.3, 0.6). The results showed a low reactivity
with 8-YSZ. The thermal expansion coefficient (TEC) values were changed with the
ionic radius of A. The specific conductivities of the nickelates were higher than those
of manganites. While the nickelates showed a lower cathodic polarization in
comparison with manganites [79].

Although there were some reports on synthesis and properties of
lanthanum nickel iron oxides, the effect of different synthetic methods had not been
conducted thoroughly for both perovskites and K;NiF,-typed structures. Furthermore
the compatibility of both structures were not compared.

In this thesis, the full series were investigated and some selected metal
oxides of both structures tested on the thermal stabilities, and compatibility with
8-YSZ.

1.3 The objectives of this study

1. To prepare the single-phased LaNi;.xFexO3 (perovskite structure; LNF) and
La,NiyxFexOs (KaNiF4-typed structure; LoNF) with x = 0.0-1.0 by using the water
citrate and modified water citrate methods.

2. To compare the effect of using four combustion methods: (i) water citrate
(WC), (ii) modified water citrate (MWC), (iii) nitric citrate (NC), (ii) modified nitric
citrate (MWC) in the synthesis of the selected LNF perovskites in terms of structures
and particle sizes.

3. To study the chemical compatibility of the LNF/L,NF and 8-YSZ using
XRD and SEM/EDX to follow the reaction occurred at higher temperatures up to
1200°C.
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4. To study the physical compatibility of the LNF/L,NF and 8-YSZ in a term

of their similarity in thermal expansion coefficients.
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CHAPTER II

THEORY

A fuel cell is an electrochemical device that converts the chemical energy in
fuels (such as hydrogen, methane, butane or even gasoline and diesel) into electrical
energy by exploiting the natural tendency of oxygen and hydrogen to react.
By controlling the means by which such a reaction occurs and directing the reaction
through a device, it is possible to harvest the energy given off by the reaction.
Fuel cells are simple devices, containing no moving parts and only four functional
component  elements:  cathode, electrolyte, anode and interconnect.
Much development has focused on solid oxide fuel cells (SOFC), both because they
are able to convert a wide variety of fuels and because they do so with such high
efficiency (40-60% unassisted, up to 70% in pressurized hybrid system) compared to
engines and modern thermal power plants (30-40% efficient) [1-3]. SOFCs are
attractive as energy sources because they are clean, reliable, and almost entirely
nonpolluting. Because there are no moving parts and the cells are therefore vibration-
free, the noise pollution associated with power generation is also eliminated.

The SOFC has been in development since the late 1950s and has two

configurations that are being investigate: planar (flat panel) and tubular [1, 65].

(b) Tubular Solid Oxide Fuel Cell

" Fusl Electrode

Figure 2.1  Solid oxide fuel cells with two configurations (a) Flat panel [2]
(b) Tubular [3].
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http://www.csa.com/hottopics/fuecel/gloss.php#ano
http://www.csa.com/hottopics/fuecel/gloss.php#int
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The SOFC is currently the highest-temperature fuel cell in development and
can be operated over a wide temperature range from 600°C-1000°C allowing
a number of fuels to be used. To operate at such high temperatures, the electrolyte is a

thin, solid ceramic material (solid oxide) that is conductive to oxygen ions (O%).

Solid Oxide
Fuel Cells

Electron Flow

T Load i

Hydrogen i; DT 0 I/ |Dx5rgen
u.'ﬂ %‘ @ a © % gd}
—» |:| oo | G © -’
|®c. o o Oxygen C?
f— o | < lons -
L% [t
&SP R|° |5
-« | o] %o

Anode Cathode

Electrolyte

Figure 2.2 Schematic diagram showing the mechanism of a solid oxide fuel cell [1].

The cell is constructed with two porous electrodes which sandwich an
electrolyte member. Air flows along the cathode (which is therefore also called the
"air electrode™). When an oxygen molecule contacts the cathode/electrolyte interface,
it catalytically acquires four electrons from the cathode and splits into two oxygen
ions. The oxygen ions diffuse into the electrolyte material and migrate to the other
side of the cell where they encounter the anode (also called the "fuel electrode").
The oxygen ions encounter the fuel at the anode/electrolyte interface and react
catalytically, giving off water, heat, and most importantly electrons. The electrons
transport through the anode to the external circuit and back to the cathode, providing

a source of useful electrical energy in an external circuit.

Anode Reaction: 2H,+20% => 2H,0+4¢ (2.10)
Cathode Reaction: O,+4e =>20% (2.11)
Overall Cell Reaction: 2 H, + O, => 2H,0 (2.12)


http://www.csa.com/hottopics/fuecel/gloss.php#cat
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The very high operating temperature of the SOFC has both advantages and
disadvantages. The high temperature enables them to tolerate relatively impure fuels,
such as those obtained from the gasification of coal or gasses from industrial process
and other sources. However, the high temperatures require more expensive materials

of construction.

2.1 Materials Issues (SOFC)
2.1.1 Cathode (Air Electrode) and Anode (H,/CO Electrode)
1. High electronic conductivity
2. Chemical and mechanical stability (at 600-1000 °C in oxidizing

conditions for the cathode and in highly reducing conditions for

the anode)
3. Thermal expansion coefficient that matches that of electrolyte
4. Sufficient porosity to facilitate transport of O, from the gas

phase to the electrolyte
2.1.2 Electrolyte (Air Electrode)
1. Free of porosity
2. High oxygen ion conductivity
3. Very low electronic conductivity
2.1.3 Interconnect (between Cathode and Anode)
1. Free of porosity
2 High electronic conductivity and negligible ionic conductivity
3. Stable in both oxidizing and reducing atmospheres
4 Chemical and thermal expansion compatibility with other

Components

One of the major problems- encountered today to develop intermediate
temperature solid fuel cells (IT-SOFC) is the large cathode overpotential caused by
the reduced operation temperature. Mixed ionic and electronic conductors (MIECS)
have been widely studied as cathodes for IT-SOFC. The electrical overpotential on
the MIEC oxide cathode presents a combined activation barrier of many underlying
transport processes that contributes significantly to the total energy loss, particularly
at low operating temperature. Therefore, it is very important to understand

the knowledge on the mechanism and kinetics of the oxygen exchange with MIEC to
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improve the development of cathode materials for this technology. The elementary
steps in the cathodic oxygen reduction reaction on a mixed conducting electrode

material can be resumed as follows [32]:

1. Diffusion of O, molecules in the gas phase to the electrode

2 Adsorption of O, on the surface of the electrode

3. Dissociation of molecular into atomic oxygen species

4 Charge transfer from the electrode to oxygen species before or after
dissociation

5. Incorporation of oxide ions in the crystal lattice of the electrode

6. Bulk transportation of O ions through the electrode to the
electrode/electrolyte interface

7. Transportation of O ions across the electrode/electrolyte interface

Cathodes for solid oxide fuel cells (SOFCs) have to possess many properties
including high electrical conductivity, high catalytic activity for oxygen reduction,
and compatibility with other cell components. In the earliest stages of SOFC
development, platinum was used as cathode since other appropriate materials were not
available. However, platinum is expensive and its use in cost-effective commercial
SOFCs for power generation is not practical. Less expensive perovskites and
KoNiFs-typed methods also poses the required properties and have consequently

attracted much interest.

2.2  Physical and physicochemical properties of cathode materials
2.2.1 Perovskite-type structure

Perovskite is one of the most frequently encountered structures in
solid-state inorganic chemistry, and it accommodates most of the metallic ions in
the periodic table with a significant number of different anions. An ideal perovskite
structure has an ABQOj3 stoichiometry and a cubic crystal structure, which is composed
of a three-dimensional framework of corner-sharing BOg octahedron. The A-site
cation fills the 12 coordinate cavities formed by the BO3; network and is surrounded
by 12 equidistant anions [4, 56, 57, 81], as seen in Figure 2.3.
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Figure 2.3 Ideal perovskite structure illustrated for ABO3. Note the corner shared

octahedra, extending in three dimensions [82].

Although majority of the perovskite compounds are oxides or
fluorides, other forms like heavier halides, sulphides, hydrides, cyanides, oxyfluorides
and oxynitrides are also reported [56, 57, 81]. Perovskite and perovskite-related
materials are important crystal structure due to their diverse physical/chemistry
properties over a wide temperature range. For example, perovskite ceramics with
ferroelectric and/or piezoelectric properties, such as BaTiO; and Pb(ZrTi)Os play
a dominant role in the electroceramics industry. Other industry interests of perovskites
are: colossal magnetoresistance ((SrCaLa)MnQOs3), PTC thermistor (BaTiOs3),
electrooptical modulator ((PbLa)(ZrTi)Os, BaTiO3), optical switch (LiNbOs3), battery
material (Lios—xLaxTiO3), etc. It i1s of interest to find out regularities governing the
formation of perovskite-type compounds and use it to further guide the exploration of
new materials. The structure is very versatile having many useful technological
applications such as ferroelectrics, catalysts, sensors, and superconductors.

In early 1920s, Goldschmidt has proposed a “tolerance factor”

t=(ra+ro)/\2 (rs + ro) (2.13)

Where ra, s and rp are the ionicradii of A, B and O, respectively to study the stability
of perovskites. Geometrically,for an ideal perovskite,the ratio of D(A-O), the bond
length of A-O bond, to D(B-0), the bond length of B-O bond, is V2 : 1. Thus, if the

bond length is roughly assumed to be the sum of two ionic radii, the t value of an


http://en.wikipedia.org/wiki/Ferroelectric
http://en.wikipedia.org/wiki/Catalyst
http://en.wikipedia.org/wiki/Superconductor
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ideal perovskite should be equal to 1.0. However, Goldschmidt found that, as an
experimental fact, t values of most cubic perovskites are in the range of 0.8-0.9, and
distorted perovskites occur in somewhere wider range of t. Goldschmidt’s tolerance
factor t has been widely accepted as a criterion for the formation of the perovskite
structure, a number of researchers have used it to discuss the perovskite stability,
including oxides, fluorides, chlorides. Up to now, almost all known perovskite
compounds have t values in the range of 0.75-1.00. However, it seems that
t = 0.75-1.00 is not a sufficient condition for the formation of the perovskite structure,
as indicated later, for some systems whose t are even within the most favourable

range (0.8-0.9), no perovskite structure is stable.

2.2.2 K;NiF,-typed structure

Daroukh et al. reported that the thermochemical stability of A;BO,
oxides is higher than the perovskite ABO; oxides and the thermal expansion of
A,BO, oxides is generally lower than that of the ABOj oxides with comparable
cationic compositions [24, 25]. This implies that A,BO, oxides are very likely to be
the new type of cathode materials of IT-SOFCs. The phase behaviors of the ternary
A,BO, oxides with the KoNiF, typed structure have received considerable interest in
recent years, particularly since the discovery of superconductivity in La,xBaxCuOy,
La,«SrkCuOy4, La,CuOy4 and SroRuO4 [10, 62].

The idealized, two-dimensional structure of A,BO, oxides consists of
perovskite-like, corner linked BOg sheets interleaved by rock-salt like AO layers.
The large A cations are arranged in layers with nine nearest O neighbors, 4+4 from
one BOy layer and 1 much shorter interaction from the adjacent layer of stoichiometry

BO,, as in Figure 2.4.
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Figure 2.4  Ideal K;NiF;-typed structure illustrated for A,BO, showing the NiFg

octahedra and potassium ions (black spheres) [9, 75].

The BOg octahedra are not perfectly regular consisting, typically, of
four short in-plane B-O distances (equatorial) plus two slightly longer apical B-O
interactions. As with many complex oxide structures built from BO, polyhedra the
potential exists for these units to tilt or rotate around their centers while maintaining
the basic structure type. Such rotations and tilts of the BO, polyhedra in these
structures generally result in-a reduction of the unit cell symmetry but also allows
improved coordination to the A-type cations. Thus one important factor that
determines the structure of the A,BO, compounds is the matching between the
perovskite-like BOg layers and the A-type cations. A measure of the bond length
matching can be calculated from a version of the Goldsmidt tolerance factor
t=(ra + o) / V2 (rg + ro) for perovskite and perovskite derived structure types; ideal
matching between the A cation and one layer of linked BOg octahedra occurs fort = 1
and the structure formed is tetragonal described in the space group 14/mmm (no. 139)
[33, 75].
The parent nicklate, La;NiO4+5, is made up of alternating LaNiO3 perovskite
and LayO; rock salt layers. Significant excess oxygen, 8, can be incorporated into
the rock-salt layer as interstitial defects [24, 36, 38].
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2.2.3 Fundametal [26]

Corresponding to the thermodynamic stabilities of the oxides within
the range of phase stability, the oxide AMO;3; undergoes a partial reduction/oxidation
reaction resulting in the well-known oxygen vacancy and electron hole-type defect
structure, which determines the electrical transport properties of the oxides.

AMO; = AMO34+ x/2 O, (2.14)

At higher temperatures and lower oxygen partial pressures, the AMOj3; phase becomes
unstable and reacts to A,MOg:

2 AMO; — AMO;+ MO + 1/2 O, (2.15)
Reaction (2.15) can be assumed as a proof of the higher thermochemical stability of
the A,MO4-type compounds compared with the AMOs-type oxides. A,MO,-type
oxides undergo partial reduction/oxidation reactions as well, corresponding to their
thermodynamic stabilities within the range of existence of the phase.

A;MO, = A;MOQyx £ X/2 O (2.16)

The perovskite and the KoNiF4-typed oxide are characterized by
a range of existence expressed by the oxygen to metal stoichiometry range (3-x) and
(4-x), respectively.

X = f (T, pOy) (2.17)

2.2.4 Thermal expansion
To minimize stresses during cell fabrication and cell operation.
Thermal expansion of the cathode should be matched with other SOFC component

materials, especially electrolyte and interconnect.

Thermal Expansion

Over small temperature ranges, the linear nature of thermal expansion

leads to expansion relationships for length in terms of the linear expansion coefficient.

:s:s ; :s

|
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Figure 2.5 The relationship for length in terms of the linear expansion [69].
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Linear Expansion

Over small temperature ranges, the fractional thermal expansion of
uniform linear objects is proportional to the temperature change. The calculation is set
up in the form [68]

L/Lo = a Lo/ AT (2.18)

Where Lo is original length (mm).

L is length change (mm).

AT is original temperature - final temperature.

The thermal expansion coefficients (o) of K;NiF4-typed oxides are
generally lower than the thermal expansion coefficients of the perovskite typed oxides
of comparable cationic compositions. The differences in thermal expansion between
measurements in air and in argon environment are smaller for K;NiF4-typed oxides

compared with the differences for the ABO3 oxides [26].

2.3  Reactivity of perovskite cathode with YSZ
2.3.1 Thermodynamic considerations

The perovskite are lattice provskites a strong stabilization effect on
the transition metal ions in B sites. For example, the trivalent Co®" ions are well
stabilized in the perovskite structure, although this valence state is not fully stable in
other crystal structures. This stabilization is due to the geometrical matching of
the A-site and the B-site ions. When the tolerance factor derived from the ionic sizes
is close to unity, large stabilization energy is achieved. For the rare earth transition
metal perovskites, the tolerance factor is less than unity suggesting that rare earth ions
are small as A-site cations. Among rare earth ions, the largest ions, La®*, therefore
exhibit the largest stabilization. When comparison is made between Ca and Sr,
the stabilization energy of SrO-based perovskites is-generally larger because of better
geometrical fitting.

Yttria-stabilized zirconia also exhibits strong stabilization on forming
solid solutions in the fluorite structure. Pure zirconia has the stable monoclinic phase
in which the zirconia ions are coordinated with 7 oxide ions, whereas the cubic phases
with 8 coordinates becomes stable only at high temperature. On doping with Y,Os3,
the oxide ion vacancies are formed preferentially around the zirconium ion, which
leads to stabilization of zirconia in the cubic phases. Perovskite cathodes and 8-YSZ

electrolyte can react in several ways as discussed below [4].
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2.3.2 Reaction of perovskites with the zirconia component in YSZ
The La,O3 component in perovskite can react with the zirconia

component in YSZ to form lanthanum zirconia, La,Zr,05.

LaMO; + Zr0, = 0.5La,Zr,07 + MO + 0.250; (q) (2.19)
LaMOs + ZrO, = 0.5La,Zr,0; + MO + 0.5M,03 (220)
LaMOs; + ZrO, + 0.250; (g) = 0.5 LayZr,07 + MO, (2.21)

Where M is the transition metal and Mon is its binary oxide. During cell fabrication at
high temperatures, reaction becomes important because of its large entropy change.
During cell operation, oxygen potential dependence becomes important. Since YSZ is
an oxide ion conductor, the oxygen potential in the vicinity of the
electrode/electrolyte interface is important in determining how electrolyte/electrode

chemical reactions proceed under cell operation [4].

2.4  The synthesis of perovskite and K,;NiF,-typed structure synthesis

The procedure for preparing perovskite and K,NiF,-typed membranes consists
of three steps: powder synthesis, shaping and sintering. Powder synthesis, as the first
step, plays a critical role in determining the particle size of the powder, and
consequently has an influence on the microstructure of the membrane. There are
many routes to synthesize powders, such as a conventional solid-state reaction method
and a wet chemical process that includes thermal decomposition of cyanide,

metal-EDTA, chemical co-precipitation and the sol-gel process.

2.4.1 Solid-state reaction
The solid state reaction is very convenient but the impurities are
introduced from raw materials, milling media, and the calcinations container. Because
of the high temperature required for the complete reactions between metal-carbonates,
hydroxides, and oxides. LSCF represents a typical case, Raw materials La,O3, SrCOs,
Co03, and Fe,O3 were mixed and ball-milled. After drying, then the mixed powders

were calcined at 1,000 °C to remove impurities and to achieve single-phase powder.

2.4.2 Solution reaction
A convenient way of classifying the methods, which state from
solution, is to consider the means used for solvent removal. Two basic classes exist.

The first is based upon precipitation with subsequent filtration, centrifugation, etc.,
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used to separate the solid and liquid phases. The second basic method depends upon
thermal processes, e.g., evaporation, sublimation, combustion, etc., to remove the
solvent. The latter method is preferred because of the possible contemporaneous
conversion of the residue into the desired product.

The solution reaction method is potentially advantageous in
comparison with other methods for achieving homogeneous mixing at lower
processing temperature, better control the stoichiometry and purity, easily generated

porous its and enhanced ability to control particle size.

2.5  Powder sizing

A single particle size does not produce good packing. Optimum packing for
particles with all the same size results in over 30% void space. Adding particles of a
size equivalent to the largest voids reduces the void pore volume to 23 %. Therefore,
to achieve maximum particle packing, a range of particle sizes is required.
Powder particles are influenced on compacting and sintering. The objective of the
pressing step is to achieve maximum particle packing and uniformity.

The primary driving force for densification of a compacted powder at
high temperature is the change in surface free energy. Very small particles have high
surface areas. The high surface free energy and very strong thermodynamic drive
force decrease their surface by bonding them together. The particle with approximate
sizes of 1 um or less can be compacted into a porous shape and sintered at a high
temperature to near theoretical density. Typically, the finer the powder, the greater it
surface area, and the lower the temperature and shorter time for densification.
Long times of the sintering temperature was a result of the increasing in grain growth

which causes lower strength.

25.1  Powder compacting by uniaxial pressing
Uniaxial pressing involves the compaction of powder into a rigid die
by applying pressure in a single axial direction through a rigid punch or piston.
The presses are usually mechanical or hydraulic. Pressing results in the direct contact
of particles, reduces the average distance between particles, and changes the shape of
particles. The apparent density of a compact was controlled by mixing of the proper
various particles size fractions. To enhance the compacting, before pressing, the

powder should be disaggregated by mixing the powder with solvent such as



26

isopropanol in the ultrasonic bath or added a couple drops of acetone to reduce the

surface tension.

2.5.2  Sintering

Sintering is a process of permanent chemical and physical change by
the decreasing of porosity by the grain growth high temperature. When an aggregated
powder is sintered, necks of inter agglomerate are formed between the particles, and
the density of aggregate is increased. The growth of the neck is increased with the
transport of matter or the counter-flow of vacancies between the particles and the
pored. The sintering can be classified into three stages.

In the first stage which the necks form at points of particle contact and
the particles usually approach each other at the center. At this stage the individual
particles are still distinguishable. The second stage is that the necks become large,
resulting in the formation of an interconnected pore structure. The third or the final
stages, the pores become isolated. The interconnectivity of pores eliminates surface

and vapor transport.

Representation of the initially ~ Represention of Sintered
unsintered powder particles. Powder Particles

Figure 2.6  Mechanism of sintering [77].
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2.6 Screen printing

The screen-printing technique is one of the most important methods to
fabricate cathode film. Process parameters may affect the electrochemical active area,
the electronic conductivity of the electrodes and the gas diffusion for the reactants.
The binders used in preparing the screen-printed cathode films are often the ethyl
cellulose, polyvinyl-butyral, terpineol and polyvinyl alcohol [63, 67, 74].

2.7  Crystal structure
2.7.1 Lattice and unit cell
Solid is composed of an array of atoms/ions/molecules. If the arrays of
atoms/ions/molecules are arranged in a particular ordered pattern, that solid is referred
as “crystalline”. If the arrays of atoms/ions/molecules are arranged in non-uniform
pattern, solid is referred as “amorphous”. Position of atoms/ions/molecules in

the array is referred to as “Lattice point™.

// /-//4__-,111- =~
Lattice point 11—

=g o /] 2 N ff

[ 1 4]
ll_lzl’_lﬁl’_ﬁ /

Unit cell Lattice

Figure 2.7 Unit cell and lattice [61].
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The unit cell is the basic building block of a crystal, repeated infinitely
in three dimensions. It is characterized by three vectors (a, b, ¢) that form the edges of
a parallelepiped cell, and the angles between these vectors: a (alpha), the angle

between b and c; B (bata) the angle between a and c; y (gamma), the angle between a

and b.

Figure 2.8 A unit cell with x, y ana z coorainate axes, showing the lattice

parameters: axial lengths (a, b and c) and interaxial angles (a, f and y) [61].

2.7.2 Crystal systems and Bravais Lattices

Table 2.1 The seven types of unit cells [61]

. = > . Unit Cell
Crystal System Axial Relationships Interaxial Angles Geometry
Cubic a=b=c a=p= y=0° J |
)
Hexagonal a=b#c a=p=90° y=120° { M !
Tetragonal a=b#c a=p=y=90" |
Zal”
S5
Rhombohedral a=b=c a=p=y+#90° ,rf_?:’ é
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Orthorhombic a# b#c a=p=y=90°

Monoclinic az b#c a=y,B#90°
Triclinic a# b#c o #PB#y+#90° \ ._1
\AR

2.7.3 Miller Indices

To determine the Miller Indices (hkl) of a plane, the following

steps must be taken.

1. Choose an atom as the origin of the coordinate system
and three crystallographic directions.

2. Determine the intercepts of the plane along each of
the three crystallographic directions.

3. Take the reciprocals of the intercepts to obtain
the values for hkl.

4. If this results in fractions, then multiply each value by

the denominator of the smallest fraction.
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a b l:
intercept length 1 1 1
reciprocal L 1 WY

1 1 1
cleared fraction 1 1 1
Miller irdice ( 111 )

Figure 2.9  Anexample of miller indices: (111).

2.8  Characterization of materials
2.8.1 X-ray Diffraction (XRD)

Powder X-Ray Diffraction (XRD) is a versatile and non-destructive
technique that reveals a detailed information about the chemical composition and
crystallographic structure of -natural and manufactured solid materials. It is an
efficient analytical technique used to identify and characterize unknown crystalline
materials. Monochromatic x-rays are used to determine the interplanar spacings of
the unknown materials. Samples are analyzed as powders with grains in random
orientations to ensure that all crystallographic directions are sampled by the beam.
When the Bragg condition for constructive interference is obtained, a reflection is
produced, and the relative peak height is generally proportional to the number of
grains in a preferred orientation.

The main components of XRD instrument are an X-ray source,

a specimen holder and a detector.
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Figure 2.10 Diffraction of X-rays by a crystal [77].

Figure 2.10 shows a monochromatic beam of X-ray incident on
the surface of atomic arrays at angle 0. The scattered intensity can be measured as
a function of a scattering angle, 26. The interaction of X-rays with a sample creates
secondary “diffracted” beams (actually generated in the form of cones) of X-rays
related to interplanar spacings in the crystalline powder according to a mathematical

relation called “Bragg’s Law™.

nk = 2d sin® (2.22)

Where n is an integer, A is the wavelength of the X-rays, d is the interplanar spacing
generating the diffraction, and 6 is the diffraction angle. » and d are measured in

the same units, usually angstroms.

The diffraction pattern, comprised of positions (20 angle) and
intensities of the diffracted beam,is obtained by varying the incidence angle.
Positions and intensities of the diffracted peaks act as a distinctive “fingerprint” which
provides  several -information ~about the - sample.. Identification ~of crystalline
compounds can be obtained by comparing the acquired pattern with the Joint
Committee on Powder Diffraction Standards (JCPDS) database.
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Figure 2.11 XRD pattern of LaNi gFeo 403 (perovskite structure)
from JCPDS:33-0711 database.

Relationship between d-value and the lattice constants
A= 2d sind “Bragg’s Law”

The wavelength (A ) is known and Theta (6 ) is the half value of the peak position ;

therefore, can be calculated
For an orthorhombic
From 1d> = h2 432 + |2

L0 N

- h, kand | are the miller indices of the peaks.
- 4, band c are lattice parameter of the elementary cell.
- Ifa, band c are known it is possible to calculate the peak position.

- If the peak position is known it is possible to calculate the lattice parameter.



CHAPTER Il

EXPERIMENTAL

In this thesis, the perovskite and K;NiF,-typed lanthanum nickel iron oxides
were synthesized by the combustion method. Furthermore, their chemical and
physical compatibilities with 8-YSZ, the commercial electrolytic material for SOFC,

were also investigated.

3.1  Chemicals:
The Chemicals listed in Table 3.1, were used without further purification.
Table 3.1 Chemicals and reagents

Reagents Formula weight Purity (%) Company

Citric acid 192.43 99.5-100.5 Fluka
Fe(NO)3.9HO 404.00 98 Ajax

HNO; 63.01 65 Merck
La(NO);.6HO 433.02 99.0 Fluka

NH, OH e 25 Merck

Ni(NO)3.6HO 290.81 97- Unilab

8 mol %ZrO, / Y,04 123.22 99.9 Aldrich

3.2 Synthesis of perovskite and K;NiFs-typed powders

The powders of perovskite and K,NiF;-typed structures were prepared by four
combustion synthesis routes: (a) water citrate, (b) modified water citrate, (c) nitric

citrate, and (d) modified nitric citrate.

3.2.1 Synthesis of perovskite and K;NiF; powders ‘by water citrate
method (WC)

The perovskite LaNi;xFexOs (x = 0-1.0) and the K;NiF-typed
La;Ni;xFexOs (x = 0-1.0) were synthesized. The stoichiometric amounts of
La(NO)3.6H,0, Ni(NO),.6H,O and Fe(NO);.9H,O were dissolved in water.
The citric acid was added with a citric acid-to-nitrate mole ratio of 2:1 for perovskite
powders, and of 1:1 for K;NiF,-typed powders. The pH of the solution was ~ 0-1.
The mixture solution was stirred on a hot plate for 3-5 h.
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The combustion of the homogeneous mixture solution was carried out
on a hot plate around 200-300 °C in a three-liter beaker covered with a fine sieve to
prevent the loss of fine powder during combustion. The water was evaporated until
a sticky gel was obtained. Then it became a large swelling viscous mass. The
combustion lasted for about 10-20 seconds. The sponge-like black solid expanded to
occupy almost 2/3 of the beaker volume at the end. The obtained black powders were
calcined at 700-1200 °C with the increasing rate of 2 “C/min for 5h to yield the
desired LNF and L,NF samples.

3.2.2 Synthesis of perovskite and Ky;NiF, powders by modified water
citrate method (MWC)

The perovskite LaNijxFexO3 (x = 0-1.0) and the K;NiF,-typed
La;NiixFexOs (x = 0-1.0) were synthesized. The stoichiometric amounts of
La(NO)3.6H,0, Ni(NO),.6H,0 and Fe(NO)3.9H,0 were dissolved in water. The citric
acid was added with a citric acid-to-nitrate mole ratio of 2:1 for perovskite powders,
and of 1:1 for K;NiF4-typed powders. The mixture solution was added slowly with
ag.NHg; at the controlled rate of 2-3 ml/min. The pH of the solution was adjusted to
~ 9-10. The mixture solution was stirred on a hot plate for 3-5 h. The combustion

method was the same as WC method.

3.2.3 Synthesis of perovskite and K;NiFs powders by nitric citrate

method (NC)

The perovskite LaNi;xFexOs (x = 0-1.0) and the K;NiF,-typed
La;NiixFexO4 (x = 0-1.0) were synthesized. The stoichiometric amounts of
La(NO)3.6H,0, Ni(NO),.6H,0 and Fe(NO)3.9H,0O were dissolved in HNO3 and H,0.
The citric acid was added with a citric acid-to-nitrate mole ratio of 2:1 for perovskite
powders, and of 1:1 for K;NiF4-typed powders. The pH of the solution was ~ 0-1.
The mixture solution was stirred on a hot plate for 3-5 h. The combustion method was

the same as WC method.
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3.2.4 Synthesis of perovskite and K;NiF, powders by modified nitric
citrate method (MNC)

The perovskite LaNi;xFexOs (x = 0-1.0) and the K;NiF,-typed
La;NipxFexOs (x = 0-1.0) were synthesized. The stoichiometric amounts of
La(NO)3.6H,0, Ni(NO),.6H,0 and Fe(NO)3.9H,0 were dissolved in HNO3 and H,0.
The citric acid was added with a citric acid-to-nitrate mole ratio of 2:1 for perovskite
powders, and of 1:1 for K;NiF,-typed powders. The mixture solution was added
slowly with ag.NHj3 at the controlled rate of 2-3 ml/min. The pH of the solution was
adjusted to ~ 9-10. The mixture solution was stirred on a hot plate for 3-5 h.

The combustion method was the same as WC method.



Table 3.2 A list of the experimental conditions and results for the synthesis of perovskite compounds by water citrate method

Spontaneous combustion time

The calcination

Materials Code Color pH (min) and material temperature (°C)
appearance
LaNioFe1003 LNF-01 Yellow bright 0.86 18 / yellow powder 388
LaNio 1Feo903 LNF-19 Yellow bright 0.67 20 / black powder 388
LaNig2Feo 03 LNF-28 Yellow brown 0.50 24 | black powder 388
LaNiosFeo 703 LNF-37 Yellow brown 0.56 51/ black powder ;88
LaNig 4Feq 503 LNF-46 Yellow brown 0.72 12 / black powder 388
LaNigsFeos0s LNF-55 Yellow brown 0.75 38 / black powder 388
LaNigFeo 403 LNF-64 Yellow brown 0.75 44 [ black powder 388
LaNio 7Fe 303 LNF-73 Yellow green 0.80 50 / black powder ;88
LaNiogFeo 203 LNF-82 Green bright 0.63 40 / black powder ;88
LaNiggFe 103 LNF-91 Green bright 0.59 30 / black powder ;88
LaNiyoFeoO3 LNF-10 Green bright 0.87 21/ dark brown powder 700

900
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Table 3.3 A list of the experimental conditions and results for the synthesis of perovskite compounds by modified water citrate method

Color and appearance changing during

Spontaneous combustion time

The calcination

Materials Code titration < (min) and material appearance | temperature (°C)
LaNioFe1o0s | LNF-01 YelI;Z\IIIgcxi/g;rtea)glﬁvl\;c?v:/eg?i;cr)]tdark 0.47 44 1 yellow powder o
LaNio1Feqs0; | LNF-19 vellow b”%ztriogﬁéfw 77 9.29 44 1 black powder o
LaNio,FescOs | LNF-28 Yellow brO\é\;lnr lEog;r/(;a(::]ow green to 9.44 33/ black powder ;88
LaNigsFeo70; | LNF-37 | Yellow brown goaﬂfgjgeer:'ow e ok 1 33 / black powder 388
LaNigsFeosOs | LNF-46 | Yellow brown Loa?fggeer:low JO Qe 7 45 / black powder o
LaNigsFeosOs | LNF-55 | Yellow brown goaﬂfg;g’eer:'o"" fogreento | g 59 39 / black powder o
LaNisFeqOs | LNF-g4 | YelOW brown tgaﬁ';‘;"egree” fogreento | g 46 29 / black powder o
LaNio,FeosOs | LNF-73 | Yellow greené)ﬂgh;é%r?reen bright to 057 30/ black powder ;88
LaNisFeq,0x | LNF-82 Green bright tggrf%rl]utg dark green to 9.54 36/ black powder ;88
LaNigeFeo .05 | LNF-o1 | Greenbright t?jagrrlft:)rllut: dark greento b%g 251 black powder 388
LaNi,oFecOs | LNF-10 | Creen bright t?j grﬁa%?utg dark green to 0.12 28 / dark brown powder 388

37



Table 3.4 A list of the experimental conditions and results for the synthesis of K;NiF, compounds by water citrate method

Spontaneous combustion time

The calcination

Materials Code Color pH (min) and material temperature (°C)
appearance
La,NigFe; 003 LNF-01 Yellow brown red 0.43 31/ yellow powder 388
La;Nig1FegoOs | LNF-19 Yellow brown red 0.36 30/ black powder ;88
LasNig 2Feg 603 LNF-28 Yellow brown red 0.39 20 / black powder ;88
LasNigsFeo703 | LNF-37 Yellow brown red 0.32 24 [ black powder ;88
LasNig4FeosOs | LNF-46 Yellow brown red 0.86 15 / black powder ;88
LayNigsFegs03 LNF-55 Yellow brown red 0.39 25 / black powder ;88
LayNiggFeg 403 LNF-64 Yellow brown red 0.42 25 / black powder ;88
LasNio.7Fep303 LNF-73 Yellow brown red 0.42 23 / black powder ;88
La,Nig gFeo203 LNF-82 Green yellow 0.41 35/ black powder 388
LasNigoFeo103 | LNF-91 Green yellow 0.43 23 / black powder 388
La,Nij oFeqOs LNF-10 Green 0.44 30 / dark brown powder 700

900

38



Table 3.5 A list of the experimental conditions and results for the synthesis of K;NiF,; compounds by modified water citrate method

Color and appearance changing

Spontaneous combustion

The calcination

Materials Code during titration pH time (min) and material temperature (°C)
appearance

. Yellow brown red to yellow to green 700
La;NigFe; 003 LNF-01 t0 yellow bright 9.33 35 / yellow powder 900
. Yellow brown red to yellow to 700
La;Nip1Fep903 LNF-19 green bright 9.02 30/ black powder 900
. Yellow brown red to yellow to 700
La;Nig2Feps03 LNF-28 green bright 9.27 55 / black powder 900
. Yellow brown red to yellow to green 700
La,Nip3Fep 703 LNF-37 dark green 9.48 40 / black powder 900
. i Yellow brown red to yellow to green 700
La,Nig4Feps03 LNF-46 dark green 9.04 25 / black powder 900
. i Yellow brown red to yellow green 700
La;NigpsFeqs03 LNF-55 t0 green to dark green 9.09 41 / black powder 900
. i Yellow brown red to yellow green 700
La,NipeFe.403 LNF-64 t0 green to dark green 9.07 40/ black powder 900
. Yellow brown red to yellow green 700
LayNig 7Feq 303 LNF-73 to green to dark green 8.98 60 / black pOWder 900
LazNig gFeo203 LNF-82 Green yellow to green to dark green | 9.35 50 / black powder 588
L a,Nig sFe10s LNE-91 Green yellow to green to dark green 9.08 40'/ black powder 700
blue 900

LazNis oFegOs LNF-10 Green to green blue to dark blue 9.24 34 / dark brown-powder 700

900

39
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3.3  Chemical compatibility
The investigation of chemical compatibility between LNF or L,NF and 8-YSZ
was done by two approaches, the reaction of the powder mixtures and the reaction at

the interface of their membranes.

3.3.1 The mixtures of LNF and Lo,NF powders with 8-YSZ
LNF/L,NF was mixed with 8-YSZ in a 50/50 wt. % ratio.
The resulting mixture was then pressed into disks before heated from 800-1200°C
with 1000 °C intervals for 5 h. Heated samples were analyzed by XRD for phase
identification.

3.3.2 The membrane of LNF and L,NF powder with 8-YSZ by
screen-printing technique
The electrolyte pellet was made by uniaxially pressing 3 g of 8-YSZ
and sintering at 1500°C for 2 h in air. The selected LNF/ L,NF sample was calcined
at 1000°C and dispersed in butyl acetate as an organic binder to obtain a paste.
The paste was applied on 8-YSZ pellet by screen printing and firing at 1000°C for 2 h
in air. The compatibility of LNF64 coated on 8YSZ pellet was characterized by
SEM/EDX with a point & 1D mode.

3.4 Physical compatibility

The physical compatibility between LNF/L,NF and 8-YSZ was
investigated in term of the thermal expansion coefficient (TEC). The selected
LNF/L,NF sample, after calcined at 1000 °C, was made into a sample bar by the
uniaxially pressing of 7 g sample, then the bar was sintered at 1200 °C for 2h in air.
The thermal expansion behavior was using Unitherm Model 1161. The thermal study
started from room temperature up to 1200 °C at a heating rate of 3 °C/min.

3.5  Characterization of materials
3.5.1 Powder X-ray diffraction (XRD)
The XRD patterns of LNF and L,NF samples were obtained by
a Rigaku, Dmax 2200/Ultima" diffractometer, equipped with a monochromator and

Cu Ko radiation. The tube voltage and current were set at 40 kV and 30 mA,
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respectively. The diffraction pattern was recorded in the 2-theta ranged from
20 to 70 degree (step time 0.5 s., scan step 0.020 degree).

3.5.2 Scanning electron microscopy (SEM)

The morphology and size of LNF and L,NF particles were identified
by a JSM-5800 LV scanning electron microscopy, Oxford Instrument (link ISIS series
300) at the Scientific and Technological Research Equipment center (STREC),
Chulalongkorn University. Specimens were sputtering coated with gold to reduce
charge effects.

As a conjunction with SEM micrographs, EDX analysis with the
line-scan and ID-point modes was used to determine the elements in cross-sectioned

membranes.

3.5.3 Particle size analysis
Particle size distribution of LNF and L,NF powders was obtained by
Master Sizer-S. (Malvern Instrument, England), based on laser diffraction. In order to
prepare the sample, 0.2-1 g LNF/L,NF was dispersed in the 20 ml solution of
sodium pyrophosphate in DI water, and then sonicated for 4 min.



CHAPTER IV

RESULTS AND DISCUSSION

In this thesis, the preparation of single-phased perovskite and K;NiF,-typed
materials were studied. Furthermore, their compatibility with 8-YSZ, the commercial
electrolytic material for SOFC, was also investigated. Four combustion methods,
the water citrate (WC), the modified water citrate (MWC), the nitric citrate (NC) and
the modified nitric citrate (MNC), were employed in the preparation of these
materials. The products of different synthesis methods were compared in terms of
structure and morphology. The selected samples were further investigated for

chemical and physical compatibilities with 8-YSZ at elevated temperatures.

4.1 Perovskite powders
The goal was to prepare the single-phased of LaNi;xFexO3 perovskites for
the whole series of x =0.0-1.0.
4.1.1 Crystal structure
A. Crystal structure of LaNi;xFexOs; by the WC method
at 700°C
The XRD patterns of the LaNi;xFexO3 (x = 0.0-1.0) are shown
in Figure 4.1. These samples were synthesized by WC method and calcined at 700°C
for 5h. As x is 0.0-0.5, the crystal structure is‘cubic, which is'similar to that of LaNiO3
(JCPDS: 33-0710, simulated in Figure 4.2a). As X is 0.6-1.0, the crystal structure is
orthorhombic, similar to that of LaFeO3; (JCPDS: 37-1493, simulated in Figure 4.2b).
All prepared perovskites in this series were found to be single-phased.
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Figure4.1  XRD patterns of LaNi;xFexO3 (x = 0.0-1.0) perovskites, synthesized
by WC method and calcined at 700 °C for 5h.
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Figure 4.2 Simulated XRD patterns of (a) LaNiO3s from JCPDS: 33-0710
(b) LaFeQs from JCPDS: 37-1493.
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Table 4.1 Crystal structures and lattice parameters of LaNi;xFexO3 (x = 0.0-1.0)
perovskites, synthesized by WC method and calcined at 700 °C for 5h
Perovskite type | Crystal structure Lattice parameters (A)
a b C
LaFeO3 Orthorhombic 5.5669 7.8547 5.5530
LaNiO; Cubic 3.8610 3.8610 3.8610
} Crystal structurs Lattice parameters (A)
a b C
1.0 Orthorhombic 5.5645 7.8586 5.5542
0.9 Orthorhombic 5.5468 7.8289 5.5406
0.8 Orthorhombic 5.5387 7.8384 5.5418
0.7 Orthorhombic 5.5332 7.8105 5.5238
0.6 Orthorhombic 5.5136 7.8053 5.5080
0.5 Cubic 3.8950 3.8950 3.8950
0.4 Cubic 3.8765 3.8765 3.8765
0.3 Cubic 3.8695 3.8695 3.8695
0.2 Cubic 3.8606 3.8606 3.8606
0.1 Cubhic 3.8590 3.8590 3.8590
0 Cubic 3.8490 3.8490 3.8490
To obtain the lattice parameters for each composition in Table 4.1, the

100,110,111,200,211,220 reflections were used in the case of the cubic phase, as
labeled in Figure 4.2 (a), and the 101, 121, 220, 202, 240, 242 reflections were used in
the case of the orthorhombic phase as labeled in‘Figure 4.2°(b). For both phases, the

lattice constants decrease with the decrease in x of the LaNi;-xFexQ3 systems, because

the radius of Fe ion is larger than that of Niion.
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B. Crystal structure of LaNijxFexO3 by the MWC method

at 700°C
The XRD patterns of the LaNi;xFexO3 (x = 0.0-1.0) are shown
in Figure 4.3. These samples were synthesized by MWC method and calcined at
700°C for 5h. As x is 0.0-0.5, the crystal structure is cubic, which is similar to that of
LaNiO; (JCPDS: 33-0710, simulated in Figure 4.2a). As x is 0.6-1.0, the crystal
structure is orthorhombic, similar to that of LaFeO3 (JCPDS: 37-1493, simulated in

Figure 4.2b). All prepared perovskites in this series were found to be single-phased.
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Figure 4.3 XRD patterns of LaNi;-xFexOs (x = 0.0-1.0) perovskites, synthesized
by MWC method and calcined at 700 °C for 5h.
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Table 4.2 Crystal structures and lattice parameters of LaNi;.xFexO3(x = 0.0-1.0)
perovskites, synthesized by MWC method and calcined at 700 °C for
5h

Perovskite type | Crystal structure Lattice parameters (A"

a b C
LaFeO3 Orthorhombic 5.5669 7.8547 5.5530
LaNiO; Cubic 3.8610 3.8610 3.8610

. Crystal sl Lattice parameters (A°)

a b C
1.0 Orthorhombic 5.5722 7.8503 5.5636
0.9 Orthorhombic 5.5344 7.8244 5.5454
0.8 Orthorhombic 5.5475 7.8153 5.5303
0.7 Orthorhombic 5.5404 7.8120 5.5285
0.6 Orthorhombic 5.5138 7.8060 5.5090
0.5 Cubic 3.8920 3.8920 3.8920
0.4 Cubic 3.8736 3.8736 3.8736
0.3 Cubic 3.8636 3.8636 3.8636
0.2 Cubic 3.8614 3.8614 3.8614
0.1 Cubic 3.8607 3.8607 3.8607
0 Cubic 3.8497 3.8497 3.8497

To obtain the lattice parameters for each composition in Table 4.2, the 100, 110, 111,

200, 211, 220 reflections were used in the case of the cubic phase, as labeled in Figure
4.2 (a), and the 101, 121, 220, 202, 240, 242 reflections were used in the case of the
orthorhombic phase as labeled in Figure 4.2 (b). For both phases, the lattice constants

decrease with the decrease ‘in x of the LaNiixFexO3 systems, similar to the those
synthesized by MWC methods.



47

C. Crystal structure of LaNijxFexO; by the WC method

at 900°C
The XRD patterns of the LaNi;xFexO3 (x = 0.0-1.0) are shown
in Figure 4.4. These samples were synthesized by WC method and calcined at 900°C
for 5h. As x is 0.0-0.5, the crystal structure is cubic, which is similar to that of LaNiO3
(JCPDS: 33-0711, simulated in Figure 4.5 a). As x is 0.6 - 1.0, the crystal structure is
orthorhombic, similar to that of LaFeO3; (JCPDS: 37-1493, simulated in Figure 4.5 b).

All prepared perovskites in this series were found to be single-phased.
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LNF-64
LNF-55
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Figure4.4  XRD patterns of LaNi;«FexO3 (x = 0.0-1.0) perovskites, synthesized
by WC ‘method- and calcined at 900 °C for 5h.
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Figure4.5  Simulated XRD patterns of (a) LaNiO; from JCPDS: 33-0711
(b) LaFeO3 from JCPDS: 37-1493.
Table 4.3 Crystal structures and lattice parameters of LaNi;xFexO3 (x = 0.0-1.0)
perovskites, synthesized by WC method and calcined at 900 °C for 5h
Perovskite type | Crystal structure Lattice parameters (A)
a b C
LaFeO; Orthorhombic 5.5669 7.8547 5.5530
LaNiO; Rhombohedral 5.4570 5.4570 6.5720
. Crysill srfifiad Lattice parameters (A°)
a b C
1.0 Orthorhombic 5.5511 7.8505 5.5477
0.9 Orthorhombic 5.5444 7.8461 5.5513
0.8 Orthorhombic 5.5320 7.8256 5.5326
0.7 Orthorhombic 5.5219 7.8102 5.5216
0.6 Orthorhombic 5.4988 7.7760 5.4991
0.5 Orthorhombic 5.4889 7.7541 5.4855
0.4 Rhombohedral 5.4921 5.4921 6.6413
0.3 Rhombohedral 5.4886 5.4886 6.6213
0.2 Rhombohedral 5.4766 5.4766 6.6112
0.1 Rhombohedral 5.4729 5.4729 6.6026
0 Rhombohedral 5.4499 5.4499 6.5420

To obtain the lattice parameters for each composition in Table 4.3, the 100, 110, 111,

200, 211, 220 reflections were used in the case of the cubic phase, as labeled in Figure
4.5 (a), and the 101, 110, 012, 021, 202, 300 reflections were used in the case of the
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orthorhombic phase as labeled in Figure 4.5 (b). For both phases, the lattice constants
decrease with the decrease in x of the LaNij;«FesOs systems, similar to those

synthesized at 900 °C.

D. Crystal structure of LaNi;xFexO; by the MWC method

at 900°C
The XRD patterns of the LaNi;xFexO3 (x = 0.0-1.0) are shown

in Figure 4.6. These samples were synthesized by MWC method and calcined at
900°C for 5h. As x is 0.0-0.5, the crystal structure is cubic, which is similar to that of
LaNiO; (JCPDS: 33-0711, simulated in Figure 4.5 a). As x is 0.6-1.0, the crystal
structure is orthorhombic, similar to that of LaFeO3 (JCPDS: 37-1493, simulated in

Figure 4.6 b). All prepared perovskites in this series were found to be single-phased.
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Figure 4.6  XRD patterns of LaNi;«FexO3 (x = 0.0-1.0) perovskites, synthesized
by MWC method and calcined at 900 °C for 5h.
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Table 4.4 Crystal structures and lattice parameters of LaNi;-x<FexOs (x = 0.0-1.0)
perovskites, synthesized by MWC method and calcined at 900 °C for
5h

Perovskite type | Crystal structure Lattice parameters (A)
a b C
LaFeO3 Orthorhombic 5.5669 7.8547 5.5530
LaNiO; Rhombohedral 5.4570 5.4570 6.5720
. Crystal sl Lattice parameters (A)
a b C
1.0 Orthorhombic oA i 7.8580 5.5467
0.9 Orthorhombic 5.5474 7.8356 5.5270
0.8 Orthorhombic 5.5352 7.8280 5.5350
0.7 Orthorhombic 5.5184 7.8035 5.5203
0.6 Orthorhombic 5.5054 7.7849 5.5043
0.5 Orthorhombic 5.4922 7.7562 5.4909
0.4 Rhombohedral 5.4897 5.4897 6.6309
0.3 Rhombohedral 5.4873 5.4873 6.6191
0.2 Rhombohedral 5.4628 5.4628 6.5953
0.1 Rhombohedral 5.4645 5.4645 6.5836
0 Rhombohedral 5.4448 5.4448 6.5743

To obtain the lattice parameters for each composition in Table 4.4, the 100, 110, 111,

200, 211, 220 reflections were used in the case of the cubic phase, as labeled in Figure
4.5 (a), and the 101, 110, 012, 021, 202, 300 reflections were used in the case of the
orthorhombic phase as labeled in Figure 4.5 (b). For both phases, the lattice constants

decrease with the decrease in x of the LaNij;«FexO3 systems, similar to those
synthesized at 900 °C.

LaNi;xFexO3 (x = 0.0-1.0) perovskites by WC and MWC after calcination at 700 °C

The volume per formula unit of LaNiyxFexO3 perovskites

Table 4.5 and Table 4.6 shows the volume per formula unit of

and 900 °C for 5h. The volumes of unit cell were calculated from the unit cell
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parameters from XRD patterns, and then normalized by the number of formula per

unit cell.

Table 4.5 The volume of formula unit of LaNi;xFexO3 (x = 0.0-1.0) perovskites,
synthesized by WC and MWC and calcined at 700 °C for 5h

Volume of formula unit (A?)

X WC MWC
1.0 60.72 60.84
0.9 60.15 60.03
0.8 60.14 59.94
0.7 59.68 59.82
0.6 58.25 59.28
0.5 59.09 58.95
0.4 58.25 58.12
0.3 57.93 57.67
0.2 57.53 57.57
0.1 57.46 57.54

0 57.02 57.05

Table 4.6 The volume of formula unit of LaNi;xFexO3 (x = 0.0-1.0) perovskites,
synthesized by WC and MWC and calcined at 900 °C for 5h

Volume of formula unit (A3)

X WC MWC
1.0 60.44 60.55
0.9 60.37 60.06
0.8 59.87 59.95
0.7 59.53 59.43
0.6 59.28 58.97
0.5 58.37 58.47
0.4 57.82 57.68
0.3 57.57 57.53
0.2 57.24 56.81
0.1 57.08 56.74

0 56.09 56.24
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Figure 4.7 and Figure 4.8 show the trend of the volume of
formula unit of said materials as the function of Fe content (x in LaNi;-xFexOs).

61

[=2]
o
L

59

()

—=(b)
58

volume of formula unit (A°3)

o1
g
L

56

o
o
=
o
)
o
w
o
~
o
(3]
=
o
o
~
o
©
o
©
=

Figure 4.7  The volume of formula unit of LaNi;«FexO3 (x = 0.0-1.0) perovskite,

synthesized by (a) WC (b) MWC, and calcined at 700 °C for
5h.
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Figure 4.8  The volume of formula unit of LaNi;xFexO3 (x = 0.0-1.0) perovskite,
synthesized by (a) WC (b) MWC, and calcined at 900 °C for 5h.
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It is clear to see the increasing trend of the volume per formula
unit when Fe content increases. This is simply explained by the reason that the Fe ion
radius (0.64 A) is larger than that of Ni ion (0.56 A). This increasing trend was
previously reported by Chiba et al. [5]. The group investigated the same series of
LaNi;.xFexO3 (x = 0-1.0), synthesized by solid state method. Using the calcination
temperature of 900 °C when x = 0.4, their samples are orthorhombic, which is the
same structure as that of LaFeO3;. As x = 0.3 and 0.2, their samples are basically in
the rhombohedral phase, with a trace amount of the orthorhombic phase. As x < 0.2,
their samples are a mixture of the orthorhombic and tetragonal phases. [5] Despite of
the same trend of the volume per formula unit, all compositions are single-phased in
this thesis. Unlike the conventional solid-state synthesis that generally uses the
powder of metal carbonate and metal oxide as the reactants, the combustion method
starts with the mixing of the solution of metal ion in a stoichiometric ratio. Thus, all
metallic components distribute homogeneously in the solution. Moreover, the citrate
anion used in this thesis acts as a chelating agent of these metal ions.
The self-combustion process releases the heat throughout the reaction chambers, in
order to convert metal citrate complexes to perovskite oxides. The solid state
synthesis, on the other hand, needs high temperature to induce the metal ion in solid
lattice of one reactant to diffuse into the lattice of another reactant, and forms the
desired complex; therefore, the method takes long time. The purity of the products
also depends on the grain size of starting materials. The starting materials with large
grain sizes require higher diffusion ability to be able to be homogeneous. Many
desired products that are unstable at high temperature cannot be obtained by solid

state synthesis.
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F. The phase diagram of LNF perovskite powders
Within the series of LaNijy.xFexO3, LNF-37 and LNF-64 were
chosen as the representatives of two structural systems for high and low Fe contents,
respectively. There are other reasons of choosing these two compositions, based on

their superior catalytic and electronic properties, respectively.
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240
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Figure 4.9  XRD patterns of LNF-37 perovskite powder after being calcined at
(a) 700 °C 5h (b) 800 °C 5h (c) 900 °C 5h (d) 1000 °C 5h and
(e) 1200 °C for 5h.

Figure 4.9 shows the XRD patterns of LNF-37 perovskite powders. The XRD patterns
of LNF-37 at 700-1200 °C were obtained in order to investigate its phase stability.
The sample remains single-phased up to 900 °C. At 1000 °C, the small amount of
La,O3 (JCPDS: 24-0554) was observed. At 1200 °C, the fingerprint of La,Os; was

clearly seen. The higher and shaper peaks of perovskite are due to the larger grain
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size after firing at higher temperature. The LNF-37 perovskite powder is unstable
above 900 °C and decomposes to La,NiO, (JCPDS: 34-0314) [5, 6] and La,0s.

110
012

202

J JL e JM M@
_ o L4 M M (d)

A M JK M ©)

A BN ~ A M (b)
A L PN IENNS N ()
20 25 30 35 40 45 65 70

2 Theta (dearee)

Figure 4.10 XRD patterns of LNF-64 perovskite powder after being calcined at
(a) 700 °C 5h (b) 800 °C 5h (c) 900 °C 5h (d) 1000 °C 5h and
(e) 1200 °C for 5h.

Unlike LNF-37, the structural change of LNF-64 perovskite powder is clearly
observed around the calcination temperature of 800-900 °C, as shown in the XRD
patterns (Figure 4.10). The sample is cubic at 700-800 °C, and becomes rhombohedral
at 900-1200 °C. Despite of the phase change, LNF-64 still maintains only single

phase from room temperature up to 1200 °C.
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Figure 4.11 The structural phase diagrams of LNF-37 and LNF-64.

Since the Fe ion can form complexes with more varieties of oxidation
states and shapes than the Ni ion can, this flexibility allows the structural change of

LNF-64 and maintains its phase homogeneity at high temperature at the same time.

4.1.2 The comparison of four combustion methods in the synthesis of
LNF-64

As previously mentioned, LNF-64 has a high potential as a cathode for
IT-SOFC because the high electrical conductivity and the suitable thermal expansion.
It was selected here to study the effect of different synthesis methods, including WC,
MWC, NC and MNC by means of the structure and the particle size.

As-shown in Figure 4.12, the structures of LNF-64 synthesized by four
combustion methods gave the same structure, similar to that of LaNiO;, with the
lattice parameters of 5.4570 A, 5.4570 A, 6.5720 A. The difference was found in the
term of particle size as shown in Table 4.7. The particle sizes of LNF-64 can be
arranged from the smallest to the largest by synthesis using the methods of MNC,
MWC, WC and NC, respectively. These results were further confirmed by SEM.

The particle size distribution profiles are presented in Appendix C.
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Figure 4.12 XRD patterns of LNF-64, synthesized by four methods (a) WC,
(b) MWC, (c) NC, and (d) MNC with the calcination temperature of

1000 °C for 5 h.
Table 4.7 Particle size-distribution of LNF-64 by four combustion methods
Particle size (um
Method (wm)
The higest population The 2™ higest population

wWC 4.61 1.71

NC 3.46 1.15

MWC 2.61 0.08

MNC 1.61 -

(d)

(©)

(b)

(@)
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Figure 4.13 SEM pictures of LNF-64 with the calcination temperature of 1000 °C
for 5 h (a) WC (b) MWC (c) NC (d) MNC.

The increasing trend of particle size was confirmed by SEM results.
The size of MNC (~0.17 um) were found to be the smallest, followed by that of
MWC (~0.26 um) NC (~0.35 wm) and WC (~0.45 um) respectively. The difference
in a particle size i1s due to the nature of powder synthesis process. The exothermic
auto-ignition process is fuel-rich for modified citrate method (MNC and MWC)
because of the addition of ammonia during the complexation step, where tiny glowing
flints propagate within in the mixture at the combustion step until the reaction
completes. For unmodified method, without an additional ammonia as a fuel, the low
ignition temperature from fuel-lean results to non-uniform heat distribution and leads
to the small particle size.

The MNC method was selected in synthesis of perovskite because it
resulted to the particles with narrow pore size distribution and small particle size,
which can form the homogenous and dense cathode membrane for SOFC by the

sintering process.
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4.1.3 Chemical compatibility with 8-YSZ electrolyte
4.1.3.1 The mixtures of LNF-64 perovskite powders with 8-YSZ

The chemical compatibility of both stoichiometric and
non-stoichiometric LNF-64 perovskites was investigated in its mixture with 8-YSZ of
50/50 wt % at room temperature to 1200 °C. The new phase(s) formed by
the undesired chemical reaction was followed by XRD and characterized using
the JCDPS database.

A. Stoichiometric perovskite of La(NigeFeos),O3 (y = 1.00)
with 8-YSZ mixtures

[ i"( LNF-64
B v
A La,Zr0;
l NiO
]
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Figure4.14 XRD patterns of (a) LNF-64 (y = 1.00), (b) 8-YSZ, and the powder
mixtures between LNF-64 (y = 1.00) and 8-YSZ: (c) the mixtures at
room temperature, (d) after calcination at 800°C for 5h, (e) after
calcination at 900°C for 5h, (f) after calcination at 1000 °C for 5h,
(g) after calcination at 1100 °C for 5h, and (h) after calcination 1200 °C
for 5h.
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Table 4.8 The presence of undesired phase(s) in the powder mixtures between
LNF-64 (y = 1.00) and 8-YSZ after calcination at various temperatures
for 5h

The calcination Synthesis methods
temperature (°C) wC MWC NC MNC
RT none none none none
800 none none none none
900 none none none none
1000 trace amount | trace amount | trace amount | trace amount
of LayZr,0; of LayZr,0; of LayZr,07 of LayZr,0y
1100 La,Zr,0; LayZr,07 LayZr,05 LayZr,0;
and NiO and NiO and NiO and NiO
1200 LasZr,07 LayZr,0; LayZr,07 LayZr,0;
and NiO and NiO and NiO and NiO

La(NigsFeos)yOs (y = 1.00) is designated in this section as
LNF-64 (y = 1.00). The XRD results show in Figure 4.14, and Table 4.8 summarizes
the undesired specie found at different calcination temperatures. The patterns at the
calcination temperatures of 800-900°C contains the peaks of LNF-64 (y = 1.00) and
8-YSZ only, indicating the good chemical compatibility from room temperature up to
900°C. Besides of LayZr,0;
(JCDPS: 17-0450) started to form at 1000°C. At 1100 and 1200°C, the La,Zr,O7and
NiO (JCPDS: 47-1049) phases were clearly observed and the original components

the original components, the new phases

disappeared.
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Figure 4.15 XRD patterns between a 26 range of 25-36° of (a) LNF-64 (y = 1.00),
(b) 8-YSZ, and the powder mixtures between LNF-64 (y = 1.00) and
8-YSZ: (c) the mixtures at room temperature, (d) after calcination at
800°C for 5h, (e) after calcination at 900°C for 5h, (f) after calcination
at 1000 °C for 5h, (g) after calcination at 1100 °C for 5h, and
(h) after caleination 1200 °C for 5h.

In Figure 4.15, the portion of XRD with a 20 range of 25-36°
was blown up. The shift of the LNF. peaks to the lower diffraction angle indicates
the volume expansion of perovskite phase, caused by the dissolution of larger Zr
cations into the perovskite structure [48, 50]. Even though the new phases were not
found at lower temperature by XRD, the small amount of Zr may exist in the LNF

structure as the impurity atom.
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B. Non-stoichiometric perovskite of La(NiggFeos)yOs

(y = 0.95) with 8-YSZ mixtures
¢ La(NipsrFeqs5)0s
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Figure 4.16 XRD patterns of (a) LNF-64 (y = 0.95), (b) 8-YSZ, and the powder
mixtures between LNF-64 (y = 0.95) and 8-YSZ: (c) the mixtures at
room temperature, (d) after —calcination at 800°C for 5h,
(e) after calcination at 900°C for 5h, (f) after calcination at 1000 °C for
5h, and (g) after calcination at 1100 °C for 5h.
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Table 4.9 The presence of undesired phase(s) in the powder mixtures between
LNF-64 (y = 0.95) and 8-YSZ after calcination at various temperatures

for 5h
The calcination temperature (°C) Synthesis methods
MWC MNC
RT none none
800 none none
900 LayZr,07 and NiO LayZr,07 and NiO
1000 La,Zr,07 and NiO La,Zr,07and NiO
1100 La,Zr,07and NiO La,Zr,07and NiO

La(NiosFeos)yOs (y = 0.95) is designated in this section as
LNF-64 (y = 0.95). The XRD results show in Figure 4.16, and Table 4.9 summarizes
the undesired specie found at different calcination temperatures. The patterns at the
calcination temperatures of 800 °C contains the peaks of LNF-64 (y = 1.00) and
8-YSZ only, indicating the good chemical compatibility from room temperature to
800°C only. Besides the original components, the new phases of La,Zr,0; (JCDPS:
17-0450) and NiO (JCPDS: 47-1049) started to form at 900°C. At 1000-1100°C, the
La,Zr,07 and NiO phases were clearly observed and the original components

disappeared.
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Figure 4.17 XRD patterns between a 20 range of 25-36° of (a) LNF-64 (y = 0.95),

(b) 8-YSZ, and the powder mixtures between LNF-64 (y = 0.95) and

8-YSZ: (c) the mixtures at room temperature, (d) after calcination at

800°C for 5h, (e) after calcination at 900°C for 5h, (f) after calcination
at 1000 °C for 5h and (h) after calcination at 1100 °C for 5h.

In Figure 4.17, the portion of XRD with a 20 range of 25-36°
was blown up. The small shift of the LNF peaks to the lower diffraction angle
indicates the volume expansion of perovskite phase, caused by the dissolution of
larger Zr cations into the perovskite structure [48, 50]. Even though the new phases
were not found at lower temperature by XRD, the small amount of Zr may exist in

the LNF structure as the impurity atom.
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C. Non-stoichiometric perovskite of La(NigsFeo4)yOs
(y = 1.05) with 8-YSZ mixtures
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Figure 4.18 XRD patterns of (a) LNF-64 (y = 1.05), (b) 8-YSZ, and the powder
mixtures between LNF-64 (y = 1.05) and 8-YSZ: (c) the mixtures at
room temperature, (d) after calcination at 800°C for 5h,
(e) after calcination at 900°C for 5h, (f) after calcination at 1000 °C for
5h and (g) after calcination 1200 °C for 5h.
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Table 4.10  The presence of undesired phase(s) in the powder mixtures between
LNF-64 (y = 0.95) and 8-YSZ after calcination at various temperatures

for 5h
The calcination temperature (°C) Synthesis methods
MWC MNC
RT none none
800 none none
La,Zr,07 and La,Zr,0O; and
900 _ )
LasNi3O1p LasNi3O01g
La,Zr,07 and La,Zr,07 and
1000 ! )
LasNi3019 LasNiz019
La,Zr,O; and La,Zr,0O7 and
1100 ) )
La4N|3010 La4N|3010

La(NiosFeos)yO3 (y = 0.95) is designated in this section as
LNF-64 (y = 0.95). The XRD results show in Figure 4.18 and Table 4.10 summarizes
the undesired specie found at different calcination temperatures. The patterns at the
calcination temperatures of 800 °C contains the peaks of LNF-64 (y = 1.00) and
8-YSZ only, indicating the good chemical compatibility from room temperature to
800°C only. Besides the original components, the new phases of La,Zr,0; (JCDPS:
17-0450) and LasNiz019 (JCDPS: 83-1164) started to form at 900°C. At 1000-1100°C,
the LayZr,O; and LasNizOip phases were clearly observed and the original

components disappeared.
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Figure 4.19 XRD patterns between a 20 range of 25-36° of (a) LNF-64 (y = 1.05),
(b) 8-YSZ, and the powder mixtures between LNF-64 (y = 1.05) and
8-YSZ: (c) the mixtures at room temperature, (d) after calcination at
800°C for 5h, (e) after calcination at 900°C for 5h, (f) after calcination
at 1000 °C for 5h and (g) after calcination at 1100 °C for 5h.

The portion of XRD with a 26 range of 25-36°was blown up in
Figure 4.19. The small shift of the LNF peaks to the lower diffraction angle indicates
the volume expansion of perovskite phase, caused by the dissolution of larger Zr
cations into the perovskite structure [48, 50]. Even though the new phases were not
found at lower temperature by XRD, the small amount of Zr may exist in the LNF

structure as the impurity atom.
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4.1.3.2 The membrane of LNF-64 perovskite powder with 8-YSZ

To simulate the SOFC configuration, the chemical compatibility was
studied at the surface between LNF-64 and 8-YSZ. The LNF64 prepared by MNC
method route was chosen in this studied since it has a smallest particle size.
The screen-printing technique was used to apply LNF-64 powder on 8-YSZ
electrolyte pellet. From section 4.1.3.1 A, it was found that the LNF-64 can withstand
the reaction with 8-YSZ up to 900 °C; therefore, in this section the study was focused
on the temperature at 900 °C and 1000 °C to observe any change corresponding to the
XRD results. The membrane of LNF-64 and 8-YSZ was cross-sectioned and its
metallic composition was detected by SEM Maps (mode-I1D-point technique).
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Figure 420 SEM-Maps (made-ID-point technique) of the cross-sectioned LNF-64
(MNC method)/8-YSZ pellet after calcination at 900°C for 5 h,
detected at (a) point 1, (b) point 2, and (c) point 3.
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Table 4.11  The weight percentage of metallic elements of the cross-sectioned
LNF-64 (MNC method)/8-YSZ pellet after calcination at 900°C

for 5 h, summarized by SEM-Maps (ID-point technique)

_ Amount (wt %)
Metallic Element i . .
point 1 point 2 point 3
Zr 100 100 0
La 0 0 70.51
Ni 0 0 18.36
Fe 0 0 11.13

From Figure 4.20, and table 4.11, there is only Zr as the metallic

element at point 1 and 2, both located within the side of 8-YSZ pellet.
At point 3, only La, Ni, and Fe were found. This result confirms XRD results in
section 4.1.3.1 A that the reaction between LNF-64 and 8-YSZ does not occur at
900°C. In the other words, the prepared LNF-64 was found to have a good chemical
compatibility with YSZ at room temperature up to 900°C.
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Figure 421 SEM-Maps (mode-1D-point technique) of the cross-sectioned LNF-64

(MNC method)/8-YSZ pellet after calcination at 1000°C for 5 h,

detected at point 1, (b) point 2, and (c) point 3.
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Table4.12  The weight percentage of metallic elements of the cross-sectioned
LNF-64 (MNC method)/8-YSZ pellet after calcination at 1000°C for

5 h, summarized by SEM-Maps (ID-point technique)

_ Amount (wt %)
Metallic Element i - -
point 1 point 2 point 3
Zr 99.64 99.75 4.37
La 0.10 0.12 22.90
Ni 0.06 0.10 63.50
Fe 0.20 0.03 9.23

From Figure 4.21 and table 4.12, the small amount of La, Ni, and Fe
were found at point 1 and 2, both locating within the side of 8-YSZ pellet. At point 3
locating within the side of LNF-64, the small amount of Zr was found. Again,
this result confirms XRD results in section 4.3.1.1 A that the unwanted reaction
between LNF-64 and 8-YSZ starts at 1000°C.

4.1.4 Physical compatibility of LNF-64 with 8-YSZ electrolyte
The physical compatibility between LNF and 8-YSZ was investigated
in term of the thermal expansion coefficient (TEC). The closed TEC values of both

materials are the requirement in use as the components for SOFC.
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Figure 4.22 The thermal expansion behavior of LNF-64, prepared by MNC
method.

Figure 4.22 shows the thermal expansion behavior of LNF-64, its slope
indicates TEC of materials at each temperature. The straight line was obtained for
LNF-64, indicating the constant TEC values of 13.2 x10°® K™ from room temperature
up to 1000 °C.

Table 4.13  The thermal expansion coefficients of LNF-64 samples and 8-YSZ at
800 °C

Materials Synthesis method (s) TEC (x 10° K™
LNF-64 [in this thesis] MNC 13.2
8 LNF-64 Citrate gel and urea 11.8
® LNF-64 Solid state reaction 11.4
“Lag gSro2F€0.9C00.103 Solid state reaction 13.9
Prp gSro.2FeosC00203 Solid state reaction 13.2
98-YSZ - 10.5

*Basu et al. [18] , "Chiba et al. [5], ¢ Daroukh et al. [26], and Singnal et al. [4]

The thermal expansion coefficient of LNF-64, obtained in this thesis, is
higher than those previously reported of the same materials, as shown in Table 4.13.
This may be explained that the materials synthesized by MNC methods has the
smallest particle size, which causes the best packing efficiency during the preparation
of TEC sample bars. The smaller particles are more close-packed during loading and
packing steps. The firing step also causes the shrinkage of the sample bar. Therefore,
the increase of a bar length to the original-length can be obtained during the TEC test.
However, the TEC of LNF-64, synthesized in this thesis, is still in the same range
with that of 8-YSZ. It could be concluded here that LNF-64 has the good physical
compatibility with 8-YSZ.
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4.2 K:NiF, powders
4.2.1 Crystal structure

A. Crystal structure of La;Ni;-xFexO, by the WC method at

700 °C
The XRD patterns of La;Ni;«FexO4 (x = 0.0-1.0) samples are

shown in Figure 4.23. These samples were synthesized by WC method and calcined at
700 °C for 5 h. As x is 0.0-0.1, the pattern of K;NiF,-typed compound was observed:;
the secondary phase is also formed as La,Oz (JCPDS: 24-0554). As x is 0.2-0.5,
La,Oz and LaNiO3 perovskite (JCPDS: 33-0710) were found. As x 0.6-1.0, La,Oz and
LaFeO3; perovskite (JCPDS: 37-1493) were fomed WC mehod failed to prepared
La,Niy<Fe, Oy series at 700 °C.
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Figure 4.23 XRD patterns of La;Ni;xFexO4 (X = 0.0-1.0) K;NiF4-typed structure,
synthesized by WC method after calcined at 700 °C for 5h.
l La,0;, ¢ LaFeO;, M LaNiO; and @ LayNiO,
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Note:

B.  Crystal structure of La;Ni;xFexO,4 by the MWC method at 700 °C

The XRD patterns of LayNiyxFexO4 (X = 0.0-1.0) samples are shown in

Figure 4.24. These samples were synthesized by MWC method and calcined at 700 °C
for 5 h. The results were the same as found in WC method; therefore, MWC method

also failed to prepare La;Ni;xFe O, series at 700 °C.
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Figure 4.24  XRD patterns of La;NijxFexO4 (x = 0.0-1.0) K;oNiF,-typed structure,
synthesized by MWC method and calcined at 700 °C for 5h.
Note: | LaO; @ LaFeO;, M LaNiOs and @ LaNiO,
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C. Crystal structure of La;Niy.<Fe,O4 by the WC method at 900 °C
The XRD patterns of La;Ni;«FexO4 (x = 0.0-1.0) samples are
shown in Figure 4.25. These samples were synthesized by WC method and calcined at
900 °C for 5 h. As x is 0.0 and 0.1, both samples are the single phase of a tetragonal
system, which is similar to that of La;NiO; (JCPDS: 34-0314, Figure 4.27).
As x is 0.2-0.5, La,O3; and LaNiOgz perovskite (JCPDS: 33-0710) were found.
As x 0.6-1.0, La,O3 and LaFeOs3 perovskite (JCPDS: 37-1493).
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Figure 4.25 XRD patterns of 2 Theta (degree) 0.0-1.0) K;NiF4-typed structure,

synthesized by WC metnod and calcined at 900 °C for 5h.
Note : l La,03, ¢ LaFeOz;, B LaNiOz; and @ LayNiOy4
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D.  Crystal structure of La;Ni;xFexO,4 by the MWC method at 900 °C
The XRD patterns of La;Ni;«FexO4 (x = 0.0-1.0) samples are
shown in Figure 4.26. These samples were synthesized by MWC method and calcined
at 900 °C for 5 h. As x is 0.0 and 0.1, both samples are the single phase of a tetragonal
system, which is similar to that of La;NiO; (JCPDS: 34-0314, Figure 4.27).
As x is 0.2-0.5, La,O3; and LaNiOgz perovskite (JCPDS: 33-0710) were found.
As x 0.6-1.0, La,O3 and LaFeOs3 perovskite (JCPDS: 37-1493).
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Figure 4.26 XRD patterns of La;Ni;xFexO4 (X = 0.0-1.0) K;NiF4-typed structure,
synthesized by WC method and calcined at 900 °C for 5h.
Note: l La,0;, ¢ LaFeO;, M LaNiO; and @ LaNiO,



Figure 4.27

Table 4.14

110

200

30

114 213
101 206
105,006 220

Data base of crystal structure La;NiO4 from JCPDS: 34-0314.
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Crystal structures and lattice parameters of La;Ni;«FexO4 (X = 0.0-1.0)

K2NiFs-typed structure, synthesized by WC method and calcined at

900 °C for 5h

KoNiF,-typed Crystal structure

Lattice parameters (A)

a b C
La;NiOq4 Tetragonal 3.8617 3.8617 12.683
Lattice parameters (A)
X Crystal structure
a b C
0.1 Tetragonal 3.8732 3.8732 12.6646
0 Tetragonal 3.8658 3.8658 12.6515

To obtain the lattice  parameters. for. each -composition- in Table 4.14 the
101,103,110,114, 200, 213 reflections were used inthe case of the tetragonal phase as
labeled in Figure 4.27), which is similar to_ that of La,NiO, (JCPDS: 34-0314).
The lattice constants decrease with the decrease in x of the La;NijxFexO4 systems,

because the Fe ion radius is larger than that of Ni ion.
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Table 4.15  Crystal structures and lattice parameters of LayNijxFexO4 (X = 0.0-1.0)
KoNiF, typed structure, synthesized by MWC method and calcined at
900 °C for 5h

Lattice parameters (A)

K2NiF,-typed Crystal structure

a b C
La;NiO4 Tetragonal 3.8617 3.8617 12.683
Lattice parameters (A)
X Crystal structure
a b C
0.1 Tetragonal 3.8944 3.8944 125711
0 Tetragonal 3.8529 3.8529 12.7671

To obtain the lattice parameters for each composition in Table 4.15, the
101,103,110,114,200,213 peaks were used in the case of the tetragonal phase as
labeled in Figure 4.27), which is similar to that of La;NiO, (JCPDS: 34-0314). The
lattice constants decrease with the decrease in x of the LayNiixFexO4 systems, similar
to these synthesized by MWC methods.

E.  The volume per formula unit of La;Ni;xFexO4
Table 4.19 shows the volume per formula unit of LayNiixFexO4 (X =
0.0-1.0) KyNiF4 typed structure, synthesized by WC and MWC methods and calcined
at 900 °C for 5h. The volumes of unit cell were calculated from the unit cell
parameters from XRD results, and then normalized by the number of formula per unit

cell.

Table 4.16. - The. volume of formula. unit. of LayNi;«Fe,O4 (X = 0.0-0.1)
K2NiF-typed structure, synthesized by WC and MWC methods and
calcined at 900 °C for 5h

Volume of formula unit (A °)
WC MWC
0.1 95.00 95.32

0 94.53 94.76




80

95.4

5~ 95.2

[¢e]
&

©
>
©

O(a)
B (b)

©
>
o

volume of formula unit (A°3
[{e]
B
S

©
A
V)

©
D
|

Figure 4.28 The volume of formula unit of La;Ni;-xFexO4 (X = 0.0-1.0), synthesized
by (a) WC (b) MWC and calcined at 900 °C for 5h.

Similar to the case of lanthanum nickel iron K;NiF4-typed

structure, the volume per formula unit increases when Fe content increases.

4.2.2 The comparison of four combustion methods on the synthesis of
LoNF-91
The selection of La;NiggFeo 104 (L2NF-91) is significant interest for
high-temperature. For SOFC operation high temperature (900-1000 °C).
Tsipis et al. [31, 41, 42] was found that the oxygen partial pressure of La;NiggFeo104
is higher than that of La,NiO, at the high temperature of 900-1000 °C. It was selected

here to study the effect of the different synthetic methods, including WC, MWC, NC
and MNC.
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Figure 4.29 XRD patterns of L,NF-91, synthesized by four methods (a) WC (b)
MWC (c) NC (d) MNC with the calcinations temperature of 1000 °C for 5h.

As shown in Figure 4.29, the Lo,NF-91 samples synthesized by four
combustion methods, WC, MWC, NC, and MNC at 1000 °C for 5h gave the same
crystal structure which is the tetragonal with the lattice a, b, and ¢ parameters of
3.8617 A, 3.8617 A, 12.683 A, respectively.



82

ZEEU wig. 988 1wm 8815 11338 S

Zaku X168, 888 ivm 8819 11 38 SEI

Figure 4.30 SEM pictures of L,NF-91 with the calcination temperature of 1000 °C
for 5 h (a) WC (b) MWC (c) NC (d) MNC.

Although L,NF-91 samples, synthesized by four combustion methods,
have the same structure, the difference was found in the term of particle size as shown
in SEM pictures (Figure 4.30). The particle sizes can be arranged from the smallest to

the largest by synthesis using the methods of MNC and MWC (~0.16 pum), NC
(~0.18 um), and WC (~0.47 um). This arrangement is similar to that of LNF-64

perovskite. Thus, it is confirmed that the particle size of lanthanum nickel oxides

depend on the amount of fuel chemicals in'the combustion method.
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4.2.3 Chemical compatibility with 8-YSZ electrolyte
4.2.3.1 The mixtures of L,NF-91 powders with 8-YSZ
The chemical compatibility of both stoichiometric and
non-stoichiometric Lo,NF-91 perovskites was investigated in it is mixture with 8-YSZ
of 50/50 wt % at room temperature to 1200 °C. The new phase(s) formed by the
undesired chemical reaction was followed by XRD and characterized using the
JCDPS database.

A. Stoichiometric KsNiF4-typed Lay(NiogFeo14)yO4
(y = 1.00) with 8-YSZ mixtures

o
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Figure 431 XRD patterns- of - (a) L,NF-91 (y = 1.00), (b) 8-YSZ, and the
powder mixtures between L,NF-91 (y = 1.00) and 8-YSZ:
(c) the mixtures at room temerature, (d) after calcination at 800°C for
5h, (e) after calcination at 900°C for 5h, (f) after calcination at 1000 °C
for 5h, (g) after calcination at 1100 °C for 5h, and (h) after calcination
1200 °C for 5h.
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Table 4.17  The presence of undesired phase(s) in the powder mixtures between
LoNF-91 (y = 1.00) and 8-YSZ after calcination at various

temperatures for 5h

The calcination Synthesis methods
temperature (°C) WC MwWC
RT none none
800 none none
900 none none
1000 trace amount trace amount
La,Zr,07 LayZr,07
1100 La,Zr,07and NiO La,Zr,0O7and NiO
1200 La,Zr,07 and NiO La,Zr,07 and NiO

Lay(NiggFeo1)yOs (y = 1.00) is designated in this section as
L,NF-91 (y = 1.00). The XRD results show in Figure 4.31, and Table 4.17
summarizes the underired specie found at different calcination temperatures.
The patterns at the calcination temperatures of 800-900°C contains the peaks of
LoNF-91 (y = 1.00) and 8-YSZ only, indicating the good chemical compatibility from
room temperature up to 900°C. Besides the original components, the new phases of
La,Zr,0; (JCDPS: 17-0450) started to form at 1000°C. At 1100 and 1200°C,
the La,Zr,0O; and NiO (JCPDS: 47-1049) phases were clearly observed and the

original components disappeared.
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Figure 4.32 XRD patterns between a 26 range of 25-36° of (a) L,NF-91 (y = 1.00),
(b) 8-YSZ, and the powder mixtures between L,NF-91 (y = 1.00) and
8-YSZ: (c) the mixtures before calcination, (d) after calcination at
800°C for 5h, (e) after calcination at 900°C for 5h, (f) after calcination
at 1000 °C for 5h, (g) after calcination at 1100 °C for 5h, and
(h) after calcination 1200 °C for 5h.

In Figure 4.32, the portion of XRD with a 20 range of 25-36°
was blown up. The shift of the L,NF peaks to the lower diffraction angle indicates the
volume expansion of K,NiF, phase, caused by the dissolution of larger Zr cations into
the K;NiF4-typed structure [48, 50]." Even though the new phases were not found at
lower temperature by XRD, the small amount of Zr:may exist in the LNF structure as
the impurity atom.
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B. Non- stoichiometric K;NiFs-typed Lay(NiogFeo 14)yOa

(y = 0.95) with 8-YSZ mixtures
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Figure 4.33 XRD patterns of (a) LoNF-91 (y = 0.95), (b) 8-YSZ, and the powder

mixtures between L,NF-91 (y = 0.95) and 8-YSZ: (c) the mixtures at
room temperature, (d) after calcinations at 800°C for 5h, (e) after
calcinations at 900°C for 5h, (f) after calcinations at 1000 °C for 5h,
and (g) after calcinations at 1100 °C for 5h.
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Table 4.18  The presence of undesired phase(s) in the powder mixtures between
KoNiFs-typed structure LoNF-91 (y = 0.95) and 8-YSZ after

calcinations at various temperatures for 5h

o Synthesis methods
The calcinations temperature (°C)
MWC MNC
RT none none
800 none none
trace amount trace amount
900
Lazzr207 Lagzr207
1000 LayZr,0O7 and NiO La,Zr,0;and NiO
1100 La,Zr,0O7 and NiO La,ZroO;and NiO

Lax(NiggFeo1)yOa (y = 0.95) is designated in this section as
LoNF-91 (y = 0.95). The XRD results show in Figure 4.33, and Table 4.18
summarizes the undesired specie found at different calcination temperatures.
The patterns at the calcination temperatures of 800 °C contains the peaks of Lo,NF-91
(y = 0.95) and 8-YSZ only, indicating the good chemical compatibility from room
temperature to 800°C only. Besides the original components, the new phases of
La,Zr,0; (JCDPS: 17-0450) and NiO (JCPDS: 47-1049) started to form at 900°C.
At 1000-1100°C, the LaZr,O; and NiO phases were clearly observed and the

original components disappeared. Moreover, at 1100 °C, the found unknown phase

with a 20 range of 58° was detected.
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Figure 4.34 XRD patterns between a 26 range of 25-36° of (a) L,NF-91 (y = 0.95),
(b) 8-YSZ, and the powder mixtures between L,NF-91 (y = 0.95) and
8-YSZ: (c) the mixtures at room temperature , (d) after calcination at
800°C for 5h, (e) calcination at 900°C for 5h, (f) calcination at 1000 °C
for 5h, and (g) calcination at 1100 °C for 5h.

The portion of XRD with a 20 range of 25-36° was blown up in
Figure 4.34. The shift of the L,NF peaks to the lower diffraction angle indicates the
volume expansion of K;NiF4 phase, caused by the dissolution of larger Zr cations into
the K;NiF,-typed structure [48, 50].  Even though the new phases were not found at
lower temperature by XRD, the small amount of Zr may exist in the K;NiF4-typed

structure as the impurity atom.
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C. Non-stoichiometric  KoNiFs-typed Lay(NiogFeo14)yOa
(y = 1.05) with -YSZ mixtures
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Figure 4.35 XRD patterns of (a) LoNF-91 (y = 1.05), (b) 8-YSZ, and the powder
mixtures between L,NF-91 (y = 1.05) and 8-YSZ: (c) the mixtures at
the room temperature, (d) after calcination at 800°C for 5h, (e) after
calcination at 900°C for 5h, (f) after calcination at 1000 °C for 5h and
(9) after calcination-at 1100 °C for5h.



Table 4.19  The presence of undesired phase(s) in the powder mixtures between
L,NF-91 (y = 1.05) and 8-YSZ after calcaination at various

temperatures for 5h

The calcination temperature (°C) Synthesis methods
MWC MNC
RT none none
800 none none
trace amount trace amount
900
La,Zr,0O7none LayZr,07
La,Zr,07 and La,Zr,0; and
1000 i _
LasNi3049 LasNi3019
Lay,Zr,07and La,Zr,07and
1100 \ _
La4N|3010 La4N|3010

Laz(NiogFeo1)yOa (y = 1.05) is designated in this section as
LNF-64 (y = 1.05). The XRD results show in Figure 4.35 and Table 4.19 summarizes
the undesired specie found at different calcination temperatures. The patterns at the
calcination temperatures of 800 °C contains the peaks of Lo,NF-91 (y = 1.05) and
8-YSZ only, indicating the good chemical compatibility from room temperature to
800°C only. Besides the original components, the new phases of La,Zr,0; (JCDPS:
17-0450) and LasNiz019 (JCDPS: 83-1164) started to form at 900°C. At 1000-1100°C,
the LayZr,O; and LasNizOip phases were clearly observed and the original
components disappeared. Moreover, the XRD peak of unidentified phase was found at
58°.
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Figure 4.36  XRD patterns between a 20 range of 25-36° of (a) Lo,NF-91 (y = 1.05),
(b) 8-YSZ, and the powder mixtures between L,NF-91 (y = 1.05) and
8-YSZ: (c) the mixtures at room temperature , (d) after calcination at
800°C for 5h, (e) after calcination at 900°C for 5h, (f) after calcination
at 1000 °C for 5h, and (g) after calcination at 1100 °C for 5h.

The portion of XRD with a 26 range of 25-36° was blown up |
n Figure 4.36. The shift of the L,NF peaks to the lower diffraction angle indicates the
volume expansion of K;NiF, phase, caused by the dissolution of larger Zr cations into
the KoNiF4-typed structure [48, 50]. Even though the new phases were not found at
lower temperature by XRD, the small amount of Zr may exist in the K,NiF-typed

structure as the impurity atom.
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4.2.3.2 The membrane of L,NF-91 powder with 8-YSZ

To simulate the SOFC configuration, the chemical compatibility was
studied at the surface between L,NF-91and 8-YSZ. The L,NF-91 prepared by MNC
route was chosen in this studied since it has a smallest particle size.
The screen-printing technique of L,NF-91 on 8-YSZ electrolyte pellet. From section
4.1.3.1 A, it was found that the L,NF-91can withstand the reaction with 8-YSZ up to
900 °C; therefore, in this section the study was focused on the temperature at 900 °C
observe any change corresponding to the XRD results by studied of cross-sectioned
L,NF-91 and 8-YSZ by SEM Maps (mode-1D-point technique).
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Figure 4.37 SEM-Maps (mode-1D-point technique) of the cross-sectioned L,NF-91
(MNC method)/8-YSZ pellet after calcination at 900°C for 5 h, detected at (a) point 1,
(b) point 2, and (c) point 3.

Table 4.20 The weight percentage of metallic elements of the cross-sectioned
LoNF-91 (MNC method)/8-YSZ pellet after calcination at 900°C
for 5 h, summarized by SEM-Maps (ID-point technique)

_ Amount (wt %)
Metallic Element - . -
point 1 point 2 point 3
Zr 100 100 0
La 0 0 68.50
Ni 0 0 31.50
Fe 0 0 0

From Figure 4.37 and table 4.20, there is only Zr as the metallic
element at point 1 and 2, both located within the side of 8-YSZ pellet. At point 3,
only La, Ni, and Fe were found.  This result confirms XRD results in section
4.2.3.1 A that the reaction between L,NF-91 and 8-YSZ does not occur at 900°C. In
order words, the prepared L,NF-91 was found to have a good chemical compatibility
with YSZ at 900°C.
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4.2.4 Physical compatibility of LoNF-91 structure with 8-YSZ electrolyte
The physical compatibility between L,NF-91 and 8-YSZ was
investigated in term of the thermal expansion coefficient (TEC). The closed TEC

values of both materials are the requirement in use as the components for SOFC.
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Figure 4.38 Thermal expansion behavior of Lo,NF-91 prepared by MNC method.

Figure 4.38 shows the thermal expansion behavior of L,NF-91,
its slope indicates TEC of materials at each temperature. The straight line was
obtained for L,NF-91, indicating the constant TEC values of 12.7 x10° K from

room temperature up to 1000 °C.

Table 421  The thermal expansion coefficients of L,NF-91 samples and 8-YSZ
at 800 °C

Materials Synthesis method (s) TEC (x 10° K™Y
La;NiggFeq 104 [in this thesis] MNC 127
#La,NigoFe104 Solid state reaction 12.8
#LayNio.9sF€0.0204 Solid state reaction 13.2
°8-YSZ Solid state reaction 10.5

*Basu et al. [18], "Singnal et al. [4]

As shown in Table 4.21, the thermal expansion coefficient of
L,NF-91 is 12.7 x 10° K™, which is the same range with that of 8-YSZ. It could be
concluded here that L,NF-91 has the good physical compatibility with 8-YSZ.



CHAPTER V

CONCLUSION AND SUGGESTION

51  Conclusion
A. Perovskite structure

The single phased LaNi;xFexO; (x = 0.0-1.0) perovskites were
synthesized successfully by both WC and MWC methods at 700-900 °C for 5h.

e As x is 0.0-0.5, the crystal structure is cubic at 700P°C and becomes
rhombohedral at 900 °C. The structures are similar to those of LaNiOs.

e As x is 0.6-1.0, the crystal structure is orthorhombic. The structure is
similar to that of LaFeOs.

The lattice constants and the volume per formula unit in the series
generally increase as the Fe content (x of the LaNi;_xFexO3) increases.

LNF-37 (x = 0.7) represents LNF perovskites with orthorhombic phase
and LNF-64 (x = 0.4) represents LNF perovskites with the cubic/rhombohedral
phases. The rhombohedral phase can withstand the high temperature up to 1200 °C,
whereas the orthorhombic phase decomposes to La,NiO, and La,Os; at 1200 °C.
In conclusion, the presence of Fe increases the stability of the perovskite structure.

The effect of different combustion methods, WC, MWC, NC and
MNC, was investigated using LNF-64 as a representative. All synthesis methods give
the products with the same structure of a rhombohedral phase, but with the difference
in sizes. The sizes of LNF-64 perovskite arranged from the smallest to the largest are
~0.17 um by MNC method, ~0.26 um by MWC method, ~0.35 um by NC method
and ~0.45 um by WC method.

B. KNiFs-typed structure
The single phase of K;NiFs-typed LasNiixFexOs (LoNF) was
synthesized successfully only with the composition of x = 0.0-0.1 using both WC and
MWC methods at 900 °C for 5h. The crystal structure is tetragonal, similar to that of
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La;NiO,4 With the replace of Fe ions in La;NiOy, the volume per formula unit and the
lattice constants increase, similar to what observed in perovskite structures.

The four combustion methods give the products of La;NiggFep104
with the tetragonal structure, similar to the structure of La;NiO4. The sizes arranged
from the smallest to the largest are ~0.16 um by MNC and MWC methods, ~0.18 um
by NC method and ~0.47 um by WC method.

C. Chemical compatibility of both structures with 8-YSZ

The chemical compatibility  of La(NioeFeos)yOs  and
Lay(NiggFeo1)y04/8-YSZ (y = 1.00, 0.95, 1.05) with 8-YSZ, were investigated by
XRD at the temperature of 800 to 1200 °C.

e The stoichiometric formula (y = 1.00) has the good compatibility
with 8-YSZ from room temperature up to 900 °C. The undesired phases of La,Zr,0;
and NiO were found at higher temperature.

e The non-stoichiometric formula (y = 0.95, 1.05) has the good
compatibility with 8-YSZ from room temperature up to 800 °C. The undesired phases
of La,Zr,0;and NiO were found at higher temperature.

Although the impurity phase was not found until higher temperature,
the dissolution of the small amount of Zr cations into both structures was observed
since room temperature.

Investigating by SEM-EDX, the dissolution of metallic elements at the
interface of the perovskite or K;NiF,-typed and the 8-YSZ membrane was detected
only at the temperature higher than 900 °C.

D. Physical compatibility between both structures with 8-YSZ
The thermal expansion coefficients of LNF-64 and L,NF-91 are
13.2 x 10° K™ and 12.7 x 10®° K™, respectively.  Therefore, these compounds, as

candidates of a cathode material, are physically compatible with 8-YSZ electrolyte.
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5.2 Suggestion

1. During the fabrication of LNF and L,NF cathodes on the 8-YSZ electrolyte for
SOFC, the high temperature above 900 °C should be avoided because of the undesired
chemical reaction occurs.

2. In order to regard the LNF and L,NF series as the candidates of a cathode
material for SOFC, the electronic conductivities must be measured. Fe can increase
the thermal stability, but it can decrease the electronic conductivity also. Hence, the
optimization of Fe contents on cathode materials based on both the good thermal
stability and the high electrical conductivity must be investigated.

3. To study the efficiency of using the LNF and L,NF series as the cathode in
SOFC, the impedance of materials must be investigated using an AC-Impedance

spectroscopy.
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The calculations for synthesis by the combustion method

The molecular weights of starting materials
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Chemicals Molecular weight
La(NO3),.6H,0 433.02
Ni(NO3),.6H,0 290.81
Fe(NO3)3.6H,0 404.00

Citric acid 192.43

1. Perovskite structure

Example Preparation of 0.0025 mole LaNiggFeg403.5 (LNF-64)

La(NO3)2.6H20
LNF -64 with 1 mole, La
LNF-64 0.025 mole, La

Ni(NO3),.6H,0
LNF -64 with 1 mole, La
LNF-64 0.025 mole, La

Fe(NO3)3.6H,0
LNF -64 with 1 mole, La
LNF-64 0.025 mole, La

1 mole
0.0025 mole x 1 mole

1 mole
0.025 mole
nx MW
0.025 x 433.02
1.0826 g

0.6 mole
0.0025 mole x 0.6 mole

1. mole
0.00150 mole
nx MW
0.00150x 290.81
0.43621 g

0.4 mole
0.0025 mole x 0.4 mole

1 mole
0.0010 mole



Citric acid
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n x MW
0.0010 x 404
0.404 g

General formula of perovskite is ABO3z, LNF-64 based on 0.0025 mole

To form the complex, moles of metal :
Moles of (A+B)

Moles of citric acid

Weight of citric acid

2. K2NiF,—typed structure

moles of citric acid = 1:2
(0.00025+0.0025) moles
2 x moles of (A+B)
= 2 x.0.005
= nx MW
= 0.01 mole x 192.43 g/mole
= 1.9243 g

Example Preparation of 0.0025 mole LasNiggFeg4O3-5 (LNF-64)

La(NO3),.6H,0

LazNig sFe0.404.5 (LoNF-64) based on 0.0025 mole

L&(NOg)z.GHzO
L,NF-64 with 1 mole, La
L,NF-64 0.025 mole , La

Ni(NO3),.6H,0
L,NF-64 with 1 mole, La
L,NF-64 0.025 mole , La

2 mole
0.0025 mole x 2 mole

1 mole
5 x 10P mole
nx MW
5 x 107 x 433.02
2.1651 g

0.6 mole
0.0025 mole x 0.6 mole

1 mole
1.5 x 10° mole
nx MW
0.00150 x 290.81
0.43621 g
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Fe(NO3)3.6H,0
L,NF-64 with 1 mole, La = 0.4 mole
L,NF-64 0.025 mole , La = 0.0025 mole x 0.4 mole
1 mole
= 0.0010 mole
g = nx MW

= 0.0010 x 404

= 0.404 g
Citric acid

General formula of K,;NiFs—typed structure 1s A;BO,, L,NF-64 based on 0.0025 mole
To form the complex, moles of metal : moles of citric acid =1:1
2 mole
= 2 mole x 0.0050 mole
1 mole
= 0.01 mole
Ni,1 mole, amount metal [NO3z] of = 2 mole
= 2 mole x 0.0010 mole
1 mole
= 2.0 x 10 mole
Fe, 1 mole, amount metal [NOg] of = 3 mole
= 3 mole x 0.00150 mole
1 mole
= 4.5 x 10 mole
Total of amount [NO] = 0.01 + 2.0 x 10°+4.5 x 10" mole
= 0.00165 mole
Weight of citric acid = n x MW
= 0.00165 x 192.43
= 3.1750 g
3. The calculate lattice parameters

La,1 mole, amount metal [NO3] of

Orthorhombic system
Ud* = (h%a%) + (K¥b%)+ (1%/c?)
Rhombohedral system
Ud* = [(W?+K*+?) sin2a +2(hl+kl+hl)2 cos? a-cos a)]

a’(1-3 cos? a+2 cos’ a)
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Tetragonal system
Ud* = (h* + K3)/a® + 1P/c?

Example The calculation of the 101 plane of an orthorhombic cell with a = 5.5669
nm, b = 7.8547 nm and ¢ = 5.553 nm, as shown Figure A-1

From 1/d? = (h%a%) + (K*/b?)+ (1%/c?)
1/d? = 1/(0.55669%) + 0+ 1/(0.5553%)
< 1/0.3099 + 0 + 1/0.3083
= 3.2268 + 0 +3.2435
= 6.4703 (nm)™*
= \1/6.4703
d 7 0.3930 nm or 3.930 A (show No.3)
| PDF#37-1493: QM=Star(S); d=Diffractometer; |=Diffractometer | PDF Card |
Iren Lanthanum Oxide = ——
|FelLa03 / r 5 W
Radiation=CuKa1 Lambda=1.5405981 Fitter=Graph
Calibration=Intermal{(W) 2T=22 605-112.539 Wic(RIR)=
Ref: McMurdie, H., Morris, M., Evans, E., Paretzkin, B., Wi ybard, C.
Powder Diffraction, vi p269 (1986) ; V No.4 P
| Orthorhombic - Powder Diffraction, Pn*a (2) | Z=4 — mp=
CELL: 55669 x 7.8547 x 5.553 <80.0 x 90.0 x 90.0> P.S=0P20 (7}
Density(c)=6.640 Density(m)}=6.25A Mwi=242.75 Vol=242.81 F(30)=33.6{.0106,84/0)

Ref: 1. Geller, 5., Wood, E.A.
Acta Crystallogr., v8 p563 {1956}
N'DTE A stoichiometric mixture of La (O H }3 and F&E 03 was heated M‘nlght Io ‘IﬂI}ﬂSDE then 1 day each at 12005DE and

1350$DE. The structure was qualitatively determined by Geller and Woed (1), A rhombohedral phase was found above 980SDE
| (Daiziel, 2). The mean temperature‘of data collection was 25.45DE. To replace 15-148, Geller and Woaod (1),

Color; Dark brown

|$trnng Lines: 2.78/X 1.60/4 1.97/3 2. 2?!2393!21 39!21 D5f1 1.2471 0.93M1 1 6
| 54 Lines, Wavelength lo Compiite Theta = 1 _..'a»-ll_:lsiﬁ.{cﬂ} 1%-Type = Peak Height
| a0 (hki) 2-Theta et Sz fR ol © " Thki) 2-Theta  Theta  1i2d)
39302 17.0 (101) 22605 11.303 04272 123 1.2288 20 (41277636 3IB818 04069

2| 40 [ 17 ]25:303 12:652- 0.1 422 i.??l 12276 O ZD0 [252) 77720 38865 04073
3 I 2.?? | - \6.085. 04788 |3ﬂ?gl 11576 0.0 (053)\BO.0G3 40031 04175
! 4 26 7072 01906 |31 1.1847 3.0 (260) 81.113 40557 0.4221

Figure A-1  An example of PDF-file from 37-1493 database.



4. The calculation of the volume per formula unit of LNF (perovskite
structure) and L,NF (K;NiF;-typed structure)

The volume per formula unit

V
Z

From Orthorhombic

LNF-37

From Rhombohedral
LNF-64

From Tetragonal
L,NF-91

V (A%

z

volume of unit cell
number of formula per unit cell
(show figure A-1 No.4)
axbxc

5.5219 x 7.8102 x 5.5216
238.13 A%4

59.53 A’

a®x ¢ sin (60°)

5.4921 x 5.4921x 6.6413
173.48 A%3

57.82 A®

a’xc

3.8944 x 3.8944 x 12.5711
190.65 A® /2

95.325 A®

111
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APPENDIX B

The Morphology of samples were recorded using SEM

B8 @.5mm BBB1 839 38 SEI

Figure B-1 SEM pictures of LNF-64, synthesized by MWC method at the
calcinations temperature of 1000°C for 5h with the magnification of
(@ x10,000,and (b) x 30,000

X338, 888 8.5wmm BEBB3 89 28 S

Figure B-2 SEM pictures of LNF-64 (zoom 1 point), synthesized by MWC
method at the calcinations temperature of 1000°C for 5h with the
magnification of (a) x 10,000, and (b) x 30,000

I Xl1B8, 6aa 1saen 38 S Z8kU X398, 088 ©.5mm BEBS B89 38 S

Figure B-3 SEM npictures of LNF-64, synthesized by WC method at the
calcinations temperature of 1000°C for 5h with the magnification of
@) x 10,000, and (b) x 30,000



113

88 8. Smum BEBT B3 38 SEI

Figure B-4  SEM pictures of LNF-64 (zoom 1 point), synthesized by WC method
at the calcinations temperature of 1000°C for 5h with the magnification
of (a) x 10,000 , and (b) x 30,000

Figure B-5 SEM pictures of LNF-37, synthesized by MWC method at the
calcinations temperature of 1000°C for 5h with the magnification of
@) x 10,000, and (b) x 30,000

J X1l@, baa lwen BB18 B3 38 SEI

Figure B-6 SEM npictures of LNF-37, synthesized by WC method at the
calcinations temperature of 1000°C for 5h with the magnification of
(@  x 10,000, and (b) x 30,000
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Figure B-7 SEM pictures of LNF-37, synthesized by MWC method at the
calcinations temperature of 900°C for 5h with the magnification of
@ x 10,000, and (b) x 30,000

» @88 8.5mm BB15 B3 38 5

Figure B-8 SEM pictures of LNF-64, synthesized by MWC method at the
calcinations temperature of 900°C for 5h with the magnification of
@ x 10,000, and (b) x 30,000

mm BEB1 11 38 S Zaku X338, 888 8.5mm BB88

Figure B-9 SEM pictures of LNF-91, synthesized by WC method at the
calcinations temperature of 700°C for 5h with the magnification of
@) x 10,000, and (b) x 30,000



115

Ziku X1, o 1wem BBB3 8.5 Zaku X»ZB, 088 @.5mm BEBBZ 11 38 SEI

Figure B-10 SEM pictures of LNF-91, synthesized by MWC method at the
calcinations temperature of 700°C for 5h with the magnification of
@) x 10,000, and (b) x 30,000

88 B.5m BEGBSs 11 28 SEI

Figure B-11 SEM pictures of LNF-91, synthesized by WC method at the
calcinations temperature of 900°C for 5h with the magnification of
(@  x10,000, and (b) x 30,000

88 8. 5mm BEGE2 11 28 SEI

Figure B-12 SEM pictures of LNF-91, synthesized by MWC method at the
calcinations temperature of 900°C for 5h with the magnification of
@ x 10,000, and (b) x 30,000
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L N

ZEKU  X18. 088 ium BB11 11 38 SEI ZBkU X38.088 0.S5Swmm BE18 11 38 SEI

Figure B-13 SEM pictures of LNF-91, synthesized by NC method at the
calcinations temperature of 900°C for 5h with the magnification of
@) x 10,000, and (b) x 30,000

-

y Ao, 888 B8.5mm BB12 11 38 SEI

Figure B-14 SEM pictures of LNF-91, synthesized by MNC method at the
calcinations temperature of 900°C for 5h with the magnification of
(@  x10,000, and (b) x 30,000

wen BB15 11 38 SEI

Figure B-15 SEM pictures of LNF-91, synthesized by WC method at the
calcinations temperature of 1000°C for 5h with the magnification of
@ x 10,000, and (b) x 30,000
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¥ %

lwen BB17Y 11 38 SEL X»ZB, 888 8.5wmm BB816

Figure B-16 SEM pictures of LNF-91, synthesized by MWC method at the
calcinations temperature of 1000°C for 5h with the magnification of
@ x 10,000, and (b) x 30,000

-

lwen BB19 11 38 SEI

Figure B-17 SEM npictures of LNF-91, synthesized by WC method at the
calcinations temperature of 1000°C for 5h with the magnification of
@) x 10,000, and (b) x 30,000

wen BBZ1 11 38 S

Figure B-17 SEM pictures of LNF-91, synthesized by MNC method at the
calcinations temperature of 1000°C for 5h with the magnification of
@) x 10,000, and (b) x 30,000



118

88 B.5Smm BBZZ 11 38 S

Figure B-18 SEM pictures of LNF-91, synthesized by WC method at the
calcinations temperature of 1200°C for 5h with the magnification of
@ x 10,000, and (b) x 30,000

88 @.5Smm BBZ4 11 38 S

Figure B-18 SEM pictures of LNF-91, synthesized by MWC method at the
calcinations temperature of 1200°C for 5h with the magnification of
(@  x10,000, and (b) x 30,000
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APPENDIX C

The Particle size-distribution of LNF-64 synthesized by four methods WC, MWC,
NC, and (d) MNC with the calcination temperature of 1000 °C for 5 h. Each method

run 3 time.



Sample |1D: Sample 2
Sample File; IH002_51
Sample Path: DADATASIZEVMN-HOUSEMH_51%

Sample Motes: Medium : DI water

Dispersant ; Sodium pyrophosphate
Treatment : Ultrasonic 5 minutes & Stir medium
Mote : LNF-84-WL-1000 C, 30 minutes, 30/01/51

Range Lens: 2300RF mm
Presentation: 3_BRTI

Analysis Model: Polydisperse
Modifications: None

Distribution Type: Volume

Mean Diametars;

D[4,3]= 4.46um

Size Low (um)
0.05
0.08
0.07
0.08
0.09
0.1
0.13
0.15
07
0.20
0.23
0.27
0.31
0.36
0.42
0.49
0.58
0.67
0.78
0.91
1.08
1.24
1.44
1.68
1.85
2.28
2.65
3.08
3.60
4.19
4.88
5.69

-1 I LR

ot
0.01

Malvern Instruments Ltd.
Malvern, UK

Run Mumber; 2
Record Number: 250

Result: Analysis Report

Sample Details

System Details

Beam Length: 2.40 mm Sampler; M51
[Particle R.l. = { 2.4000, 0.1000); Dispersant R.l. = 1.3200]
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Measured: Tue Mar 11 2008 3;13PM
Analysed: Tue Mar 11 2008 3:13PM
Result Source: Analysed

Obscuration: 20.0 %

Residual: 1.088 %

Concentration = ,g!wb.m Specific S.A. = 71287sq.m/g
g{; 0i1} = . G5 .76 um Div.09)= 12.73um
2)= = Uniformity = 5.121E+00

In% Size Hngh {um) ] Size High (um) Underi%
0.00 T.72 84,48
0.00 8.00 86.57
0.00 10.48 88.24
0.00 12.21 89.54
0.00 14,22 90.94
0.00 16.57 9222
0.00 18.31 83.53
0.00 , 2249 84,82
0.00 26.20 86.05
0.00 30.53 a7.15
0.12 35.56 88.08
0.78 41.43 98.82
235 48.27 899,39
488 56.23 89.78
8.32 65.51 100.00
10.93 76.32 100.00
12.45 B88.81 100.00
11.59 103.58 100.00
T.81 120,67 100.00
4.51 140.58 100.00
224 163.77 100.00
0.87 190.80 100.00
0.26 22228 100.00
0.06 258.95 100.00
0.02 301.68 100.00
0.61 7 35148 100.00
0.98 3 409.45 100.00
155 ’] CL] 477.01 100.00
2.27 1 555.71 100.00
.07 Q_}B-ﬂ 41 100.00
3z7 7B 31 54? 41 = 100.00
“‘QW’]NQﬂ?W"I’Mﬂ’mﬁ” o

90

80

70

60

Y 50

40

30

20

............. N — — e e e -
0.1 1.0 10.0 100.0 1000.0
P> Particle Diameter (um.)
Mastersizer S Ver, 2.19
Serial Number;. 32734-89 12 Mar 08 09:29

Tel:=+44] (0)1684-892456 Fax:+44] (0)1684-892789

#



Sample ID: Sample 2

Sample File: IHO0Z_51

Sample Path: D)DATASIZEMN-HOUSEWH_51\
Sample Notes: Medium : DI water

Dispersant ; Sedium pyrophosphate

Result: Analysis Report

Sample Details

Run Number: 11
Record Number; 259

Treatment : Ultrasonic 5 minutes & Stir medium
Maote - LMF-64-WL-1000 C, 30 minutes, 30/01/51

Range Lens: 300RF mm
Presentation: 3_BRTI
Analysis Model Polydisperse
Modifications: None

Distribution Type: Volume

Concenftration = 000017 %Vol

System Details

Beam Length: 2.40 mm
[Particle R.I. = { 2.4000, 0.1000);

¥ J

Dispersant R.|. =

Mean Diameters: Div.0.1) =" :04%um., 2 D5)y=""0.76 um
D[4,3]= 445um D[3,2]= O0B84um ’ Span 1.623E+01
‘1' o e T
Size Low (um) In % Size High (um) Inder% , Size Low{um}l
0.05 0.00 u.g‘a?_/ 000 BE3
0.06 0.00 0. S oo0 7.72
0.07 0.00 0.08 F = 9.00
0.08 0.00 0.09 . . 1048
0.09 0.00 0.11 2N\ A
0.11 0.00 0.13 S 5P
0.13 0.00 0.4 { 4 1857
0.15 0.00 0.17 “\S 7 1931
0.17 0.00 0.20 . 2249
0.20 0.00 0.2 “ zﬁgu :
0.23 0.15 0.27 0 ‘aos3
0.27 0.87 0.31 £ y 3556
0.31 2.48 0.36 S 41 43
0.36 5.14 0.42 S AR27
0.42 848 0.49 - sez3
0.49 . 11.00 0.58. 7 86.51
0.58 12.39 0.67 1632
0.67 11.43 8891
0.78 7.45 \0; 103 58
0.91 437 108 53.78 120,67
1.06 2.14 m £5.90 140.58
1.24 0.83 1.44 66.73 18377
144 0.24 168 8697 19080
1.68 0.05 1.95" 67.03 222.28
1.95 0.02 228 67.04 258.95
2.28 0.60 285 57.64 301.68
265 0.96 360, 68.64 351.46
3.09 1.56 360 70.17 409.45
3.60 227 419 T2/44 47701
419 3.07 488 75.51 555.71
488 3.27 5.69 78.78 647.41°
569 405 B.53 8183 75423
. FEEREE B o SO, Volume fq_'{’_}__
|.
|
m% :
1 4
nf s LSOO . R .. <SR- N ...
0.01 0.1 1.0 10.0

vern Instruments Lid.
vern, UK
=+[44] (0)1684-892456 Fax:+{44] (0)1684-892789

Particle Diameter (um.)

Maslersizer S Ver. 2.19
Senal Number: 32734-89
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Measured: Tue Mar 11 2008 3:14PM
Analysed: Tue Mar 11 2008 3:14PM

Result Source: Analysed

s"ﬁiﬂﬂg!cuhm

5000

Sampler: MS1
1.3300)

Obscuration: 20.1 %

Residual: 1.080 %
Specific S.A. = 71827sq.m/g
Div.08)= 12.75um
Uniformity = 5.143E+00

In % Size High (um) Under%
280 7.72 84.43
2.09 9.00 86.52
1.68 10.48 88.20
1.42 12.21 B9.62
1.3 14,22 080.93
1.30 16.57 9223
1.32 19.31 83.55
1.31 22.49 84,85
1.24 26.20 96.09
1.11 30.53 87.20
0.92 35.56 98,12
0.74 41.43 08.86
0.56 4827 899.42
0.28 56.23 99.80
0.20 65.51 100.00
0.00 76.32 100.00
0.00 88.91 100.00
~0.00 103.58 100.00
120.67 100.00

'I'J 0o 140.58 100.00
0.00 163.77 100.00
D.'DD 190.80 100.00
0.00 22228 100.00
0.00 258.95 100.00
0.00 301.68 100.00
0.00 351.46 100.00
000 409.45 100.00
0.00 477.01 100.00
0.00 555.71 100.00
0.00 ' 847 .41 100.00
0.00, 754 23 100.00
\0.00 \BTB.E7 100.00

d 90

B0

7o

60

50

40

30

20

e L 0

100.0 1000.0
12 Mar 08 08:28



Sample [D: Sample 2
Sample File: IHO02_51

Sample Path: DADATASIZEMN-HOUSEMH_51\

Result: Analysis Report

122

Sample Details
Run Mumber; 15 Measured: Tue Mar 11 2008 3:15PM
Record Number: 263 Analysed: Tue Mar 11 2008 3:15PM

Sample Notes: Medium : DI water
Dispersant ;| Sodium pyrophosphate
Treatment : Ultrasonic 5 minutes & Stir medium
Nate : LNF-84-WL-1000 C, 30 minutes, 30/01/51

Range Lens: 300RF mm
Presentation; 3_BRTI

Analysis Model: Polydisperse

Modifications: None

Distnibution Type: Volume
Mean Diameters:
D[4 3]= 4.44um

Size Low (um) In %
0.08 0.00
0.08 0.00
0.07 0.00
0.08 0.00
0.08 0.00
0.1 0.00
0.13 0.00
0.15 0.00
0.17 0.00
0.20 0.00
0.23 0.18
0.27 0.89
0.31 2.52
0.36 §.189
042 B8.51
0.49 11.02
0.58 12,39
0.67 11.39
0.78 740
0.91 433
1.06 211
1.24 0.81
1.44 0.23
1.68 0.05
1.95 0.02
2.28 0.80
265 0.96
3.09 1.56
3.60 229
4.19 .07
4,88

3.28
550 ﬂ

B S I

10

Malvern Instruments Ltd.
Malvern, UK

System Details
Beam Length: 2.40 mm Sampler: MS1
[Particle R.|. = ( 2.4000, 0.1000),  Dispersant R.l. = 1.3300]

Result Source: Analysed

Obscuration: 20.1 %

Residual: 1.070 %

SpecificSA. = 72003sq.m/g

D(v,08)= 12.77 um
Uniformity = 5. 150E+00

e Lo In % Size High (um) Under

6,63 259 T.72 84.41

i .‘ 2.“9 9.00 86.50

8.00 1.68 10.48 B8.17

4 1.43 12.21 89.60

i 1.33 14.22 80,93

i XY 1.32 16.57 9225

y 1.33 19.31 93.58

1.32 « 2249 84.90

124 25.20 86.14

1.10 30.53 g7.24

0.91 35.56 88.15

0.73 41.43 88.88

0.55 48.27 99.44

0.37 56.23 99.80

0.18 65.51 99,09

0.01 76.32 100.00

88.91 100.00

103.58 100.00

120.67 100.00

140.58 100.00

; : 163.77 100.00

' | 0.00 190.80 100.00

80, d 0.00 22228 100.00

22228 1'.‘r m 258,95 100.00

258.95 301.68 100.00

265 E? [ =N 301.68 351.46 100.00
409.45 100.00
aEURREhnE 2 2
555,71 100.00

75.52 555, ?1 0.00 Q) 647.41 100.00
100.00

wwwzﬁmﬁf%w fafE =
80
80
70
60
50
' 40
30
‘ 20

O "R -~ SO I SR R |

0.1 1.0 10.0 100.0 1000.0
Particle Diameter (um.)
Mastersizer S Ver. 2.19
Serial Number: 32734-89 12 Mar 08 09:29

Tel:=+44] (0)1684-892456 Fax-+[44] (0)1684-892789



Sample ID: Sample 4
Sample File: IHO02 51

Result: Analysis Report

Sample Details
Run Mumber. &
Record Mumber: 284

Sample Path: D:\DATASIZEVN-HOUSEUH_51\

Sample Motes: Medium : DI water

Dispersant : Sodium pyrophosphate
Treatment : Ultrasanic 5 minutes & Stir medium

Note : LNF-64-MWC-1000 C, 30 minutes, 30/01/51

123

Measured: Tue Mar 11 2008 3:33PM
Analysed: Tue Mar 11 2008 3:33PM
Result Source: Analysed

Systemn Details
Range Lens: 300RF mm Beam Length: 2.40 mm Sampler; M31 Obscuration; 19.8 %
Presentation: 3_BRTI [Particle R.l. = ( 2.4000, 0.1000); DispersantR.l. = 1.3200]
Analysis Model: Polydisperse Residual: 1.348 %
Modifications: None
Distribution Type: Volume Concentration = Specific 5.A. = 11.5883s0. m/g
Mean Diameters: Div,01)= D{v,08)= 557 um
D[4, 3= 1.54um D3 2= \ Uniformity = 2. 042E+00
Size Low (um) In % Size High (um Size Low In % Size High (um) Under%%
0.05 0.00 0.06 ‘ \ 63 2.41 7.72 9550
0.06 0.00 0. \ T 1.84 9.00 87.34
0.07 0.00 0.08 . . 8.00 1.21 10.48 98.55
0.08 0.00 0,08 A A% 10 L 07 12.21 99.25
0.09 0.00 0.11 A 0.42 14.22 99.67
0.11 0.03 0.13 _’ 0.23 16,57 100.00
0.13 0.27 0.3 77 0.00 19.31 100.00
Q.15 0.74 a7 0.00 2249 100.00
017 1.49 0.20 Py 0.00 26.20 100.00
0.20 259 0. 0.00 30.53 100.00
0.23 4.04 0.27 0.00 35.56 100.00
0.27 567 0.31 0.00 41.43 100.00
0.31 7.18 0.36 0.00 48.27 100.00
0.35 8.71 0.42 0.00 56.23 100.00
0.42 9.96 0.49 Y 0.00 65.51 100.00
0.45 10.04 0.00 76.32 100.00
0.58 8.89 88.91 100.00
0.67 8.7 103.58 100.00
0.78 6.50 12087 100.00
0.91 4.47 140.58 100.00
1.08 2.58 163.77 100.00
1.24 1.13 190.80 100.00
1.44 0.33 22208 100.00
1.68 0.05 1 258.85 100.00
1.95 0.00 j 301.68 100.00
2.28 0.00 B~ i 351.46 100.00
285 0.00 v K 409.45 100.00
3.09 0.36 CVI Egm ﬂ 15 477.01 100.00
380 1 12 ? 555.71 100.00
419 B4T 41 100.00
488 5 EE 00.37 847.41 £ 100.00
’QW’]N’QﬂWNW’m ET’]@ §e .
20 st N PO S et —
I 80
: 80
2 70
T 80
1DI 50
40
i o
I 20
T ]
. SERPRCr e e M R P e 0
0.01 0.1 1.0 10.0 100.0 1000.0
Particle Diameter (um.)
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Sample ID: Sample 4

Sample File: IHO02_51

Result: Analysis Report

Sample Details

Run Mumber; 11
Record Number: 289

Sample Path: D:\DATASIZEVUN-HOUSEMH_51\

Sample Notes: Medium ; DI water

Dispersant : Scdium pyrophosphate
Treatment ; Ultrasonic 5§ minutes & Stir medium
Mote : LNF-54-MWC-1000 C, 30 minutes, 30/01/51

Range Lens: 300RF mm

Prasentation: 3_BRTI

Analysis Model, Polydisperse

Modifications: Mone

Distribution Type: Volume

Mean Diametears:
D[4 3= 154um

Size Low (um)
0.05
0.06
0.07
0.08
0.09
0.11
0.13
0.15
AT
0.20
0.23
027
0.31
0.36
0.42
0.48
0.58
087
0.78
0.91
1.06
1.24
1.44
1.68
1.85
228
2.65
3.09
3.60
418
4.88
5.68

In %

0.00
0.00
0.00
0.00
0.00
0.03
027
0.74
149
2,58
4.04
5.68
719
8.72
.87
10.05
9.90
8.72
6.48
4.46
2.56
1.13
033
0.05
0.00
0.00
0.00
0.36
112
1 86

System Details

Beam Length: 2.40 mm

[Particle R.|. = ( 2.4000, 0.1000);

Concentration = 0.

D(v,01)= 0.28

D3 2]= uafr—'

Size Ha;n (um)

Malvern Instruments Ltd.
Malvern, UK

124

Messured: Tue Mar 11 2008 3:33PM
Analysed: Tue Mar 11 2008 3:33PM

Result Source: Analysed

Sampler: M51
Dispersant R.|. =

1.3300]

Obscuration: 19.8 %

Residual: 1.3485 %

Specific S.A. = 11.59445q. m/g

D(v,08)= 557um
Uniformity = 2.042E+00
Size High {um) Under%
7.72 95.48
9.00 97.33
10.48 g8 55
12.21 9927
14.22 00,69
16.57 100.00
19.31 100.00
* 2249 100.00
26.20 100.00
30.53 100.00
35.56 100.00
41.43 100.00
48,27 100.00
56,23 100.00
65.51 100.00
76.32 100.00
£88.91 100.00
103.58 100.00
120.67 100.00
140.58 100.00
183.77 100.00
190.80 100.00
: 22228 100.00
34.3? 22228 u Dﬂ 258.85 100.00
2!53 ﬂﬁ 301.68 100.00
a4, 37Q 351.48 100.00
@mﬁ'm &Eﬁ ﬂ‘ﬁ W o
477.01 100.00
585,71 100.00
87. 31 555.?1 0.00 Qa47 41 100.00
100.00
’? \*m ﬂLﬂJ ’J LRI A
Volume (% ::
90
80
70
60
50
40
30
20
' 4
Pt e S |
1.0 0 D 100.0 1000.0
Particle Diameter (um.)
Mastersizer 5 Ver. 2.19
Serial Mumber; 32734-89 12 Mar 08 09:32
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Sample ID: Sample 4
Sampile File: IH002_51

Result: Analysis Report

Sample Details

Run Mumber; 12
Record Number: 290

Sample Path: DADATASIZEMN-HOUSEWH_S511

Sample Notes: Medium : DI water

Dispersant : Sodium pyrophosphate
Treatment ; Ultrasonic 5 minutes & Stir medium
Note : LNF-64-MWC-1000 C, 30 minutes, 30/01/51

Range Lens: 300RF mm

Presentation: 3_BRTI

Analysis Model: Polydisperse

Meodifications: None

Distribution Type: Volume

Mean Diameters:
Df4,3]= 1.54um

Size Low (um)
0.05
0.06
0.07
0.08
0.09
0.11
0.13
0.15
0.17
0.20
0.23
0.27
0.31
0.356
0.42
0.49
0.58
0.67
0.78
0.91
1.08
124
1.44
1.68
185
2.28
285
3.08
3.80
4.18
4.88
560

In %

0.00
0.00
0.00
0.00
0.00
0.02
0.27
0.74
1.48
259
4.04
5.68
7.19
8.72
e.o7
10.05
2.91
873
6.50
4.45
255
1.13
0.33
0.05
0.00
0.00
0.00
0.36
1.1
1.85
2.55

Systern Details

Beam Length: 2.40 mm
[Particle R.l. = { 2.4000, 0.1000);

22228
5442 268.85

DispersantR.I. =

L

125

Measured: Tue Mar 11 2008 3:33PM
Analysed: Tue Mar 11 2008 3:33PM
Result Source: Analysed

Sampler; MS1
1.3300)

g/ cub. cm

" 10.00
000

ﬁ wﬁm%in%

9039 o B4T41

Obscuration: 19.8 %

9.00
10.48
1221
14.22
16.57
19.31
2249
26.20
3063
35.56
41.43
48.27
58.23
65.51
76.32
88.91

103.58
120,87
140.58
183.77
180.80
22228
258.95
301.68
361.46
409.45
477.01
565,71

? 41

QW’T@Q ﬂmuwrmsnw

0.01

Malvem Instruments Lid.
Malvern, UK

0.1

Tel:=+{44] (0)1684-892456 Fax +{44] (0)1684-892789

Size High (um)
T.72

Residual: 1.348 %

Specific SA = 11.5877sq.m/g
Div,09) =
Uniformity = 2.042E+00

5.56 um

Under3%
8548
97.31
98.52
99.24
98,87

100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100,00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

10 7 {00
Particle Diameter (um.)
Mastersizer S Ver. 2.19
Serial Number: 32734-89

'100.0

80

80
70
60
50
40
30
20

~1000.0

12 Mar 08 09:33



Result: Analysis Report
Sample Details

Sample |D: Sample 8 Run Number: 1

Sample File: IHDO2_51

Record Number; 338

Sample Path: DADATASIZEMN-HOUSEMH_514

Sample Notes:

Medium : DI waler

Dispersant : Sodium pyrophosphate

Treatment : Ultrasonic 5 minutes & Stir medium
Mote : LNF-84-MNC-1000 C, 30 minutes, 31/01/51

126

Measured: Tue Mar 11 2008 4.07PM
Analysed: Tue Mar 11 2008 4:07PM

Result Source: Analysed

System Details
Range Lens: 300RF mm Beam Length: 2.40 mm Sampler: MS1 Obscuration: 22.5 %
Presantation: 3_BRTI [Particle R.1. = { 2.4000, D.1W?}. Dispersant R.l. = 1.3300]
Analysis Model: Polydisperse ') // Residual: 2.545 %
Modfications: None /
"o . Result Stal =
Distribution Type: Volume Concentration = 0.0009 %Vol 2 ,=1.000 g / cub. cm Specific S.A. = 28.8927sq. m/g
Mean Diameters: D (v, 0.1) = =0 um™™ » D l‘i DISY=""0026 um Di{v,08)= 0.49um
D[4, 3]= D028um D[R 2]= _024um™ Span = 1.470E+00 Uniformity = 4 499E-01
Size Low (um) In % Sizelow(um) = In% Size High (um) Under¥
0.05 0.68 6.53, 0.00 7.72 100.00
0.06 1.27 7.72 0.00 9.00 100.00
0.07 1.85 9.00 - 0.00 10.48 100.00
0.08 2.46 10.48 0.00 12.21 100.00
0.09 3.13 12 0.00 1422 100.00
0.11 3 ;422 0.00 16.57 100.00
0.13 4.84 “ 188t 0.00 19.31 100.00
0.15 6.02 0.00 22.49 100.00
017 7.57 0.00 26.20 100.00
0.20 9.51 0.00 30.53 100.00
0.23 11.15 0.00 35.58 100.00
0.27 11.23 0.00 41.43 100.00
0.31 8.86 0.00 4827 100.00
0.36 8.02 0.00 86.23 100.00
0.42 71.67 0.00 65.51 100.00
0.49 4.99 0.00 76.32 100.00
0.58 3.28 0.00 88.91 100.00
067 1.56 - 0.00 103.58 100.00
0.78 0.00 *»¢ | 0.00 120,67 100.00
0.91 0.00 S 0,00 140.58 100.00
1.06 0.00 0.00 183.77 100.00
1.24 0.00 0.00 190.80 100.00
1.44 0.00 0.00 22228 100.00
1.68 0.00 0.00 258.85 100.00
1.95 0.00 0.00 301.68 100.00
228 0.00 . 35146 100.00
265 0.00 i %% 409.45 100.00
3.09 0.00 O I 1DO0 477.0 100.00
iﬁg g% 4'.-'? D1 i] Dﬂ 555.71 100.00
: : 7.41 100.00
488 00 S 9 on@uﬁ*- N @iz 100.00
5.60 0’00 | BB d VI 878.67 100.00
20 ) b e Volume (%) .
! a0
a0
70
! y 60
10] 50
| 40
30
20
0.01 0.1 1.0 10.0 100.0 1000.0
Particle Diameter (pm.)
Malvern Instruments Ltd. Mastersizer S Ver. 2.19
Mahvem, UK Serial Number: 32734-89 12 Mar 08 09:41
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Result: Analysis Report

Sample Details
Run Mumber; 2

Sample ID: Sample 8
Record Number: 340

Sample File: IH002_51

Sample Path: DADATASIZEVN-HOUSEVH_51\

Sample Notes: Medium : DI water
Dispersant ; Sodium pyrophosphate
Treatment : Ultrasonic 5 minutes & Stir medium
Mote : LNF-64-MNC-1000 C, 30 minutes, 31/01/51

System Details
Sampler: MS1
1.3300]

Beam Length: 2.40 mm

Range Lens: 300RF mm
[Particle R.I. = ( 2.4000, 0.1000);

Presentation: 3_BRTI
Analysis Model: Polydisperse
Modifications: Mone

Desp-amant Rl =

/
N\

Distribution Type: Volume Concentration = 0.0008 %Vol Density =1:000 g { cub, cm

127

Measured: Tue Mar 11 2008 4:.07FM
Analysed: Tue Mar 11 2008 4:.07PM
Result Source: Analysed

Obscuration: 22.5 %

Residual: 2.545 %

Specific 5.A. = 28.9120sg.m /g

Mean Diameters: D{v.0.1)= 0 tum J D (v, 0'5)=""0/26 um D(v,09)= 0.49um
D[4, 3= 028um D[E.2]= O02ium™" = 1 470E+00 Uniformity = 4 409E-04

Size Low (um) In % Size Hig;ew/ der Size Low (um) In % Size High (um) Under%
0.05 0.68 0. 663 0.00 772 100.00

0.06 1.28 0.07 T.72 0.00 8.00 100.00

0.07 1.85 0.0 9,00 0.00 10.48 100.00

0.08 248 0.09 10.48 0.00 12.1 100.00

0.09 313 0.11 12121 0.00 14,22 100.00

0.11 3.91 D. 14,22 0.00 16.57 100.00

0.13 485 0.15 1657 0.00 19.31 100.00

0.15 6.02 017 19.31 0.00 * 2249 100.00

0.17 7.58 0.2 22.49 0.00 26.20 100.00

0.20 9.52 023 425 4520 0.00 30.53 100,00

0.23 11.15 0.27 -~ 3053 0.00 35.56 100.00

0.27 11.22 0.31 5.56 0.00 41.43 100.00

0.31 9.86 0.36 .43 : 0.00 48.27 100.00

0.36 9.01 D.42 = 27 0.00 56.23 100.00

0.42 7.66 0.49 =——=E5 =3 0.00 B5.51 100.00

0.49 4.98 0.58 8551 0.00 76.32 100.00

0.58 3.27 R 76.32 [ 0.00 88.91 100.00

0.67 1.55 Q.7 88go1 103.58 100.00

0.78 0.00 g 103.58 ~ u m 120.67 100.00

0.91 0.00 1 100.00 120.67 S0.00 140.58 100.00

1.06 0.00 124 100.00 140.58 —1 0.00 163.77 100.00

1.24 0.00 1.44 100.00 163.77 J] o000 180.80 100.00

1.44 0.00 1133‘J 100.00 180.80 0.00 22228 100.00

1.68 0.00 1.95 100.00 22228 0.00 258,95 100.00

1.95 0.00 228 100.08., 258.95 0.00 301.68 100.00

228 0.00 < 265, 100.00 301.68. 0.00 351.48 100.00

2.65 0.00 309 100.00 351.46 0.00 409 45 100.00

3.08 0.00 100,00 409.45 '0.00 477.01 100.00

3.60 0.00 419 100.00 477.01 000 @y 55571 100.00

4.19 0.00 ~ 4.88 100.00 555.71 000 = 64741 100.00

488 o;g 5§59, \ 40000 84741 0.00 ) ) Orsazs 100.00

569 0. ; . 6.83 100.60 754.23 000 | HY (87887 100.00

go, = P S e —

80
80
: 70

- 60

107 S0
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20

0.01 0.1 1.0 10.0 100.0 1000.0
Particle Diameter (pm.)
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