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Abstract 

The first part of this research focused on the effects of deposition parameters for (1) BaYOzZrOP3_0 

and (2) BaY02Ce04ZrOP3_0 thin film protonic ceramic fuel cell (PCFC) electrolyte fabricated by electrostatic 

spray deposition (ESD) technique, which had advantages of easily control over micro-thick film morphology 

and inexpensive equipment. According the results of ESD on SiO/Si substrates, the choice of precursors, 

type and ratio of solvent mixture, applied voltage, substrate temperature, fiow rate and nozzle-to-substrate 

distance were all crucial factors for the film microstructure and morphology. Once these parameters were 

optimized, the thin film deposition was further performed on the anode substrates. 

Two types of anode substrates: (1) the mixture of NiO and BaY02ZrO.e03.0 at 60:40 by weight and (2) 

the mixture of NiO and BaY02Ce04Zr0403_0 at 60:40 by weight were prepared by uniaxial pressing. However, 

due to high porosity of the anode substrates, the ESD electrolytes on the anode substrates were not fully 

dense. Therefore, to solve this issue, an anode functional layer was added to the surface of the anode 

substrate to reduce the· porosity and make the surface of anode substrate smoother. The anode functional 

layer composed of the smaller fraction of NiO:electrolyte ratio with addition of 1 wt% ZnO sintering aid to 

increase the bulk density. After the ESD deposition and the co-sintering process of all layers at 1500-1550 DC, 

the electrolyte layers became dense with no pin-hole. 

Fuel cell testing was subsequently performed on single cells of PCFC using Pt paste as cathodes. 

The single cell using the mixture of NiO and BaY02ZrOe03_0 	as an anode and BaY0.2ZrOe03_0 as an electrolyte 

2
could achieve the highest power densities of 8-24 mW/cm at 600-900 DC, but the highest power densities 

2were reduced to 0.05-0.2 mW/cm at 400-500 DC. The performance test of the single cell using the mixture of 

NiO and BaY02Ce04ZrOP3.0 as an anode and BaY0.2Ce04Zr0403_0 as an electrolyte was still an on-going work. 

The results will be subsequently compared to those using BaY o2ZrOe0 3.o as an electrolyte. 
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1 
o 

'UVI'lJ1 

1.1 

L'llrl'ifL:a'flL~~'1 ~'fl 'flUmnrLU~tJ'W~~'1'11'W ~~1mj'ClHLU~tJ'W~~'1'11'WLfliJ'll'fl'lL:a'flL~~'1 L'll'W ll]L~j'L"l'W L}.J 

Vl1'W'flrl l-lj-'il L'ilVl1'W'ilrl LLrl:: 'il'iln:nL"l'W1'W'fl1n1P1Lu'W~~'1'11'W1yJyh L~tJiJ~'1'Wuj'::n'flU~1rlC1J~'fl ~L~nLm~ (LL'flL'W~LLrl:: 

LLfiLVI~) LLft::~L~n Lm1rll?! L'llrl'ifL:a'ilL ~~'1'il'ilnl'llI?!'llu~'ll'il'! LL-n'l (solid oxide fuel ceil, SOFC) LU'WL'llrl'ifL:a'fl L~~'1'llU~l-lti'l 

~iJuj'::~VlfiJl1~n1j'lU~tJ'W~~'1'11'W1yJYh~~'1 LLvliJ~'flr,hn~~'fln1j'H'flrul-l1J11~~'11'Wmj'v11'11'W (~'1nrh 700 °c) ~'1 

Lii~"l1nn11tJ11'fl'fl'fl'WcJ1'W~ L~nL m1rll?!'il'fln 1'llv1~'I-I'W1 LLrl::iJ f1'11}.J!ih'WVl1'W~'1 LLrl::fI'I1}.J"h~1'll'fl'lUDmm~~ L~nLm~ 

vl'ltJ'W n1j'~!ij.J'W1 L'llrl'ifL:a'il L~~'1'fl'fl n 1 'll 1?!~'1iJ f1'11}.J r,h dJ'W~ ~'fl'l ~n~1mj'~'Wt'u L'llrl'ifL:a'fl L~~'1 LLuu1mJ L ~'fl LLfhJC1Jl-l1 

~1'1 ~'W L~tJ Lu'Wn1j'~'Wt'UYM}.JU1'1'll'il'l~ L~n L VI j'lrl I?! LLrl::1M'~ "l~ Ll-lm::~}.J~ 1'1-1fu dJ'W~ L~nLVI j'lrl I?!LLrl::~ L~n LVI j'~ 

'11'W14'tJci'iJ LU1l-l}.J1 tJ 1'Wn1 j'U fu'fl Nl-ll;]l1 n 1j'v11 '11'W'll'fl 'I L'll rl'ifL:a'il L ~~ 'I rl '11U ~'fl ru'l-ll;] 11'll 'I 'I nrl1'1 Uj'::}.J 1 N 400-700°C 

vl'ltJ'W LU1l-l}.J1tJ'll'fl'l 'I 1'W14'tJci'''l:: LU'Wn1j'~'Wt'UL 'llrl'ifL:a'fl L~~'1 L'llnl1n'llU~tJ1LUj'{y]'il'W (protonic ceramic fuel ceil, 

PCFC) ~'11~1~ ~'fl'fl n 1'll v1tJ1LU j'{y]'fl'W}.J11~ LLVI'W'r~ ~'fl'fl n 1 'll v1'llU~ L~}.J~tJ1'fl'il n:n L"l'W1'fl 'fl'il'W L~tJ'l1'Wf)4'tJci'''l::1-n1~ VI~ L~n" , 

LVlj'lrll?!tJ1Luj'Iil'fl'W 2 'llU~ ~'fl Y- Ba(Ce,Zr)OJ_o LLrl:: Y-BaZrOJ_o ~~'Wt'u1iiiJfI'I1}.J'I-I'W1U'fltJn~1 21}.Jflj''fl'W L~'fl'll'ltJ 

L~}.Juj'::~VlfiJl1~n1 j'v11'11'W'll'fl'l L 'llrl~L:a'il L~~'1 LLiJ~'fl ru'l-l1111j'::vlUnrl1'1 LLrl::~'Wj'U LL'fl L'WVI~ LU'W'fl'fl n 1'll v1~~}.J j'::'1-1~1'1, ~ ~ 

LVltJvf'llULL~'1 mj'~'Wt'ui'W~'1'Wvl1'11'll'fl'l L'llrl~L:am~~'1 L'llj'111 n'llUVltJ1LU j'{y]'fl'W '1-11'il L'llrl~L~'fl m~'1'fl'fl n1'llifl 

LLUU LLcJ'W"l::~'Wj'u1~l-lrl1tJf)fi mVi L'll'W Tape casting ~'1f)fivl'lnrh'l~::VI'I n j''1V1 L~'1 LLrl::nfl1Cln1'Wn1j'~'Wj'UYM}.J LL!ilVl~1 
~ ~ ~ 

hj~1}.J1j'Cl~'Wt'UYM}.JU1'1j'::vlU~1n~1 51}.Jflj''fl'W1~ n1j'~'Wt'UYM}.JU1'1n~1 5 1}.Jflj''fl'W91LU'W~'fl'l1-nLVlflUfI~~tJ1mJ 

'fl1Vi L'll'W RF sputtering, pulsed laser deposition (PLD) LLrl:: atomic layer deposition (ALD) ~'1LVlflUflvl'lnfh'l 

~1}.J1j'C1~'Wt'UYM}.J~iJ f1'11}.J'I-I'W1 LLtl'W~'1 hjiJt'~~'WLLrl::~1}.J1 j'Clrl VI f1'11}.Jl-l'W1~J'fl'l~~}.J rl'llM 'I j'::vlU'W1 L 'W L}.J {Y] j' LLvl11C1Jl-l1 

~1 rltJ'll'fl'l LViflUfI~1'1~'W~'fl ~1j'LfliJ LLrl::'flUnj'nr~1-niJnfl1 LL~'1 flm1n 1j'~'Wj'U~ 'if}.J~1 LLrl::n1j'Hj'::uu~ru CU1n1P1 
" '" , ov ov 

, .1'.I~:: ~~.J' "" .1'.1 'i''' ~""'~ ~ "" .1' .1~Q'i' 1"'~""
j'::'I-I'I1-1n1j"iJ'Wt'u VI-1'W'W -11 'W'I "l tJ'W"l:: Lrl'fln'll'Wt'u LL'fl t'WVlVI'Itl'Ifi'flVl LLUUVlPlVl1-1 LVltl'I LLrl::'ll'Wt'u'flLrln tm rlIilVl}.JfI'I1}.J'I-I'W1 

U'fl tJ n ~1 2 1}.J fI j''fl'W~'1 m VI fI Ufl n1 j'UVlYi'WeJ'fl tJ ~'1tJ1yJYh~ i1 {Y] ~-11-n Lfl1'fl-1 j1 'flLLrl::~1 j'l f1iJ~ iJ n fI1 ~ n v11-11'W1~~ 

mj'mn1P1un~ LLrl::~1}.J1j'Cl LU~tJ'W'fl-1 ~uj'::n'flU LfliJ LLrl::LflN~~1-1"rlJl1 f1'll'fl-11~ "l1~~1tJ ~'1'W1~"l LLfi LVI VI~1~~'fl LL~rl 

~lT}.J L~~ I?! L'llrl~L:a'fl L~~'1 LLUU L 'll rl~L~m~l~"l ::tJ11uVI VI~'flUU j'::~Vlfim~ LLrl::1VI r11 f1'11}.J'I-I'W1 LLtl'Wf'h~-11yJYh~ 'fl,rul-ll1iJ. 
400-700°C 
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1.2 

L"i!'1'l~L:('fl m~'1 L"i!nij n'lllll?1Ulhhl?l'1l'W (PCF C) ij m:;U'l'Wn1~n1~Ln l?1uljnhn1~yhLr1 ij'lJ'fl'l L:5'fl L~~-l LL'1'l:;!l!l n;n 

LLl?1'Wi v1'1LL~l?1'11'WtU~ 1.1 L"i!'1'l~L:5'flL~~'1'l!lll?1Uij~'1l~ ~!l ~l~lH'vil'1l'Wl~~'Qru",.t;]ij~:;v1Un'1'll'1U~:;~.nru (400-700 

DC) ~'1mVl~l"'l:;'lhU'1'll?1UC1J",lJ'lVh ~ L'l!'1'l~'lJ'fl'l L'l!'1'l~L:('fl L~~'1 LLUUL~~Lm'WLL'1'lnLU~tl'WlU~I?l!l'W (proton exchange 

membrane fuel cell, PEMFC) LL'1'l:;uru"'l!lruWlijn1~vil'1l'W~~'1Ln'Wlu'lJ'fl'l SOFC 1~ 
.... , \J \I 

~..._ ... e , 

H 2 (g) ~ 2H+ +2e-~ Anode 

1H+ 1H+ 11-1+ 1 ·1 Electrolyte 

~02(g)+2H+ +2e- ~ ~20(l) 1 Cathode 

..... Ie -..,. 

~tJ~ 1.1 ~'l'Wuj':;n'flUl1ll'11'lJ'fl'lL'll'1'l~L:(m~~'1 L'llnijn'l!lll?1UllUj'I?l'fl'WLLUUL'll'1'l~L~tJ'l ll?1tlH1Zlll?1rL"'l'W LL'1'l:; 'fl'fln;nL"'l'W 

LlJ'WI'l'l!l'fln;n LLl?1'Wi 

v1'1Iii!lluU (1) PtiPt (2) PtiLaOSSr02CooleoP3 (LSCF) LL'1'l:; (3) NiO-BYZlLSCF "'lln'l1'W14'uU PCFC ~H PtiPt 

LlJ'WLLrllVll?1 LL'1'l:;LL!ll'Wl?11iiu~:;~VlfiJ11~~~~l?1 ~'fl'l'1'l'l~1~!l PtlLSCF LL'1'l:; NiO-BYZlLSCF 1?l1~~1v1U ll?1U~~'1'1l'Wl~yh 
2~-l~l?1~l~"'lln PCFC mj~Uj':;~lru 1-7 mW/cm 1'W'li'l'l'flruWlij 500-700 DC ~'1ti'fl~lLU'Wr1'l1~"''W1LLll'Wr'h~-l1~Yh~ 

\I "\I " \J 

ll~l?1'11ii Li1'W~l PCFC ~l~lHlvil'1l'W1~ lliJ1'W'll'l'l'fj ru",.t;]ij 300-450 DC Ll'1'l:;ijrl'll~"''Wl LLll'Wf)l~-ll~Yh~'1~~l?1'fl~~ 

136 mW/cm
2 ~'flru"'l1ij 450

D
C LLI1l J. H. Shim LL'1'l:;rlru:; [2] ~U~l Pt ~~'i''W~;f'Wj'u~'ltl;')jj DC sputtering ijn1~

q \I 1.1 1 11 

LU~U'WLLU'1'l'llrlN~~l'1'fltJl-lrn'lrLri'1lvil-ll'W~'Q ruWJij~'1 ll?1 mn l?1 n1~ coarsening 'lJ'fl-l Pt vil1iit~r'Wijm~lruU'flU'1'l'l 

L~ui'W~1'Wn1Hn l?1uljmtJ1~-l e.J'1'l1ii L'll'1'l~iju~:;~VlfiJ11~ n1 j'vil'1l'W~l'1'l-l 
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'11t..!~ r.ri.J~1'1 ~ t..!:B1iiL~t..!~'1 fl'J1~"h LlJt..!1t..!n1'j';ft..!tuYM~U1'1'lJ'1l'l:S L~nLYl'j'1~(;] ~'1~l~l'j'()'lhm~ ~~~'1'11t..!1~Yh 

'"llm'l!~'lfLitlL~~'11~'1lti1'1iJtli.J 100 LYh~tlCw'vlnn~l v1'Jtlti1'1'lJ'1l'lLYlflilfl'lJ'1l'l n1rnt..!'i'lfyM~tl'1ln1'l!V)LLUUU1'1~1il1t..!'11t..!~r.ri.J 
, " " 

vY'J1u11i1LLri RF Sputtering [3] PLD LL~:: ALD [2] ~'1~tl'l;ft..!tu1t..!u'j''j'mn1pf~C1JC1J1n1pf 1ii'flun'j'()rLL~::~1'j'Lfl~~~'j'1fl1 

Lm'l ~'1Y\11iiL'l!~'lfL:{'1lL~~'1~~t..!Ylt..!n1'j'CJ~(1l~~'1Ln'W1u V)'1J'W '11'W~r.ri.Jif~'1Lft'1ln1:nLYlflilfln1'j':Uvwit..!~'Eli.J~'Ji.J1~Yh~n(1l1t..!, " 

n1'j';f'WtUYl'lf~U1'1 L~n::LYlflilflifHLYii.J'I'flun'j'(1rd~i.J'I 3 ~'Jt..!'vI~n ~'1l (1) Lfl~tl'lr.i1i.J1YPfhLLN~'1 (High Voltage 

Power Supply) (2) Lfl~tl'l:UV'l~l'j'~::~li.J (Syringe Pump) LL~:: (3) t{un'i'Cw1iifl'J1~j-tlt..!Ut..!LLW'W'j''El'l (Heating Stage) 

r;)'1LLM'I1t..!'j'u~ 1.2 'flumruV)'1nri1'Jih1fl1()n ~1~1'j'()Y\1'11t..!1~~u'j''j'mn1pfun~ LL~::~l~l'j'()fl'JUfl~ LL~::LU~i.Jt..!LLtl~'1 
". \.I • 

Precursors solution 

ThermocouPI1~:§~~~5':S~U~bs:t~ra~te:J 


LiJt..!:aL~nLYJ'j'1~j;flt..! PCFC n~fl'J1~~lAC1JL'li'WL~mn'W '11'W~r.ri.J'lJtl'l K. Katahira LL~:: flN:: [6] LL~:: E. Fabbri LL'Cl:: 

flN:: [7] ~Utj1 f~V)~L~nLYl'j'h(;]'l!ilV'I Y-BaCe03 ~rh~m~n1'j'"j1LU'j'(1l'1lt..!1~~'1ntj1 Y-BaZr03 LV'li.J~~1l1~n1'j'"j1 

LU'j'IiI'flt..!'lItl'l BaCeOg.•Zr.YOP3./i LL~:: BaCeos.•Zr.YOP3./i ~ri1'ClVl'Cl'l L~'1l"h x L~~;ft..! LL(;j'1lti1'1hnIil1~ Y-BaCe03 ~ 

UC1J'vI11t..!n1'j'Y\1'11t..!1t..!u'j''j'mn1P1~iJ CO2 L~nd1 Y-BaCe03'"l::Y\luBmmnu CO
2 

LnV'lLUt..! BaC03~'1~'1CJ'Cl1ii1~V) 

Jt..!~A1~1l1~n1'j'"j1LU'j'(1l'flt..!~~1~'1 K. Katahira LL'Cl:: flN:: [6] LL'Cl:: Y. Guo LL'Cl:: flN:: [8] ~Utj1 Y-BaCe0
3 
L~!1 

-... .",. q .."J..",..J' ~ 
CJ~~'j''J~nu Y-BaZr03'"l::~fl'J1~L~()i.J'j'1t..!u'j''j'i.J1n1pfYl~ CO2 ~ln'lJt..! LV'li.JL~tl BaCeO.9_.Zr.YOP3./i LL'Cl:: 

BaCeos.•Zr.YOP3./i ~ri1 x 2 0.4 '"l::~~hJ~n1'i'LU~i.Jt..!LLU'Cl'lLflN~j-1'1L~~;ft..! t..!'1ln'"llnif '11t..!~9i.J'lJ'1l'l J. Lv LL'Cl:: 

flN:: [9] 1~YlV'l~'1lu~m~n1'j'tJ1LU'j'Iil'1lt..!'lJ'1l'l:SL~nLYl'j'1'Cliil'l!ilV'I BaCe04SZr04SMo,03./i LV'li.J~ M = In, Y, Gd LL'Cl:: Sm 

LL'Cl:: CJ~n1'j'YlVl'Cl'fl'lLL~Vl'ltj1n1'j'H Y LUt..!~1'i'L9'fl'"l::y'h1ii1~V'I~~m~n1'j'"j1LU'j'Iil'1lt..!~'1~V'I, " , 
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~'IlX'W 'I1'W'l4'tJif~'IL~tm1M'~(;)~L~nLYJj'1~lJl2 "ililril~'El BaY02ZrOa03.0 (BYZ) LL~:; BaY02Ce04ZrOP3.0 

(BYCZ) 1'~rilLL'ilL'Wril'"l:;LI'l1m-lr.nnn111:,J~~ NiO L~1nu1'~ril~L~nLYl11~lJl~1'1~'W LL~:; ;f'WnJLU'WLL~'WLriltJn11'flrilLLUU, 	 , ~ 

~'lmYH'lilr1n11~rilYi'WeJ'iltJ ~(1tJ1WYh~C11'l1~jj rYl1~VI'W1tJ'iltJn11 5 1~ fl1'i1'W LL~:;1~ LL'Yi~ ~tr~ L'Yi~ lJlY11U'W~'lfln ~1'W'lJ'iI'I~ 

L~nLml~lJld:l'WLLflLYlril L'l!~ftL~t:lLYift'l L'l!~ftL~tJ'l~1~'"l:;,j1hJYlril~t:lUlh::;~YlfirnYi n11vi1'11'W~~ruVl1Jih:;~u n~1'1 (400­

700 °C) LriltJ1:nl~Lril1L'"l'WLu'WL~mYi~'ILL~::;'iI'Eln'DL'"l'W Vl1'El'fl1n1PiLtil.iI1i''l'il'iln'DLL(;)Wn 

1. 	 L~'iI;f'W~ LL~'W1'i1'1lYic'WLriltJH1'~(;) NiO- BYCZ LL~::; NiO-BYZ ~jjrYl1~ LL~'I LLN LL~::;'ll'lm~'IU~mm~ LL'iIL'W(;)1~~ 

2. 	 L~'fl~n'l)-1U'"l4'tJ1'Wn11:['WluLL~'W BYZ LL~::; BYCZ ~L~nLYl11~lJl~jjrYl1~VI'W1~1n11 5 J.lm ~'lmY1flilfln11~rilYi'W 

eJ'fltJ~'ltJ1Wyh~1i1'l 

3. 	 L~'f)~n'l)-1 LL~:;Ylril~'f)UU1:;~YlfirnYin11vi1'11'W'lI'f)'I L'l!~ftL~'f) LYift'l L'l!11iJ n'llil(;),j1LU11'l'fl'W~jj NiO- BYCZ Vl1'fl NiO­

1.4 

~ ~.J'" ~ .J' • I .. oJ' ~ ~ ~ • 'I. I 'I": oJ' • I • 
'I1'W'l'"l tJ'W'"l:;L'W'W n11n n'l)-1n11'l1'Wlu L'l!~~ L'Il'fl LYi~'I L'l!n~n"il'W(;)'W1 ~u11'l'fl'W ~(;)tJ L1~'"l1n n11'lJ'Wlu LLI:,J'W~'iI'I 

LL'flL'WrilL(i)tJrrfin1~'fl(;) LLUUV; PiYl1'1 L~tJ'l '"l1 m!'Wvi1 n1~;f'W~u~ L~nLYl11~ lJl~l'ltJ LYl flilfl n1~~(;)Yi'WeJ'fltJ~'l tJ1WYh~C11'l L(i)tJ 
~ 

LL~:; (2) 1'~(;)LL'iIL'Wril l\JiO I:,J~~ BYZ LL~:;1'~Vj~L~nLYl~l~lJl BYZ L(;)tJ:n"'W'I1'Wvf'lVl~(;)1:0 LLYi~~tr~LYi~ lJlLU'WLLflLYl(;) '"l1mX'W 


L'D~ftL~'iI L'Yi~'I L'll~1iJn'llil(;),j1LU~I'l'il'WLLUUL'll~ftL~tJ'l~1~'"l::;,j1lUYl ril~'f)u1'(;) rYl1~VI'W1 LLU'W1i1~'IlW~1 LL~:;tJ ~:;~Y1fimYi 


1.5 

n1n~~u~:;~YlfirnYi'lJ'iI'I L'D~ftL:f'f) LYift'l L 'llniJn'llilril,j1LU11?1'f)'W~1m~nvi11~ ~'ltJ'lfiVl~n1 vl'lI?i'illtJif (1) ~(i) 

rYl1~~1'WY11'WLU~I?1'f)'W'lJ'f)'I~lL~nLY1~1~lJl LL~:; (2) L~~'fll?1nn1~LnrilU~mm~~L~nLm(;) ~1V1funnnLLm '"l1n~11I~ 
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.e ," 'i'. I ~ "'i' 1 !'I" 'i' ..:, 0 'i'. IR =- L~1~1l-llnl'i"l!1lmr1')1l-l1il1\JY11\J~u~liltl\J'lItl'ltlL'i"ln ~YJj' 'i"l1il~!1l ~!1ltlm~L~l-lm (J (Ml1~m~\J1 ~u~Iilt:l\J) LL'i"l:: 
crA 

'i"l!1lr1')1l-lVl\J1'lJtl'lti L~nLVI~l'i"l ~ ~'l1\J'l1\Jfjr.itltl"l::L~l-ltJ~::~Vlfi1l1yj'll'eNti LftnLYJj'1'i"l~"I1 nvf'l 2 fjfi~l'l~\J ~tl mn~t:ln 

i~!1l~j'jrh (J ~~'l LL'i"l::yjt.l1t.11l-l 'i"l !1lr1')1l-lVl\J1'i"l'lL!1ltl1~LV1 f1Ur1n1~~!1lyJW.Jt:ltl ~'l til'I'lYh~C1 1Il~'l~ll-l1~Cl:t\J~tJYJ~l-l~j'j, ~ ~ 

"11 n n1~tl!1l LLUuVi PlVl1 '1 L~ t.I'l LL'i"l:::t\JltJ~ L~n L VI~l'i"l ~U\J LL~\J~'eN LLtl L\J!1l \J'1l n "I 1ntl n 1 n ~ l-ltllil ~1m nn !1ltJ!jmt.l1u\J 

LLfi LVI!1l LL'i"l:: LLt:lL\J!1lL!1ltl mn~t:ln1~ lii'ld'ltJ!jmt.l1~'Il'lti d'ltllllnm~Ln !1ltJ!jm-t.I1~.ff''l ~'ln~l'l~'lj'j~'l\J~l f'iCl! ~'l"l::1\J 

'll\Jfjr.itlif"l::l~LLyj'i"l~,rl-l L~~~dJ\JI?T'l L5''ltJ!jmm~ LLfiLVI!1l LL'i"l:: Ni LtJ\J(J]')d'ltJ!jm-t.I1~ LL'1l L\J!1l L!1ltli~~vf'l~'1l'l'llU!1l1~j'j 

n1~Pl m~nl-l1ri'1l\JLL~'lt)1 L u\J(J]'l L5''ltJ!jmmmmliln 1?T'l'lJ'1l'l Ph'll LL'i"l::LL'i"ln LtJ~tI\J~ Lft n lIl~tl\J~~u\J.ff'l1'I'lYhvf'l~tl'l 

tJ~::LtI'lltJ~f11!1lt)1"1::lM1J"I1n'l1\J~r.itltl~t:lt:l'l rlr1') ll-lj-~~ll-llnl~1ltJ1il~~\J1L'1l'i"l~L:['1l L~~'l L'1l ni1 n'llU!1l~l 
~ 

LtJ~IIl'1l\J1i1j'jtJ~::~Vlfi1l1yj ~~'l:t\JLL'i"l::'i"l!1l'1l ruVl1Ji1 mn11'l1\J'lI'1l'l L '1l'i"l~L:['1l L~~'l'i"l'l1\J'Il'l'l'1l ruVl1Ji1'i'::~un 'i"l1'l L!1ltl r1')ll-ll 

"11 n n1~~jij.J\J1L'll'i"l~L~t.I'ltl ~1l-J1~Cl~lltJ1~ tJi'1ltltl!1l1\Jm~~[;J.J\J1 L'1l'i"l~L=[tl L~ ~'l~~1l-l1~Cl1i1ri1~'l1'I'ly.h~ ~'l:t\J L~ '1l LU\J 

h'l'll\Jl'1'lyh Vl1'1l1il1\J!ltJ mru1'I'lyhtJi1'l11\J'1l\J1f111l \J'1ln"llntlLm'lm'i'~r.itltlu'l'll'ltl~j-1'l,rnfjr.it.l1.fiCl!Cl!1LVI LL'i"l::1Il1t\J 

1Vl lJ1iIL~11"1n1~v'h'l1\J n1 ~:t\J~tJ LL'i"l::n1~~[;J.J\J1tJ~::~Vlfi 1l1~'lJ'1l'l L'1l'i"l~L=[tl L~~'lL'llni1 n'llU!1l~lLtJ~Iil'1l\J~ n ~'ltl 
" 
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2 

"" .1" "". ~ .J'.ILlilj'tll-Jtlum'ruLL~:;~Ij'Lrll-J~I~j'Un1rJJ'Wlu BYCZ LL~:; BYZ 

~m~n (;]') LLtlj'11h'l1~~'Ic.J~ [;JtI n1j':n'Wltl~,m~hl my; L'll'W fl ru~J;]~U'WLL~'Wj'll'l 'Dil!1l'll'fl'l (;],)l11 

~:;~It1 L!1Itln1j'yl!11~'fl'l:n'Wltl BYCZ LL~:; BYZ ~'IU'WLL~'Wj''fl'l SiO/Si ri'fl'W 

lil1,)"~t1ULrlN~~I'1.,~mrl'lltl'l~L~nLVlj'1~1Jft)lilhh'fltl~ LL~:;i'l r1')1l-J~'WI~lnt)1 21).Jrlj't1'W 

2. Llil1t1).JLL~'Wj''fl'lLLtlL'W!1I~i'lr1')Il-JLb~'ILLNLL[;Ji'llY1~'W~'I ''In NiO c.J~l-J BYCZ LL~:; NiO c.J~).J BYZ LL~:;:n'W 
ltl~ L~nLVl11~ 1Jf~'IU'W LL~'Wj''fl'l LLtiL'W!1I~I'1 ~'W 

Llil1t1l-J BYCZ LL~:; BYZ ~,)tlf)fi Solid state reaction 'IIt1'1c.J'I'fltln1'l!111[;J'fl1tlU BaC0 Ce0 Zr0
3 2 2 

YP3 L!1ItI ~1'U')ru~!1I~,)'W1~1~lilll-JtI'I rftl j':;ntlULrli'l'lltl'l~I~I'1 ~'W 


c.J~l-J NiO L~lnu BYCZ ~1'fl BYZ l'Wt1J;]n~')'W 60:40 L!1Imrl~tJn~')tlfjfiUtI~~~~ 


t1!11c.J'ItI'fln1'i1I11'11'fl'l NiO c.J~l-J BYCZ LL~:; NiO c.J~).J BYZ LLUUY;P\V11'1b~mdJ'WLL~'Wj't1'1LL'flL'W!1I~i'l 


L~'W~11'!l'W6n~I'1 1.3 'l!).J . LL~:;i'lr1')Il-J~'Wltlj':;l-Jlru 1 l-J).J. 


:n'Wj'tl;;) L~nL m 1~ 1Jf~'IU'WLL~'Wj't1'1 LL'fl L'W!1I~')tI LVI rll1r1n1j';;)!1IY-i'WtJtltI ~,)tJ1~yh~OlilL!1ItJn1j'1~ (;]')

" 

LLtlj'~1~).JI"lni'W~ 1 


1Jjj")"~'flULrlN~~I'1"~mrl'lltl'l LL'fl L'W!1I LL~:;;;) L~nLm1~ IJf
, 

3 . 	 VI !1I~'flutlj':;~VlfimY1'11'fl'l L'l!~~L;f'fllY1~'IL'l!j'I~ n'llil!1ltllLtlj'J;]t1'WL!1ItJ nij'H bLY1~~tJl-J LYI~ IJfLiJ'WbLrI LVI!1I 

VII LLY1~ ~tJl-J LYI~IJf~'IU'W~,)~ L~nLVI 11~ J;]l'W~I'WlilN~I).Jnu LL~'Wj't1'1 LL'fl L'W!1I 

VI !1I~'flutlj':;~VlfimY1'IJtI'I L'l!~~L~fl LYI~'I L'l!j'I~ n'Dil!1ltllLtl j' liltl'WL!1ItJ n1 j'1'!11 I-V 'II'fl'l L'l!~~1'W'll')'1 

flru~J;]~ 400-700 °c 

LL~:;1'~!1ILLvI'I'llI~ (MTEC), 

1.1 c.J'I BaC0 (MTI Cor.) 3 
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1.2 	 CJ\I 8 mol% Yttria stabilized zirconia (MTI Cor.) 

1.3 	CJ\I Y2·03«50 nm MTI Cor.) 

1.4 	 CJ\I NiO (Aldrich LL~:; MTI Cor.) 

01.5 	 CJ\I BaCI2 2HP (Aldrich) 

1.6 	CJ\I Ba(C2Hp2)2 (Aldrich) 

01.7 	 CJ'l YCI3 6HP (Aldrich) 

1.8 	CJ\I Y(C2HP2)3oxHP (Aldrich) 

1.9 	CJ\I Zr(CSHp)4 (Aldrich) 

1.10 CJ\I Ce(CSHp)3oxHP (Aldrich) 

1.11 Isopropanol (QReC) 

" 
1.12 De-ionized (01) Hp Vl1'fl -til 01 

1.13 Diethylene glycol butyl ether (Butyl carbitol) (Aldrich) 

1.14 Ag LL~:: Pt pastes (Heraeus) (lMU'fl'WLf1r1::,x1'Ml"l1n i1lj'. ~ij{lm "lj'~h"ltJn~ LL~:: i1lj' . vh-J'vn ~).JYl'fl\ln~
" """ 	 " 

l"I'WULYlf1L'WL~m~VI::LL~::1'~i1l LL"'\I'll1~)
~ . 

1.15 Ceramic seal (Ceramabond 522) 	(lMU'fl"4Lf1j'1::,x1'~"l"l1n i1lj'. ~ij(i]j'1 "lj'~h"ltJ~~ LL~:: i1lj'. ~).JY;1 ~).J 

Yl'fl\ln~ l"I'WULYlf1L'WL~tJL~VI:;LL~::1~i1l LL"'\I'll1~). 	 .~ 

2.1 	 Lf1i'fl\lU'fl~ij~ft (ttJ~ 2.1 ~1t.1) (H'lJ'li1l high-density polyethelene LL~:;~nUi1lL'll'flHf1Lilt.I'!J'W1i1lL~W.h'W 

l"I'Wun~1\1 3 Vl1'fl 5 mm) (I11f1;"j'll11'~i1l1"11~l1lf f1ru::;"jYlmI"l1~(i]f "l~1'1)
~ . 	 . 
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Scanning Electron Microscopy (SEM) equipped Energy Dispersive X-ray Analyzer (EDX) (Lri'~'tl'lT'W JSM-

o ..i 
6480LV, JEOL 'V11'11'W'V115-20 kV) 

4. 	 Lf'litl'l~tl1Lf'lj'1:;~L~~ ~tl 

X-ray diffractometer (XRO) (Lf'litl'lT'W Bruker AXS Model 08 Discover, 0-8 Advance lU~ 2.2) 

'iuvl 2.2 X-ray diffractometer Bruker AXS Model 08 Discover, 0-8 Advance 
OJ 

5. 	 Lf'litl'l~tl~l'j,\-rU:Ui?iyJ'Wt.JmJ~')tJ1,~yh~(\ l'1 

Lf'litl'l:n'WlurhhJU1'1 LL1JUyJ'W~tltJ~,)tJ1~yh~(\l'11Jj':;ntlU~,)tJ (1) ,jl-J:Ui?i~lj'i'l~'W (2) Lf'litl'lr.lltJ1~LLNv1'W~'1 LL~:; 

(3) Lf'litl'lliif'l,)ll-J~tl'WnULLcJ'Wj'tl'l LL~i?i'lv1'1j'U~ 2.3 
~ 
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6 . Lfi~,tl'l;:Jtl~Vnwnlj'~n1:fln1j'l1l'1l'W'lItl'lL'llf1~L:t'1lL~~'1 (Fuel cell test station) lh:::n'1lu~htJ 3 ~'l'W~lriCl!~'1l (i) 

~,)'WLlilltlU~1,..,fu1i1fl')1l-Jj-tl'Wnu L'llf1~L;f'1lL~~'1 (Carbolite 2416) (ii) 5'1 nl'll LL'Cl:::Lfi~,tl'lfl')uf\l-J fl'lll-Jv1'Wlhn LLf1:::. 
(iii) Lflitl'lr)(ilLLNv1'WlyjW1LLf1:::fl,)1l-Jliil'1PTn~'lI'1l'lL'llf1~L;f'1lL~~'1 (electronic load, Chroma 63030 LLf1::: multimeter, 

Fluke 189) v1'1LL~(il'l1'Wttl~ 2.4 (flru:::~:'j~tJ1MUfl')1l-J'1l~Lfln:::lfLfli'1l'l;:J'1l'"lln (ilj' . ~)j(;)n '"lj'~Lj''"l,rfJf1 ~'Wu 

LYlflL'WLf1mf1"":::LLf1:::r)~,,! LL'\.-I'I'lll~) 

Ptwire -­

Air 
inlet 

I 


Single cell 

Pt mesh~~H;iiiiiil~L-seal 

Tube furnace -­

Alumina tube 

H2 Inlet ..;I" 1+ H20utlet 

Yi'WcJtltJ~')tJ1yjWl~~ Iil 

2. L1iI1tJl-Jfl,)1l-J~j-'1ll-J~1'W~1j'Lfli'lLL'Cl:::'tltlnHlr~1""fUn1j':n'Wttl BYZ LLf1::: BYCZ ~'lmYlfl{jfl 
n1j'iU(ilYi'WcJtltJ~')tJlyjyh~~1il ~l,..,fuLLr.i'Wj'tl'lLL'1lL'W(11L1iI1m-Jc.J-.l NiO BYCZ LLf1::: BYZ 
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n1~~v1YiU~tliJ!~biJlyjyh~(1!1l 

1. 	 ~m~n!1l,) LLthtJil'l1 tllViL'llu 'elru'l-1f1~ LLcJU~'el'l 'lIlJV1'lltl'l!1l,)'r11-tl::f11iJ ~::iJ::lAl'l~::W)l'l~,)L~J-J, " 
Ci'l LLcJU~'el'l ~51~f1tJi'elLr1N~~l'l'lltl'l~~J-J:a L~ nLmlf1vl LV1iJJJ'lWr'lliil~LLcJu:aL~nLYl~lf1vl~51, 

~ ~ 	 ~ 

- "lJU'VI 3 ~~'fIU 1 0 LI;)1iJJ-JLLcJU~'el'lLL'elLUV1LV1iJ%n1~!lV1~UlthLUUYi~Yll'lL~iJ,) 

1. 	 LI;)1iJJ-J~'l BYZ LLf1:: BYCZr,nnn1mr1f11'lll1~'l'el'elnl'!1v1'll'el'l BaC03 Ce02 Zr02 YP3 lu 

~V1~,)U~L'I-1m::'i'lJ-J 

2. 	 ~~J-J NiO: BYZ'I-11'el BYCZ lu!l(1]n~')u 60:40 LV1mfl'1-1lJn LLf1::~l~'l~l~~'i'lWluLL1J'l 10% 

LV1mfl'1-1lJn 

3. 	 ~Ul1.JLLcJW'el'l LL'el LUV1 LV1iJ n1 ~tlV1 LLUUYi ~vn'lL~iJ')liil~ LLcJU ~'el'l~il'jJU1V1LilucJl ~UUnf11'l 
th::J-Jlru 1.3 J-JJ-J . LLf1::r1,)lJ-J'I-1Ulth::J-Jlru 1 J-JJ-J. (,fl'1-1lJn~'lth::mru 0.5 nfJ-J) 

4. 	 ~mnLm'l~~l'l'f1m r1'lJtl'l LLcJU~tl'l 

~ d 
- "lJU'VI 

ufuU1'll'lrum'{j'lltl'l:BU'llU LLf1::11D LL'{jf1~lJW'{j~vlLUWLr1LYlV1 

1. 	 ~u~u:aL~nLYl~lf1vl'!llJV1 BYCZ LLf1:: BYZ ~')mYlr1lJr1n1j'~V1YiUeJ'eliJ~,)iJlyjyh~Ci(1]f1'lUU
" 

LLcJU~'el'l~~~l'l~"ulu.ffu~ 3 

2. 	 !1l~,)"l~tlULm'l~'il'l'f1mr1'll'el'l LL'el LUV1llf1::ii L~nLYl~lf1vl~l~ 

3. 	 UfUUN r1 ruf11'{j'lJ'el'l:BU'llUliiil~J-Ju~ !1l1J-J ~'el'ln1 miu ~ L~nLYl~lf1 vl~tl'lilr1,)lJ-J'I-1Ul LL'lju~'l, , 	 " 

hlil~'{jj'u" , 

~ d 	 J 
- "lJ'U'VI 5 ~~'fIU 17-18 YlV1~tlU'{j~'l'llUlyj~l'll'el'lL'!If1~L'lI'elL'{j~'lL'!In~n'lllJVl~lLU~(1]tlU 

1. 	 ~lL'!If1~L;tlL'{j~'lL'!If1~L~iJ')~l~YlV1~'elU'{j~'l'llUlyj~lLV1iJn1~1'V1ril I-V 'll'el'lL'!If1~L;'elm~'l 

lu'll,)'l'elru'l-1f1~ 400-700 °c , " 
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..r ftl..... .... <:Z 'i' '1 d' •

3.1 ~~m1l'll'W~'U'J~IPl'fl L~m b'Vll b~ In BYZ LL~:: BYCZ 'IJ'W LL~'Wl'fl.:j SiO/Si 

f'lru~Mr.rtJ1~'il'ilmLUUn1~Yl~~'il'l L[;11mJ'ilunnw (~U~ 3.1) LL~ ~~lnf'li1~IV1fUn1~:n'W~lJYJ~l.J1JI'l BYZ LL~~ 
'U , 'lI 'iI 

BYCZ ~'lmYlf'lijf'ln1~~~Yi'WeJ!)tJ~'ltJ1Ylyh~[)1J1 LL~~v'hn1~Yl~~'il'l:n'WlUYJ~).J BYZ LL~~ BYCZ ~'lU'WLL~'W~'il'l SiO/ Si 

(LL~'W~'il'l Si ~i1.ff'W Si02VI'W1 700 nm U'We1'l) 1~tJ1:n~I~~'l~'W BaCl2"2Hp. YCl3"6Hp LL~~ Zr(CSH,o)41'Wnl~:n'W 

lUYJ~).J BYZ ~1V1fuYJ~).J BYCZ "l~:n'Wlu1v1tJH~I~~'l~'W 2 'Q~ ~'il (1) BaCl2"2Hp YCI3"6Hp Zr(CSHp)4 LL~~ 

Ce(CSHp)3"xHp LL~~ (2) Ba(CsH,02)2 Y(CSHP2)3 Zr(CSH,02)4 LL~~ Ce(CSHp2)3"xHp ~1~~'l~'Wvi'lnrh'l 

~~~ltJ1'W(;hVh~~~ltJr.J~l.J'lJ'il'l butyl carbitol LL~~JI 01 "llmr'Wv'hn1~~m~IU"lr.rtJvll'l1~~'lr.J~vl'il1f'1N~'j-I'l"l~mf'l 

'lJ'il'lYJ~).J 1~LLri 'ii[;1~I~'l'W'lJ'il'l vi'lv'h~~~ltJ 'QruVl]Ji1'lJ'il'l LL~'W~'il'l'lJru:;~~Yi'W f'I'lll.Jvll'l P1'mh~whl,r'l L~).J LL~:;LL~'W~'il'l 

'ii[;1~n1~~~'lJ'tl'l~I~~:;~ltJ LL~~~~tJ:;"'I'l~~Wll'l,r'lL~).JLL~~LL~'W~'il'l 

~tJ~ 3.1 llumru~IV1fu:n'WlUYJ~).J~htJf)fi~~Yi'WeJ'tltJ~'ltJ1YlYh~[)[;1 U~~n'ilU~'ltJ~'l'W'lJ'il'lLf'l1'il'l~~~I~~~~ltJ ,r'lL~).J 

Lf'l1'tl'l1iif'l'lIl.J'j-'il'WLLri LL~'W~'il'l LL~~LI'l1'tl'lr.iltJ1Yl LL~'lvi'W~'l 
~ 
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LL'i'l~'1lw[;l1n'l~ 3.1 L~tJmmJ~tJ'W'i1rul-1.1;]~'II'fl'lLL~'W:i''fl'l1'W'll')'1 200-350 °c c.J~m:i'Y1~~'fl'l~1~LL'i'l~'11'WltJ~ 3.2 

Lti'fl'l91n~'i1rul-1.1;]~LL~'W:i''fl'lLYhri1J 200 °c !lrul-1.1;]~U'II')'1~ln~l'~L~'fl~'II'fl'l butyl carbitol ~'1LYhri1J 231°C vh1ii 

'El(il:i'lmn:: L l-1tJ'II'fl'l I?l,)Vi l~::m tJ ~1 l-1tJ V1'11 'fl'l 'i'l1:i'~ ::~ltJ~ (il n~'11J'WLL~'W:i''fl '1U'I1') 'I i:l I?l')Vi1~::m tJ c.J'i'l ~'fl tJ1'Wmmrumn. 
Vi11iiyM~~1~hJi:lm1~(;]mti'fl'l (ltJ~ 3 .2 a) L~'fl'i1rul-1.1;]~LL~'W:i''fl'lLYhri1J 250 °c ~'1~'1n~l'V1L~'fl~'II'fl'l butyl carbitol 

L~nU'fltJ fl(il:i'1 mn::Ll-1tJ'II'fl'l I?l')Vi1~::~ltJi:l f11 Ll-1 ~1::'i'l~ l-1tJ ~'II'fl'l'i'l1 :i'~::~ltJ (il n~'11J'WLL~'W:i''fl'l9 ::Lii ~ mnL~m::91tJ 

1?l,)'fltJ1'1'i'l~1.Jmr Vi11iiLn~Yl~~~i:lm1~(;]'flLti'fl'lLL~::1'),)1~l-1'W1LLl1'W~'1 (ltJ~ 3 .2 b) LL~::~!lrul-1.1;]~ LL~'W:i''fl'lLYhri1J350 

°c ~n'IYru::Yl~l.J~1~tJ:i'::n'fl1J~,)tJ'fl'W1l11')'II'W1V1L~m')~I?l')ri'WLU'Wn~~LL~::1lJi:lm1~LU'WLcl'm~tJ')ri'W (:i'tJ~ 3.2 c) i'lif. . . 

~'1 c.J~1iil-1tJV1'11 'fl'l'i'l1:i'~ ::~1m::Ll-1tJ LLii 'I 9 'Wl-1 ~ ~ r1'fl 'W~9:: (il n~'11J'W LL~'W :i''fl'l vl'lJ'W n1j'~ n'IY11?l,) LL tJ:i'~'W1~i:l tn'flLI')N'i'l~l'1 

9~1l11')'II'fl'lYl~~!?l'fl91n\l9::L~'flnH'flrul-111~LL~'W:i''fl'lLYhri1J 250°C. , . 

'iU;\ 3.2 LI')N'i'l'f1'19~1l11'1'11'fl '1Yl~~1J1'1fl (ilLY11tJ~L~tJ LL1J~tJ~L'l!'flfll') L'W(il~"'W j'tJL~tJi:l'fl rul-111~ LL~'W:i''fl 'I (;]1'1 ri'W (a) 200 
cu" \,I "" 

°c (b) 250°C (c) 350 °c 
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Pi'n6~~'\..d1'llX'lii.~ llri~.s1'W~'tl'l~1nr)1 10 kV rl'l1}'H'h'lPi'ntJl}.hYltJ'l'Yi'tl~'"l~Yi11~~1~ri~ri1tJ Ill,1n t?l'l'tl'tl mn dJ'W~tJ ~'lJ'tl'l 

~1~ri~mtJ'lJ'W1~Liln1~ LL(1]L~'tlU'tl'Wrl'l1l-J(1]1'lPi'ntJ1~mn'W'lI'l'l 10-12 kV LLNY11'l1yjyhv'h1~~tJ~'lJ'tl'l~1~ri~ri1mL(;lnt?l'l
~ 

'tltl n L t1'W~E.J~'lJtl'l~1~ri~mtJ'lJ'W1~ Liln LLri~(;l nri'lU'WLL~'W~'tl'l~'lm~E.J~L'lri1~ l~ l-J1~~l-J «m~ru~yj~l-J~1~ il f1'l1l-J~'W1llkl'W 

~'l hiiil'Yir'W LL~~'ll'WlU~ 3 .3 a LLri~ 3 .3 b Ll(1]l~'tlL~l-JfI')1l-J(1]1'lPi'n6~~~r)1'l,x'lii.~llri~.s1'W~'tl'l1U'"l'WCi'l 15 kV 'YiUr)1 

yj~l-JLn~~'tlml(;ln LLri~il'tl~1l1f1'lJ'W1Vll~CY~~~l-J'tl~u'Wi'W~'l (lU 4.6 c) ~'ln1~HfI')1l-J(1]1'lPi'n6~~'lLn'W1u'"l:;Yi11~lnVl 

LL~'lY11'l1yjyh~'l ~'l L~m'll-J L~1 rlULINtiJl-J ~'l'l'"l ~Yirll~~tJ Vl'lJ'tl'l~1~ri:;ri1tJ LfI~'tl'W~1U~'l LL~'W~'tl'lmh'l~'l ~ L~'l t?l'lvh. 

,"", .' -~ , " 
(a) k ...' £'• 

" , 

" 


~ ~. .,. ~ !" 
.~ . 


: .' ~
'" 
' .. ' ~,' 

~i::'~~~ .'. ~' 


f "
j 
" .. 

tt 
: ". 

... 
, 

; . , -2 IJrn f' : 
'.. " 

.. 
(b) 

, 
, 

..,-2 IJrn 

",i'i""-,­
(. ,. r"I 0'(C)"t (1 -, 

. 
\ 

J. " 
I...( <>':'..,/ ./'" ~ 

, ~/ ·C~.'~-:' .~~ .f 

,,(
f 4 -1~' 'I --' \ ~> 

/"" " 

r 
.,-j 

~ , -2 IJrn , .{, 

';ltJ~ 3 .3 Lm'l~j-.1'l'"lri1l1 f1'lJ'tl'lyj~l-JU1'l~ (;llY11tJ l-JLVlU LLU Lj-.tJl-J L'll'tlflfl L'W(;l~:['W~UL~ tJil rl'l1l-J 1?l1'l Pi'n6~:;~r)1'l,x'lii.Vl LL~~ 
~, . 
~1'W~'tl'l1?l1'ln'W (a) 10 kV (b) 12 kV (c) 15 kV .... 

~m.ILL(;ln r;l'lLL~~'ll'WlU~ 3.4a LLri~ 3.4 b LlI?lL~'tlL~l-J!l(;l~1n1~1~ri'lJ'tl'l~1~ri~ri1tJ~'l~'W1u'"l'WCi'l 4.2 l-Jri./'lll-J, 'YiUr)1 

~'ifl-Jhiilrl'l1l-J~~1L~l-J'tl LLri:;hiLtI'WLd'tlL~mn'W (~U~ 3.4 c) L'Yin:;'U:;,r'W!l(;lnn1~1~ri'lJ'tl'l~1~ri:;ri1t1~'l~'W~
" 

L~l-J1:;~l-JLlrin1~'W~UYJ~l-JU1'l~lLilnLm'1rimVltJn1~ii.~vi'WcJfJtJ~'ltJ1yjrh~C1(;l~'lfJti1'W'lI'l'l 1.4 O'l 2 .8 l-Jri./'lll-J .. . 
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q 1.1 ""'" ~ .o::::r...::::.I ..::::.I .d~..::::.I <V 1 ::
'aU'Vl 3.4 Lf1N~j'1'19flmf1'lJ'tl'lyj~UJU1'1'tlI?lLYm.n-JL~tJLLULj'tn-JL'll'tlflf1L'WI?lY1'lJ,\.,lj'tJL~tJl-J'tl1?lj'1n1j' 'vIfl'lJ'tl'l~1j'fl:::fl1tJl?l'lOJ' ~ 

~'W(,h'ln'W (a) 1.4 l-Jfl.i'lll-J. (b) 2.8 l-Jfl.i'lll-J. (c) 4.2 l-JR/'lll-J. 

d' .1 ' 
3.1.2 eJ~m'a'lJ'W~lJ BYCZ ~.:JU'WbbeJ'W'a'fl.:J SiOJSi 

Butyl carbitol :01 water = 2: 1 L~tJmml?lj' 

200 250 300 350 DC 

6 'lll-J 
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~tJumnnr:ll~ 10 kV ~'l1'l1 t?lr:ll Lth.H.JrnJ191n'1ll)lnn1'j''j'~L~tJ'll1l'l~1'j''i'1~'i'11tJ~ mm~~~v'hlihn t?l n1m'j'~r.ntJ I)]':l'llll'l 

~tJt?l~l'j''i'1~mtJ~~~lL~~ll ~1'l':ll~l)jl'l~mr 15 kV ~tJt?l~1'j''i'1~mtJ9~l)ln'i'1'lU'WLL~'W'j'1l'llw'1ll)lnLj-':lmnnr:ll~I'l':l1~l)jl'l 

~mr 10 kV v'h1i1n1'j''j'~mmnt?l:t'WhJvl'WflU'1ll)lnn1ml'j'l)ln'll1l'l~tJt?l~1'j''i'1~mtJ 9'lLnt?ln1'j'vlUC1mll'l~tJt?l~1'j''i'1~'i'11tJ:t'W 

U'WLL~'Wy,jl'f~vll1i1y,jl'f~~1~j'jEj':l~'ll~'ll'j'~mnnr:ll ti1'lJ'W 1'l':l1~l)jl'l~mr~1~1'Wi'Wl)jllhJ~1l 10 kV 
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PI CJ~'lJ'1l,a1(;111m11~~'lJ'1l'H'l11~::;~1t1 

CJ~'lJ'1l'ltiI1111n111~~'lJ'1l'l~1'j'~::;~1t1~'1l!flPl~'1l'lnuCJ~'lJ'1l'lm1l-l[?]1'lf'i'ntl1'l,nr'J~'1l~LL~'J ~'!) L~'!)til11nm1'ii!fl~1 

1.4 l-lR/'lll-l . "l::;vi11ii~t1!fl~11~::;~1t1m::;r.ntl[;]'J1~~~1L~l-l'!)n'i1L~m~l-lti(;111m1'ii!fl1'W·ih'l 2.8-4 .2 l-l~.I'lll-l . (ttJ~ 3.7) 

~'l~ti(;111m1'ii!fl~'l ~t1!fl ~11~::;~1t1"l::;hli'l L'J ~1 L-Wtl'l~'1l ~1~fun111::;L~tI'lJ'1l'l[;]'J vi 1~::;~1t1 vi11ii~t1!fl ~11~::;~1t1ri'!) [;]'J 
~ 

~::;~l-lU'W~'J'lJ,!)'l LLc.i'W1'fl'l ~'l CJ~1ii~'J'lJ'fl'lYl'ifl-l i1 PI'J 1l-l'lJ1'lJ1::; LL~::;i'l'fl'l1In PI'lJ,!)'l LL ~'ln 1::;"l1t1[;]'JU'W~'J Ifl'ltf'Wti(;111 m1'ii!fl~ 

L~l-l1::;~l-l~tl 1.4 l-l'i'l.l'ill-l . 

'l CJ~'lJ'1l'l1::;U::;";1'l1::;~'i1'l,r'J L~l-l LL~::;LLc.i'W1'1l'l 

L~'!)tJfu1::;t1::;";1'l1::;~'i1'l,r'J L~l-l LL'i'l::; uc.i'W1'fl'l1'W'rh'l 4-8 'Dl-l. "l::;~U'i1Yl'ifl-l"l::;i'lPl'J1l-l L1t1U U~::;~~1 L~l-l'!)mn 

~~!fl~1::;U::;";1'l Lvhnu 8 'Dl-l. (1tJ~ 3.8) Lti'fl'l"l1m::;t1::;";1'llfl'ln'Ci1'J'rhtlvi11ii'1ll11nm11::;mtl'lJ,!)'l~t1!fl~11'i'l::;mtli'lrh. ~ 
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U11'i1,:j~ 3.3 ~~tJj;],)LLtJ1~L~m~~).Jl'Wn11;f'WltJ~'1f).J BYCZ LC;)Un11:U"1V.J'W~tlU~hU1~Yh~Ci(?1L~'il1;~11~'1~'W 

BaCl2"2Hp YCI3"6Hp Zr(CSHp2)4 LL~~ Ce(CSHp2)3"xHp 

Butyl carbitol :01 water =2 : 1 Lc;)um).J1(;l1 

250°C 

"l 'lLm1~~L~~'lJtl'lCJ~I1JJi[U'r1~i'lLCJ1 

CJ~'lL"'11~~L~~'lJ'il'l~'1f).JU1'1~')mYl",U"'n11LffmLu'W~huf'l~L.fin'lf (XRO) hjY'lUL~~~'1 rl1C;)~1LnC;)"l1n~'1f).J~ 

iJm1).J~'W1hj~~1L~).J'fl~1'ilU1'1Ln'W1tJ ~'1f).JU'lhJiJL"'N~~1'1CJ~n~1tl'fl1"l"l~LnC;)"l1nn11Lnc;)tJDmm1~~~1'1~'1f).JLL~~ 

LLc.i'W1'fl'l SiO lSi ",ru~C:J'l4'u~'1LtJ~u'W'lfim1'lL"'n~~L~~ LC;)U-W1~11~~~1u~1il;f'W1tJ~'1f).J).J1't11mn~L~uj;]')'t11~~~1U
2' ~ " 

tl'fln LCJ1~'flru~JJm'W'!!')'1 950-1350 °c L~'il~1'flru~JJjj~ L~).J1~~).J~1~fUn11Lnc;)tJDmmL",iJ~~).J\!1ru'lJ'il'l~11~'1~'W 

CJ~n11'lL"'11~~L~~'lJtl'lCJ~(;lJiru-r1~hmYl"'U", XRO 1,)U1')).J1'l1'Wru~ 3.9 
~ 

"l1nltJ"l~L~'W~1L~~'lJ'fl'lCJ~(;lJiruy]~1~1n~h~u'lri'W~'fliJL~~~inLu'W Y Lc;)tJ BaZr03 LL~~ Y Lc;)tJ Ce02 ~'1~11 

~'1~'W~'1n~1,)'fl1"l"l::~tl'l1il'1lru~JJjj~~'1n~1 1350 °c 1'WmnnC;)L~~ BYCZ 1'Wn11Y1C;)~'fl'l.ff'W~'fl1tJ~'1LtJ~U'W"llUc;)'II'il'l 

~11~'1~'W~1~ L~tl1~~1).J11mnC;)L~~ BYCZ 1'W'll,)'1'ilru~lljj'lJtl'lm1YlC;)~'fl'l.Q 

fA Ba2YZr06 

*CeO.20 YO.80°1.60 

• CeO 50 YO~00175 
eCe027YO 730 1.64 

, ~ 

~ 
13S0·C (I * A Ii. **A Ii.~ A * 
12S0·C ih · A t t t*1. .. *I 

l1S0·C it • 6. A • ~ . Il. A • 

lOSO·C ~. A • A • A A 

9S0·C .,~ . A •A b. • A A 
I 

10 20 30 40 50 60 70 80 

2-Theta 

~tJ~ 3 .9 CJ~ XRO 'lJtl'l~11~'1~'W~i'lLCJ1~'flru~lljj 950-1350 °c.. , ~ 
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3.1.2.2 n1~;f'W!tJL~tJH~1~vf'l~'W Ba(C5tiIQzlz~5t!P21J"4HzQ....Zr(C5tiIQ21~ LL~:; Ce(C5HIQJJ"xH~ 

n1~~:;mtJ'lJ!l'l~'11~vf'l~'W'1l~tfllJL~nml'Wl'l')vi1~:;rnm.J~l-J~:;'vd1'lJ1 01 LL~:; butyl carbitoll'W~~~')'W 1:2 

L~tJml-J1m LL~Yi1Jt)1~1~~:;~1m~nml'Wl'l')vi1~:;~1tJC.J~m:;'vd1'lJ1 01 LL~:; butyl carbitol 1'W~~~')'W 2:3 L~tJ 

ml-J1V1~ r,nmf'W~'lvi1 n1~'Vl~~!l'l:U~"I'J'W~'tltJ~1~~:;~1tJc;)'l nrl1,)~'lu'WLLcJ'W~!l'l SiOJSi L~'tl ~ mnt1~{tJ~ ij C.J~~!l 

L~N~'i1'l,,~rn~'lJ'tl'l~'ifl-J 

n C.J'i'l'lJ'tl'l'fl ru'vl1Ji1 LLcJ'W~'tl'l 

n1~~ m~1C.J~'lJ!l'l'fl ru'vl1Ji1 LLcJ'W~'tl'l~!lL~N~'i1'l,,~m ~'lJ'tl'l~'ifl-Jvi1 L~tJ n1~:U~"I'J'W~!ltJ~1~'i'l:;~1tJml-J 

Yi1~1).1LVI'tlfl'Wm~1'l~ 3.2 L~tJijn1~LtJ~tJ'W'tlru'vln).1LLcJ'W~'tl'll'W·lh'l 200-350 °c C.J~n1~'VlVl~!l'l~HiLL~Vl'll'W~tJ~ 3.10 , u u 

butyl carbitol L~m'J'tltl C.J~n1~'VlVl~tl'ltf~tlVl~~tl'lnuC.J~n1~'Vl~~tl'll'W~')~tl 3.1.2.1 ~'lLLiJt)1H~11vf'l~'W~~1'ln'W 

tjru'vl1J).1~L'vIl-J1:;~l-JU'l~'lLU'W 250 °c tl~ "''lJ'Wn1~'Vl~~tl'll'Wi'W~tlltJ~:;H'flru'vl1Ji1LLcJ'W~tl'l~ 250°C 

(;11~'l~ 3.4 ~(tJ l'l,) LLtJ~~liil'Wn1~;f'WltJ~ 'ifl-J BYCZ LVltJ n1~;;lVl"I'J'W~tltJ ~htJ1yjyh~(i VI1'Wi'WVI'tl'WLLmL~tJlii~1~vf'l ~'W 

Ba(CsHp2)2 Y(CSHP)3"4Hp Zr(CSHp)4 Lb~:; Ce(CSHp)3"xHp 
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f'1,)ll-J[i]l'1~ntJihJ~[i]'1ltf'1N~~l'1'fU)1f'1'lJ'1l'ly.j'ifl-JL·lhJL~tJ')nUlw'lX')~'1l 3.1 .2.1 ~'1~l'\.-1fU~l~;'1I~l\.J'!liJ~tf f'1')1l-J 

[i]1'1~n6~L'\.-1l-Jl:;~l-J"I:;'1ltJ~ 10 kV Lti'il'l"llm~'1lL~l-Jf'1,)ll-J~ntJLi:l'w 15 kV "I:;~l-Ji'lr.J~n'i',)l-Jvr,)Ln1:;'1ltJUW~,)'lJ'1l'lyj'ifl-J 
~ . ' 
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fl eJ'1'l'll'tl~'fi'tilnn1)'l'\.-1'1'l'll'fl\!~l),'1'l::'1'lltJ 

'fi'til)'1n1)'1'\.-1r1'll'tl~~1),rI::rl1tJ~~eJrlvi'flLfl),~~~l ~"lrlmfll'lh,lfl'W "l1 nnJ~ 3.12 "l::l~'W~llri'fl'fi'til)'1n1),1'\.-IrI'll'fl\!. 
 ~ 

~1),rI::rl1tJ~~ n~l 2.8 l-JrI./'Dl-J. Cj'l'll'fl~Y1 ~l-J~l~"l::lJfl')ll-J'lJr'lJ),:: m)'1::~'ltJ'fi'til )'1n1)'~t?1~~~ In'WhJ''l::vi1L ii'fi' til)'1 n11 

)'::l'\.-l tJ'll'il~~1),rI::rl1tJ In t?1,r'Whj~l-J V1 rI nu'fi'til)'1 mnn V1Y1~l-J llrl::vi1Liiln V1 nl),vlU elm 'fl ~ ~ 1),i'~ lil'Wu'WCj'lY1 ~l-J L'W'lJ ru::~. 

~ eJrI'lJ'fl~),::tJ::,..h~),::'\.-I~1~tJrl1mojj l-J llrl:: llcJ'W1tl~ 

"llnnJ~ 3.13 ll~V1~ LflN~~1~"lrlmfl'lJ'fl~Y1~l-J'\.-I~~nl),~V1~1),rI::rl1tJ~)'::tJ::"'h~),::'\.-I~1~tJrl1mojjl-J llrl:: llcJ'W)''fl~
~ . 

U'WCj'llU'W~1'W'l'Wl-J1n L'W'lJ ru::~~ )'::tJ::\.h~mn,r'Wnl),vlu ell-J'lJ'fl ~ eJ~ n~l),~~ 1il'W"l::iJ'fltJ rI~ llvi l~'il ),::tJ::'\.-1'l~m mn'WltJ "l:: 

vi1Lii~1),rI::rl1tJ~ tilnU'WlLcJ'W)''fl~ LLii~ In'WltJ In t?1nl)'m::"lltJ (;]'lhj~ LLrI::lJnlnn V1 c.J~ nu'WCj'l 

'Dl-J. 
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" L'rl~'lltl~~~{;\Jlru-vl'l-l~~L~1 

LritlL~I~Ti'~~tl1'W Ba(CsHp2)2' Y(CSHP2)3·4Hp. Zr(CSHp)4 LL~:; Ce(CSHp2)3 'xHp ~tlru'l-l1;]m'W'Ii')~ 

1150-1350 °c m'lmj'~Lrlj'I:;1.f~()t.ILYlrlilrl XRD ViUrjl~l).Jlj'(l1~LYI~ BaCeOSZrOP275 ~'tlru'l-l1J)jL~11350 °c ~~ 

LL~(;)~1'Wlt.l~ 3.14 'Wtln"llnifL~'il'Jj(;)L'JjtJmj'~ryL~tJ BaO rlru:;~1~tJ1~Yhmj'L~).Jm).Jlru~Ij'~~tl1'W~~ Ba dJ'W 

~')'Wt.lj':;n'iltI1,Jt.lj':;).Jlru 5 % L(;)tJJlmrn ~~mmlj'1Lrln:;1.f~')mYlrlilrl XRD LL~(;)~1iiL~'Wrj1L'r'I~'lltl~i'W~I'Wi~~L~).J 

LLrl:;hiL~).J Ba iiL'rl~~L'I-I~tl'WI1'W (;)~J''W1'W~1'W1~tJif~~''l:;~~hj~mj't.lfuL~).Jm).J1ru~Ij'~~~'W~~ 8a Lil'W~')'Wt.lj':;n'ilu 

t:.. Ba 2CeZrOS.s 
• Ceo.s Yo.S°1.7S 

G BaCe03 

>­..... 
Vl 
c 
2 1350C 
C 

1150C • 
+Ba 5%wt ~1. •• If.. 6. 
~,.--~---.-.. --' \_-~-~._'/"--.~-~--" ---""-"~--" -"" ~ 

1150C 

10 20 30 40 50 60 70 80 

2-theta 

..'jU~ 3.14 ~'Clmj''3Lrlj'I:;1.f~')tJL'Vlrlill'1 XRD 'lltl~~~{;\Jlru-vl'l-l~~Lm~Ij'~~tl1'W~tlru'l-l1J)j 1150 LL'Cl:; 1350 °c 

LI'1N~~I~'rlml'1'll'il~Yl~l-J 8YCZ u'WmJ'Wj'tl~ SiO!Si 'I-I~~L~I~ 1350 °c 1'Wlt.l~ 3.15 LL~(;)~1iiL~'WrjlYl~).J~ 

1~~1'1,)1).J'I-I'W1 LL1,j'W~~ LLrl:;~I'1,)I).J'I-I'W1 ~~1 L~l-Jtlvf~LL~'W 
~ 
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flru:;~fj4'tJl~y'i1n1n[;]1tJw,J'l BYCZ LL~:; BYZ ~1~fu:n'WltJLL'flL'W~"I1mJDmm~Cn'W:;'lJtl'l LL-n'l'JtN BaC03 

YP3 zr02LL~:;L~~ Ce02 ~1~fu BYCZ 1I11~i'WlI1tl'W1'WltJ~ 3.16 LL~:; 3.17 "I1mf'Wihe.J-l~1~mvi1n1j':n'WltJLLeJ'Wj'tl'l 

LLtlL'W1?) NiO e.J~~ BYZ LL~:; NiO e.J~lJ BYCZ 1'Wtlll1j'1~'l'W 60:40 L~mf1~l!n 1I11~i'WlI1tl'W1'Wj'tJ~ 3.18 
~ 

BaC03 +zr02+Y20 3 

~1~fu BaY02ZrOP3.6 
+ ~1____ __~I_so_p_r_O_pY_I_a_lc_o_h_OI 

~ 
Ball-mill 24 hrs & Dry 110°C 

Calcine @ 1350 °c, 10 hrs, heating rate 5°C/min 

BaC03+Ce02+Zr02+ Y 203 

~1~fu BaY02Ce04Zr0403.6 + IL____ls_o_P_ro_p_Y_I_a_lc_o_hO_I__-----' 

~ 

I' Ball-mill 24 hrs & Dry 110°C 

~ 
Calcine @ 1350 °c, 10 hrs, heating rate 5°C/min 
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. .
~ + [!;] + ,--_~_1_'fl_B_a_Y...-O2_z_rO_a_O_3__0----J + Isopropyl alcohol 

Ball-mill 24 hrs 

Uniaxial press 20 MPa 

Pre-sinter @ 800 DC, 2 hrs 

~~-l"l1 n:n'WZ1..JLL'flL'WVI LL1<I'l U1LL~'W~tl-lLLtlL'WVIhFhfl~I:;~'\.lILvl~~i'lmYlflDfi XRD ~fl~l~ LL~ VI-l1ih~'W~I1'~Vj 

LLtlL'WVI):hvl~'lJ!l-l NiO LLfl:: BYZ (nJ~ 3.19) LLfl:; NiO LLfl:; BYCZ (nJ~ 3.20) 
~ . 

0 NiO

• BaZrOJ 

¢ 

¢ 

.a. 

Xj, J f ~ 

20 30 40 50 60 70 80 90 

26 (deg) 

'itl~ 3.19 ~flm~~LfI~l:;tf~'lmYlflDfi XRD 'lJ'fl-lLL'flL'WVI NiO+ BYZ 
'U 
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I 

I 

·~ I 

1:: 1
OJ: 
-t.J i 
1:: 1 
- j 

2 :-··_··_·······_·····__ ····_··_·····_ ·--1 

i 1 = NiO 
i
12 = Ba2CeZr05.5 
L_. _ ___ ~_..,_. ___.. _ ..~.__ ......._. ___.___~.. __ .___ 


22 

a 20 40 60 80 100 
2-Theta 

1Pl1'i1.:1v1 3.5 ~~U!?]rmuj'~Hlwn1j':f''WlUyj'1fl-J BYZ ~'1U'WLL~'Wj''El'lLL'Ell'W!?l1!?ltJn1j'~!?lYi'W~'EltJ~rltJ1yjyh~n!?l 

'l!U!?lLL~:;'1l!?ln~'l'W'lI'El'l~'lVi1~:;~1tJ Butyl carbitol :01 water = 1:11!?ltJmm!?lj' 

'l!U!?l LL~:;'1l!?Ij'1~'l'W'lI'El'l~'lVi1~:;~1tJ Butyl carbitol :01 water =2:11!?ltJmm!?lj' 

'El(u'vUlil LL~'Wj''El'l, ~ 
250°C 

r1'l1l-J!?l1'1 ~mh:;'\rI~1'1'IX'l L~l-J LL~:; LL~'Wj'!l'l 10 ill~l'l~j;f 

'1l!?lj'1n1j'1'\r1~'lI'El'l~1j'~:;~1tJ 2.8 il~~~!?Ij'/i'lll-J'I 

j':;tJ:;'vh'lj':;'\rI~1'1'IX'l L~l-J LL~:; LL~'Wffi'l 6 'lll-J 
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mJLl:.Jll:.Jilni'l).J~:;'vI(h.:J LL'fl t'W"HLfl:;~Lftn t m Lflvl'll'l t1vl 11ilyj~).J n 1'1'l1).J 'vi 'WI LL tJ'W~'l~'W L ti'fl'l"l1 nm~'vI (11 vl'l'lJ!l'l 

-iWL'flt'W(11"l:;'ll'ltlvlI1i1Lii(11m~'vI(11vl'lmn~'W1'W-i'W~ LiintmLfl vl~htl ~'l"llnnJ~ 3.21 "l:;Li~'W'hyj~).Jn 1'1'l1).J'vI'WILLtJ'W~'l. . 
).Jln~Wn'fll~).J'1lru'vl1Jiill:.Jll:.Jilni'l).J"lln 1350 DC lU'W 1550 DC LLl?lmh'lhrivn).J -i'W~LiintmLflvlU'lfl'lnl'fj~'W1.hln!l 

!l~U1'l~'l'W ~'lm"l"l:;vlI1i1lnVlm~f'lL'vIfl'lJ'fl'l L=[m'fj~'lL~ ~'lJ'W fl ru:;~~r.ltl~'lL~'fjmm).Jfl(11l'fj~'W~'lnril'ltVltlmJL~).J 

-i'WLL'fl t'W(11l'fj1'W~I~'lnntlfl:;L~t1(111'W,r'l~!l ()(11LU 

3.3.1 .2 Ll:.Jll:.Jilni'l).JLLfl :; L~).J.ffWL!lt'W(11l'fjT'W~1 

-i'WLL'flt'W(11~'fj~'W~1 "l:;u~:;n'flU~'ltll:.J'l BYZ l'Wm).Jlru~~'l (Ni:BYZ:ZnO =5:94 :1 % t(11mfl'v1'\Jn (NBZ)) m~. , . 
L~).J ZnO mmru 1 % t(11mfl'v1'\Jn"l:;'ll'ltlfl(11!lru'v\JJiimJLl:.Jll:.JilmLfl::L~).Jfl'lI).J'vI'WILLtJ'W'lJ'fl'l-i'W~'lnril'l t(11t1'1ll?ln~'l'W 

t(11mfl'v1'\Jn'lJ'fl'l LL'fl t'W(11-i'Wllml?lmL'flt'W(11-i'W~'fj~'W~ILYhnu 55:45 vn).Jih~u (~u~ 3.22) "llnJ''WUI1uLI:.JI~'flru'vlllii 800 
'\J , " , '\I 

LnVl"llnLL'fl t'W(11-i'Wl'fj1'W~1 ri'fl'W~I'ln fl'lI).J'vI'W1 LLtJ'W~'l ~'l LLiJ"l::i1l'fjT'W LLI?l LU'Wl'fj ~'WtJ (11 (lU~ 3.23a) vlI1i1'v1t1(11'lJ'fl'l 

~1~fl:;fllt1hJ~I).JI~()~).J L~11u1 'W ~'fj ~'W'lJ 'fl'l LL'fl t'WVI 1~ 'vItlVI'lJ'fl'l ~1~fl::fllt19'l Ln (11 n1~ lL~ m:;"lIt1l~~).Jmrumn~'W. , . 
u~::n'flunum~'vI(11vl'li'l).Jn'W'lJ'fl'l LL'fl t'W(11lLfl::~Lftntmlflvl~:;'vI~I'l mJLl:.Jll:.Jilni'l).J ~'ll:.Jfl1iI~ lftn tmlflvlLn(11 mJL~'fl).J I?l'fl 

n'W'lJ'fl'lLm'W vlI1i1L~yj~).J~Lftnh,~lflvln fl'l1).J'vI'W1 LLtJ'W~'l LLfl:;hii1l'fj1'W 
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NI:BYZ:ZnO (NBZ) = 6:94:1 wt% 45wt% 

~~ 3.23 Lfl'i"l~~l~'1~rnflLLuurnflr;irn'll,)l~'lI!l~ (a) ·n\.JLL!lLUrn~1U~1 LL~:: (b) YJ~lJ1J1~~[;]LVi~'m.JL(;)'lhLu~m.JL'l!tlflr1 
Lu[;]~;flUltJ~NUU LL~U 'i'!l~~ i'J fl')llJVi1ur;i')~1 

"'llnm'i';flultJ L'l!~~L~mVi~~L'l!'i'1i1n-nilrnu11:tJ'i'[;]!lu~1~ BYZ LUU~L~nLml~j;i1u~,)~!l 3.3.1 "'l::ViU11mmn 

~;jn1,)lJ LL~::m'i'L~lJ.ffuLL!l LurnlVi1U~1"'l::'h£J~ rnlVi~ulu.ffu~L~nLm1~[;]1~ ~~tfu lum'i';flultJ L'l!~~L~tl m~~ L'l!'i'li1n 

"II\lrnu1LtJ'i'[;]!lu~l~ BYCZ Luu~Li~nLVl'i'l~ t;l~~H LVl r1\lr1L~mriu LLi?ltJ~U.ffUU!lLUrn'i'Vi'i'U~11ili'Jfl')llJ L~lJ~U'lItl~ NiO 
~ , 

lu.ffuLLtlLurnlVilU~11il L~ lJ:nu~~n111u~')~tl 3.3.1 Lrn£J 1~vl1m'i':nultJ LL~U'i'tl~ LLtlLurn~,)£J~rn,,'hu'lI!l~ NiO:BYCZ ~ 

60:40 LrnmfTlnrmL~::L~lJLLi:J~ L~lJ~n 10 % LrnmlTI.nrn tlT\.nrn'i',)lJ'lItl~~~!l!ln l'l!vfLL~::LLi:J~vf~V1lJrnLvhriu 0.43 n~lJ 

LL~::;flUltJ.ffuLLtlLUrnlVi1U~1~n 0.07 n~lJ Lrnui'J~rn~,)U'lItl~ NiO:BYCZ lu,h~ 10:90 30:70 U~:: 50:50 Lrn£Jtl1V1ll'n 

LL~::L~lJ~~ ZnO lw.flmru 1% Lrn£Jtl1V1ll'm~m~lJfl')llJV1U1LLtiU'lItl~iu~~n~1,) ('i'tJ~ 3.24 'lI,)1) r.nntfu!lrn~~ 
~ 

!l!ln1'llvfLLUuVif'\Vl1~L~mvf~~!l~.ffUVi~!llJriu U~::Lm~TlruV11Ji1 800 DC u~::liiLL~U'i'tl~~':m~l'):nUltJ BYCZ ~L~nLVl'i' 

lrlt;l Lrn£Jn1'i'~rnY'iu~tlu~,)£JlyJyh~C1[;] ~,)£Jf1i')UtJ'i'~LV1lJ1::'l'llJvl~LL~rn~lu[;]ln~~ 3.6 LL~::Lcn~;jn1,)lJ~ 1500 °c 

iU~lULL~::tr1 'i"l'l'l~l~"'l~mfl'll!l~ L'l!~~L~!l LVi~~L 'l!ni1 n'l!ilrnU1LtJ'i'[;]tlu~l~ U'l'l rn~lU'i'tJ~ 3.24-3.25 ~~"'lln ~~m'i', ~ 
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-- 0.43g 

LL~::s:1nlj'L~)..J ZnO lwmj'~~lV'j~'Wlw,f'Wc;i'\ln~l,) (:n,t1) LLeJ'Wj''El\lLL'ElLW?i~i\l'''lln;;1i?1V'i'WCJ'Eltl:SLftnLYJj'1~~'llU~ BYCZ 

LL~:;Lc.JIc.Ji1ni')).J~ 1500 °c 

(a) (b) (c) 

~u~ 3.25 LflN~'fI\l'1~mfl'll'El\l;SL~nLYJj'1~~ U'WLLeJ'Wj''El\lLL'El L'Wi?I~s:1,f'WLL'El L'Wi?llV'j~'W~'~il~i?I~,)'W'lJ'El\l NiO:BYCZ ~ (a) 

10:90 (b) 30:70 LL~:: (c) 50:50 '\-li\lLc.JIc.Ji1ni')).J~ 1500 °c 

3.4.1 ~'ilnl~'VI(9l~'il1.H'lI'CI~b:('ilbVi~\lb'll~lijn'llil(9l'\.hbU~(9l'il'Um~ BYZ btJ'U.:ab~nb'VI~l'C1~ 

d~'Ely'hn1j':fl'Uj'u,f') LLfi L'Vl i?I L~tln1j''Vl1 LLV'j~ ~tr)..JLV'j~ ~~\lU'Uyj~)..J;SL~nL'Vlj'1~~ ~\lyj~).Jti LftnL'Vlj'1~ ~:fl'Uj'u"'Ilnn1j';;1i?1V'i'U
~ ~ 
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(a) 

16IJm 

BYZfilm 5·10 101m 

(b) 
Ni:BYZ:ZnO (NBZ) =5:94:1 wt % 5OO~m 

l~f1if;)"':l.~!':.ltlfr.1J,r I.t~f~!~)~ {ir":;" (1'1, 'j; '.~-;~ IJ")I. ;"., 

• .... 1 • .. 

.. d' A ~tl ... ... ....1' tl A a ~ 1'" .."A A 0tl do
'i '¥I 3.26 1l1Yi"llfl'il'lL'llflflL'll'ilLYifl'lL'llj'1~m'Il'WVl'Wrl b j'l1i'il'WLLUUL'llflflLVlt.l'l Yl'll'Wj' tlLfln bYlj' fll1i"llnn1j'~VlYi'Wfl'lU'Wv ~ 

LLtJ'Wj'tl'll'll'1'llilVlrl'W (a) LLtJ'Wj'tl'lLLtlL'WVl (NBC) (b) i'WLL'ilL'WVllYir'W~l (NBZ) 

Ltl~tJ'WLiJ'W Ni LVltJfI'll~l'll'1l'l'n~'lI'il'lL'llfl'ifL~~i'W"I'W~'1 0.65 V LLfl:::flVlfl'l'iltl1'1j''lVlL';-'lLl-I~'il 0.1 V ~'1UC1.Jl-I1~LnV'li'W 

YiU~l LnVl"ll n n1j'ftVl'l'l"lj'j':::l-I~l'1,T'l LLtlL'WVl LLfl:::,T'l LLflL'VlV'l ~'1 Ln Vl"lln LLYifliii,r~LYi~ l'lll-1fl~ ~ tJ1'WlYir'W'lI'W1V'1L~ n'll'il'l~ L~n 

L'Vlj'1fllll"l'WL~11tlu'l LLtJ'Wj'tl'l LL'ilL'WV'I 

L~mj1L'llfl'if~ili'WLLtlL'WV'llYir'W~11tlYlV'l~'ilU1.h:::~'VlfimYiYl1'1Lflil1yjvh1W!I'l'l 400-900 °c YiU~lfl'll~l'll'1 

l'l'n6'l'l"lnUV'I'ltl'l L'llfl'iffitl'W~l'1 fl'l~'il ~1lJ'I!'l'l 0.7-0.8 V LL~V'I'I1ihii'W~l L'llfl'ifL:!tlLYi~'1LnV'ltlDmtJ1 Lflil~fi'illJ~l'1 

~~\lj'ru LLfl:::hiLn V'I mj'~Vl'l'l"lj'rn tJ1'WL'llfl'if ~'1 LL~ Vl'l ~li'WLLtl L'WVllYirlJ~l~l ~lj'(ltJtl'l rl'Wmj'Ln Vllf'l LLfl:::n1j'~V'I'l'l"lj' 

mtJ1lJL'llflfll~ Lti'fl'l"llnilJ~ L~nL'Vlj'1fl 1?l~1~il fl')11-1l-1lJ1 LL tl'W~'1 LLI'l'iltl1'1hnl'l11-1 fI'll~ui1'1l'l'n~'l'l"lntJ V'I'lI'il'l L'llfl'ifU'l fl'l 

iJ'iltJn~lf1'll~1'l1'1l'l'n6cr'Wnftu (1.2 V) LL~Vl'l1ihiilJ~lU'lfl'l LnV'lU rul-l1mj'f'l1l-1fl'll'il'lrh'll1e'lLVlj'L"IlJLLfl:::'iltlniDL"IlJ l-I1'il 

Ln V'lU C1.Jl-I1"11n m j'~ fh'll1e'lLV'I n "I'WLLfl:::'il'il niD L"IlJhJ ~lm j'(l L~1 ~'1I1i''l Li'ltlDmtJ11~'il tl1'1vT'l ~'1 lJ'il n"l1 nifU'lYiU~l 

tlj':::~Ylfi1l1Yi'Vl1'1 Lflj'j1yjvh'll'il'l L'llfl'iffi'illJiJ1'1~1 LVltJih~'11yjVh~'1~Vl'll'il'lL'llflif'il~~'1!'l'l 8-24 mW/cm
2 
1wrl'l'l'tl(l,m]Jl1 

600-900 °c ~'1LL~V'I'I1lJLL~lJmYi I-V (ltl~ 3.27) Lri'ilYl"llmn~n1!tru:::LL~lJmYi YiU~lLnV'l"llnfl'l11-1~llJ'Vl1lJmtJ1lJ~ 

~'1ilJ'lI'il'l~ L~nL'Vl'11flI?lLLfl:::t) L~nL'Vlj'!il ~'1f\1 Vl~l fl,)l~ ~llJ'Vl1'W~ L~~ilJm"lln m j'L~~ilJ LL'il LlJVllYirlJ~l~il fl 'l1 ~l-IlJ1 
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n'l 500 ~m 'W'Elnr.nntl tJ'IYiurj1m~~lL~'W~'El'ltttlL'W~~Fl'"l1).JYi1'W~'"lf'i'El'W~1'1~1 (14 .27 %) vhl~ihfi).J1run1'l1 

1!lL~~t"l'W1"1-1~ t~1hJvl1tJDmtJ11~lJ'Elu~'1 ~'11:.1~1iltJ~:;~Vlfi1l1YiVl1'1 tFl ~1vl~1'l1'El'l t'II~~~1 Fl'"l1).J"I-I'W1 ttt.i'Wfl1~'11vlYh 

~'1"'~'lIt1'1t'll~~~~~'1).J1~ 0.05-0.2 mW/cm21'W'!h'l'flru"l-llJiJ 400-500 DC (ltJ~ 3.28) ~'1tn~"l1mtYi~~hr).Jtn~mnttJn 

-i'Wtltln"l1nth~nLVl ~1ftI111'W~:;"I-Irj1'1 m ~ft~'flru"l-llJiJ mnttJn~'"l'll'El'l UFlLVl~vl11ihn~ Fl'"l1).Jfhih 1 'Wmnn ~tJDmtJ1 tFliJ 

'IJtI'I~1~i'l[}]'WU'W\tFlLVl~ ~'1~tl~Fl~'1l'lnU~n1j'ru:;t\I:.IWl1Yi l-v1'W~tJ~ 3.28 ~iJm~~~ Fl'"l1).J (;j1'1Plmr'Elih'l~'"l~ t~'"l1 'W'lh'l .. 
2

tJ~:;).J1ru 0.15 J.1Ncm 

1.2 30 
= '- 900·e 

1.0 900 DC 
_ 8OQ·e 25 N..... 

- - 700·e E 
> u 
'"'" - GOOoe ~QJ 0.8 20 
Cl E('g '"'" 1Q 0.6 15 

). 

'0 ... 
'ii> l:- QI 

~ 0.4 10 " .. 
0.2 5 ~ 

Q. 

0.0 0 

a 10 20 30 40 50 60 70 80 

'1lru"l-llliJ 600-900 °c, ~ 

1.2 

1.0 

:;­ 0.8 
QI 
O! 
m 
iii 0.6 
0 
> 

QI 0.4 
0 

0.2 

0.0 

Current density (mAlcm21 

- 500·C 
- 400·C 

90 100 

0.30 

~ 
E 
u 

~ 0.20 
E­
?: 
en 
c 
Q) 

"C 

4;0.10 :t 
0 

Cl. 

0.00 

0.0000 0.0006 0.0010 

Current density (mAfcmz) 

'1lru"l-llliJ 400-500 °c, ~ 
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3.4.2 	 e.I~ m'i'VI~~'el\JL'lf~~ L~'elL~~.:jL'lf'i1 iln'lfu(;ll.hLU'i9l'elUm-n- BYCZ L'tIU~L~nL'VI'il~~ 

n1~,rUltJ L'.n'l'l~L:['1l Ll'i~'l L'11~1 ij n'1lU~t11LtJ~(M1U~11ri BYCZ LlJUi) L~n L Yl'11'1'l r;liJl1C1J~1n1~,rU~i) L~nLYl~1'1'l (i]1~ 

l~LYl~~Qn ~tl'l LL'I'l~iJ fI,)1).JVI U1 LL\h.,j~'l ~'l ~tl'l LLnl'lll1ryVl1 ~,)u1fin1 ~~1'l1 '1l1ViL'llu n1~M~Vl1~I~ti'l~U'1IUIiI1mJ).Jl 

Yl~LLYlU n1n~WiULLtlLUIiI~l'i'l'U~1 LL'I'l:::n1~Vl1'P1ruVlJlijnlnt.J1~ilni')).J~LVI).J1:::~).J dJU~U LLr;l1U~~~ flru:::Mroru 
'U ~ ""' ~ 	 , 'U 

~1).Jl~rJ L(i]1u).JL'1I'I'l~L~tJ')'lltl'l L'1I'I'l~L:['1l Ll'i~'l~1~ BYCZ dJui)L~nLYl'11'1'lr;lL~tll'i~tl).JYl~~tlUl~~1 Lj-~(j-tlU~tltl LL1b ~'lfllli1 

~1~')tll'l'lI).J~U1'lltl'lLLcJULLtl LUliltl'irU~I~'I'l~'I'l'l LL'I'l:::n1~H BYCZ ~'li1~Jl1l'in1~t11LtJ~!iltlU~'ln~1 BYZ ~:::'ll')tIL~).J 

tJ1~~YlfiJl1l'in1~vll'l1U'll'1l'l L'1I'1'l~L:['1.) LYi~'ll~ n1~Yl~~tlUnl~vll'l1U'lltl'l L'1I'1'l~tJ'lmh~~~I'l n1 ~(i'h LUU'lIU t.J'I'ln1~ 
~ 

Yl~~'1lU~1~~:::t11mL1n-uuLYitiunuL'.n'l'l~L:[tlLl'i~'l~1~ BYZ LUU~L~nLYl~1'1'l(i]1u';')~tl 3.4.1 IiitlltJ 

LL~mUUn1~~m~I~1!?i,)LLtJ~~L~).J1:::~).J1Un1~:nUttJYJ~).JU1'l'lltl'l BYZ LL'I'l:::- BYCZ 'I'l'lUULLcJU~tl'l SiO/Si ~'l~lnt.J'I'ln1~ 

Yl~'I'ltl'lYiU~1!?i') LLtJ~~LVI).Jl~~).J~1V1fu,ru~tJYJ~lJU1'l'lltl'l BYZ ~tl n1~H~1~~'l ~U BaCI2"2Hp. YCI3"6Hp LL'I'l::: 

Zr(C
S
Hp)4 ~~).Jlu!?i')vl1'1'l:::'I'l1tJt.J~).J~~~~1'l butyl carbitol LL'I'l:::J1 011Utl!il~1~,)U 1: 1 L~m..filJ1(i]~ 'elruVlJ;]ijLL~U~tl'l 

250°C l'l'l1).J1ii1'lPi'mJ 10 nL'I'lL,)'I'lr;l '1l!ilnn1~1V1'1'l'lltl'l~I~'I'l~'I'l1t1 1.4-2.8 ).J'(l./'lllJ. LL'I'l:::~:::tI:::"'I'l~~VI~1'l';,)L~).JLL'I'l:::LL~U 

Ce(CSHp)3"xHp ~~).J1U!?i')vl1'1'l:::'I'l1tJt.J~).J~:::~~1'lJl 01 LL'I'l::: butyl carbitollu'1l!iln~')u 1:2 L~tlill).J1(i]~ Tlru~J;]ij 


LLcJU~tl'l 250°C fI,)1).Jr;lI'lPi'mJ 10 m'l'l l'l'l'lr;l '1l!il~1n1~1~'I'l'lltl'l~1~'I'l~fl1tJ 2.8 ).J'I'l./'lllJ . LL'I'l:::~:::tI~"'I'l~~VI~1'l';,)L~).JLLfl::: 


t.J~).J BYZ LLfl::: (2) ~'l NiO t.J~).J BYCZ lu'1l!iln~')u 60:40 L~tlJ1V1lJmLuuYiP1Yl1'lL~tJ')l'iU~1 LL~U~tl'l~'lmh')iJtl'irU 

'llU1~lViru LnultJ~1V1fUn1~:nu~,J~ L~n L Yl~1flr;l~iJ fI,)1).JVlU1LLtiU~'l 9'l1~vl1n1~:nU~tJ LLtl LU~-iU~Yi~U~1~iJ~')Ut.J~).J
.... 'iJ 	 \J 1.1 ~ , 

'lltl'l NiO Utltl'l'l'lLLfl:::L~lJ ZnO 1% L~tJJ1~lJm~tlL~).JfI,)1).J~U1LLoJULL'I'l:::fl~'elruVlJ;]ijn1nt.J1'lltl'l-iULLtlLU~lYi~U~1 

L~tlvl1n1nt.J1~ilnh).J'lltl'li'l LL~U~tl'l LLtl LU~ -iULLtlLU~tl'irU~1LLfl~~L~nLYld1'1'lr;l~'1lruVlJ;]ij 1500-1550 °c YiU~11~~ 
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"l1 ntX'Uviln11:fl'UlU LLfl L'Vl Vl'lJ'il"L'.n~~L:('fl LYi~" L'llnnn'llilVlWILU1(;] 'il'ULVltl n1 1'Vll LLYi~~hrlJ LYi~ !il~"U'U:i'U"I'U 

c.J~n11'VlVl~'ilUu1:;~'VlfirnYiL'll~~L:('ilLYi~"~1i11'~,,!LL'ilL'UVl NiO c.J~lJ BYZ LL~:;1'~V!~LftnL'Vlj'l~!il BYZ YiU11~IlJ1nl . 

c.J~I?lfl'lllJ~'U1LLtJ'Uril~,,1~Yh~"~Vll!ii 8-24 mW/cm21'U'll'l"'Elruw;JS1600-900 °c ~"~'fl11LU'Ur1'il'U~I"~1 Lti'fl""lln 

fl'lllJ~I'U'V11'U'lJ'il" L'll~~~~ n1H~wi'ULL'ilL'UVl1m'U~I~~fl'lllJ~'Ult1" 500 !-1m 'U'il n"llniftJ"YiU11n11~ LLrJ'U1'il" LL'ilL'UVl 
~ . 

~fl'lllJYir'U!iT'l r1'fl'U~I" ~1 (14.27 %) vil1ii~uhn runl'll111LVl1L"l'Ul~~ L~11uy'hu5mtl11!iiiJ'iltl~" ~"c.J~lii 

lh:;~'VlfirnYi'Vll"Lflm~y.h'lJ'fl"L'll~~~ILL~:;~Vl~"L~~'il 0.05-0.2 mW/cm21'U'll'l"'Elru~~S1400-500 DC ~1~fuc.J~n11 

'VlVl~'flUU1:;~'VlfirnYi L'll~~L:f'flLYi~,,~li11'~Vl LL'flL'UVl NiO c.J~lJ BYCZ LL~:;1'~Vl~ Lftn L'Vlj'l~!il BYCZ tJ"'flth:;~11" n11, , ~ 

~1~fuvMlJ BYZ L~~~1!iir1'fl'U~I"L~~mLL~:;hhnVln11LLtlm~~:fl'U LLl?lvMlJ BYCZ ~fl'lllJL~~miJ'iltln11viI1ii 

LnVln1HLtlnL~~LU'U (Ce,Zr)02 LL~:; BaCe031~~It1n11 'U'iln"llnifn111i1~11vf"~'UI?lI"'llilVlri'Uri'f)lihnVl L~~ BYCZ ~ 

hiL~i1'il'Uri'U vr"tX'Ul'U"1'U1~tlif9" ~'fl"'VlVl~'fl" LU~tI'U~11vf,,31'U ~"c.J~~1!iiYiU11~11vf" ~'U Ba(CsH,02)2 Y(CSH,o)3 

Zr(CSH,02)4 LL~:; Ce(CSH,o)3"xHp ri'flliiLnVlL~~'lJ'il" BYCzl'U~Vl~'l'U~~"n11~'Elru~~nLc.J1Lvhri'U 

n11:fl'UluvMlJu'U SiO:!Si hj~tfry~lnlHnVl1'iltlf'lu'ULLrJ'UvMlJ L ti'il""l1 mLrJ'U1'fl"~ fl'lllJ Lj-tlU~~1 LMJ'fl n11 

n1:;"lIt1!iT'l'lJ'fl"~tI Vl~11~:;~1t19" LnVl:fl'U~~1 L~).J'f)vf'li" LLrJ'U LLI?lV111 Lri'f) LU~tI'ULLrJ'U1'fl"LU'ULL'ilL'UVl~~lYi'j''ULL~:;~~'l 

~tI1U n11n1:;"lIt1!iT'l'lJ'il"~tI Vl~11~:;mtl9" LnVl:fl'Umh"hj~~1 L~).J'flvil1iiYl~).JU 1"~'l'UL(;1 L~')n11n l1Ln Vl1'f) tlf'lu'U 

LLrJ'UYI~).J9" Ln Vl:fl'Ul!ii~It1 vr"tX'Ufl ru:;~1~tl9"Yitl1t11).J LLF11'lltfrym~mtl1fi mVi L'Ii'U n1 Hfl~'flU~11WI1~y.h~"u'UYI~).J 

ri'fl'UYi'U~'ilti n111i1Yi'f)~L).J'ilf'flVl1Yi1'U'lJ'f)" LL'f)L'UVl n1H~).J-i'ULL'ilL'UVlYl'''n-n'U'U'f)~ n1Hc.J1 LLUUc.Jilni'l).J LU'U31'U ~"c.J~ nl1. .~ 
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Electrostatic spray deposition (ESD) technique was used to fabricate dense Y20]·doped BaZrOJ (BYZ) thin 
films, which have been extensively studied for the protonic ceramic fuel cell electrolyte, Effects of the ESD 
process parameters (i.e. substrate temperature, type of precursor, flow rate and applied Voltage) on the 
microstructure of as·deposited films were studied. The uniform as·deposited films were obtained using a 
mixture of zirconium acerylacetonate, barium chloride dihydrate and yttrium chloride hexahydrate 
precursors in a solvent mixture of butyl carbitol and deionized water at a volume ratio of 50:50. The 
optimum depOSition parameters were obtained at the substrate temperature of 250 ·C with the applied 
voltage and flow rate in a range of 10-12 kV and 1.4-2.8 ml(h, respectively. The as-deposited films were 
subsequently annealed at 1350 ·C for 10 h to ensure the complete chemical reactions of the precursors. X-ray 
diffraction patterns reveal the perovskite structures of the annealed BYZ films (deposited on yttria stabilized 
zirconia substrates) with only traces of Y 20J phase, which could arise from the loss of BaO at high annealing 
temperatures. 

© 2011 Elsevier B.v. All rights reserved. 

1. Introduction 

Y20 r doped BaZrO) (BYl) is a common electrolyte material used 
in protonic ceramic fuel cells (PCFCs) due to its high bulk proton 
conductivity and high chemical stability in fuel cell atmospheres [1 J. 
To improve the fuel cell performance, thin film electrolytes were 
generally employed to reduce the ohmic loss during the fuel cell 
operation. Several techniques have been used to fabricate BYZ proton 
conducting thin films such as sputtering, pulsed laser deposition, 
chemical solution deposition [2J and electrostatic spray deposition 
(ESD) [3J. ESD involves the atomization of a precursor solution by 
electrostatic field to an aerosol, which is then directed to a heated 
substrate where a thin film is deposited [4 J. This technique has severa 1 
advantages such as its simple equipment set-up, high deposition rate, 
ambient atmosphere operation and easy control over the film 
composition and morphology [5J. 

Recently, ESD technique has been applied for fabrication of solid 
oxide fuel cell electrolytes, such as BaCeO)[6J and Y20 r stabilized 
Zr02 (YSZ) [5-91. In this study, the electrostatic spray deposition 
(ESD) technique was employed to fabricate BYZ thin film electrolyte. 
Thus, the purpose of this work was to optimize ESD conditions for the 
fabrication of dense BYZ thin films by controlling the type of 
precursor, type of solvent, substrate temperature, applied voltage 

• Corresponding author al: Research Unit of Advanced Ceramics, Department of 
Materials Science. Faculty of Science. Chulalongkorn University. Bangkok 10]]0. 
Thailand. Tel.: +662 2t8 5547: fax: +6622185561. 

E-mail oddress:rojana.p@chul•.ac.ch (R. Pornprasertsuk). 

and flow rate. Phases and microstructures of BYl thin films were 
subsequently analyzed and reported. 

2. Experimental procedure 

BYl thin films were deposited onto 5 x 5 mm2SiOz/Si wafers (700 nm 
of Si02 layer on the Si surface) and polycrystalline YSZ substrates using 
the ESD set-up as illustrated in Fig. 1. Two types of the precursors were 
used: (i) nano-powders of barium carbonate (BaCOJ , MTI Corporation) 
and 8 mol% YSZ (Inframat) (for BaZrO.84YO.1603-o film) and (ii) the 
mixtures of zirconium acetylacetonate (Aldrich). barium chloride 
dihydrate (Aldrich) and yttrium chloride hexahydrate (Aldrich) 
(for BaZrO.80YO.1003-6 film). The precursor solutions were prepared 
with stoichiometric amount of the above precursors dissolved in 
the mixture of solvents at various volume ratios (Table 1) and performed 
the stability test by investigating the sedimentation of the 
precursors after 24 h without stining. The total concentration of salts 
in the solution/suspension was kept constant at 0.1 Min all experiments. 
The details of solvents and precursors used in this study were 
summarized in Table 1. 

After attaining the stable precursor solution. the ESD depositions 
were systematically performed to study the effect of each ESD 
parameters on the as-deposited thin film microstructures. All ESD 
parameters used in each parameter study were summarized in 
Table 2. After the film deposition, the annealing process was 
performed in air at 1050-1350·C for 10 h to complete the chemical 
reactions of the precursors. The microstructures of the as-deposited 
and annealed BYZ thin films were investigated using scanning 

0040-6090/$ - see fronl matler © 20 II Elsevier B.v. All rights reserved. 
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Precursors solution 

Fig. 1. A schematic diagram of the electrostatic spray deposition (ESD) system. 

electron microscope (5EM, JEOL model J5M-6480LV operating at 15­
20 kV), and phases of the annealed films were examined by a low­
angle X-ray diffraction technique (XRD, Rigaku TIRAX III employing 
Cu Kc.: radiation (1\ =0.154 nm) operating at 50 kV and 300 mAl. 

3. Result and discussion 

3.1. Influence of precursor solutions/suspension 

The stability of suspension/solution was observed from the 
sedimentations of colloidal particles after 24 h without stirring. The 
precursor of chlorides and acetylacetonate in a solvent mixture of 
deionized water and butyl carbitol at a volume ratio of50:50 (550:50) 
showed the most stable solution among all solutions and suspension 
listed in Table 1. Effects of the solvent mixtures on the stability of 
suspension/solution were summarized in Table 3. 

To study the effect of precursors on the quality of the as-deposited 
film. P50:50 and 550:50 were used for the thin film deposition on 
5i02/Si wafers (Condition 1. Table 2). The results showed that the as­
deposited film from P50:50 suspension was very porous (Fig. 2a), 
while the film from 550:50 was dense and crack-free (Fig. 2b). The 
porous film of P50:50 may arise from the suspension instability and 
the agglomeration of nano-powders. On the contrary, the dense film 
from 550:50 was obtained due to the high solubility of the precursors 
and high stability of the solution, which in turn resulting in more 
homogenous and finer droplets during electrospraying [8J. 

3.2. Influence of substrQte temperature 

The substrate temperature is one of the most crucial parameters for 
ESO technique because it can effectively control the solvent evapora­
tion rate [71. In this study, 550:50 was deposited on 5i02/5i wafers at 
the substrate temperatures in a range of 200-350 'c (Condition 2, 
Table 2). At 200 'c, since the deposited droplets were still rich in 
solvent, the non-uniform film with some surface agglomerates was 

Table I 
Precursor solution/suspension and ratio of solvent mixtures (DI water = deionized 
water). 

Solution/ Precursor solutions Solvents Volume 
slispension ratio 

P50:50 BaCO, + 8 mol% YSZ Ethanol + bury I carbitol 50:50 
so: 100 BaC1, 2H,O + YCI, 6H,O + DI water + buryl carbitol 0:100 

Zr(CsH,O,l. 
S20:80 BaCl, 2H,O + YCI,6H,O + DI water + buryl carbitol 20:80 

Zr( CsH,O,). 
S50:50 BaCl,2H,O + YCI,.6H,O + DI water + buryl carbitol 50:50 

Zr( CsH,O,). 
S80:20 BaCl, 2H,O + YCI,. 6H,O + DI water + buryl carbitol 80:20 

Zr(C,H,O,). 

Table 2 

Summary of ESD parameters used in this study. 


Paramecers Conditions 

4 

Flow rate (ml/h) 2.8 2.8 2.8 1.4-4.2 2.8 
A nozzle-to-substrate distance (COl) 6 6 6 6 6 
Applied voltage (kV) 10 10 10-15 10 10 
Substrate temperature eC) 250 200-350 250 250 250 
Deposition time (min) 60 60 60 60 60-120 

Table 3 

Influence of solvent mixtures on the stabiliry of suspension/solutions and microstruc­

tures of as-deposited evz films. 


Solution/ Stabiliry of suspension/solution Microstructure of BVZ films 
Suspension 

P50:50 Unstable Porous film 
SO: 100 Unstable 
S20:80 Stable (slight amount Dense film with incorporated 

of sedimentation) particles 
S50:50 Stable Dense film 
S80:20 Unstable 

formed. As a reSUlt, the as-deposited film was not fully dense and had a 
rough surface (Fig. 3a). At 250 '(, which was above the boiling point of 
butyl carbitol (231 'C), the complete solvent evaporation occurred 
before the droplets reached the substrate. Hence, the dense and crack­
free film with only slight amount of surface agglomerates was 
obtained (Fig. 3b). However, at 350 '(, due to very high evaporation 
rate of the solvent. droplets were too dry and closely drawn. causing 
the agglomeration of particles and inhomogeneous film growth as 
shown in Fig. 3c. 

Fig. 2. SEM images of a<-deposited films on SiO,/Si wafers using (a) P50:50 and 
(b) 550:50 using Condition I in Table 2. 
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Fig. 3. Microstructures of as-deposired thin films ar rhe substrare remperatures of (a) 
200·C (b) 250·C (c) 350°C using Condirion 2 in Table 2. 

3.3. Influence of applied voltage 

To study the influence of applied voltage on the microstructure of 
as-deposited films. S50:50 was electrosprayed on Si02 /Si wafers by 
varying the applied voltage in a range of 10-15 kV (Condition 3. 
Table 2). At the applied voltage of 10-12 kV. BYl films were dense and 
crack-free (Fig. 4a). The increase in the deposition rate was observed 
with increasing applied voltage. However. once the applied voltage 
reached 15 kV. the deposition rate may be higher than the solvent 
evaporation rate. thus the droplets were still rich in solvents when 
reaching the substrate. Film cracks occurred probably due to the 
evaporation of the solvent during the film formation (Fig. 4b). 

3.4. Influence of the flow rate of precursor solution 

The precursor solution flow rate controls the droplet diameter (d). 
as predicted by Eq. (1 ): 

(1 ) 

where t, is the relative electrical permittivity of the solution. Q is the 
precursor solution flow rate. and K is the electrical conductivity of the 
solution [71. With a large droplet diameter. the solvent evaporation 

Fig. 4. Microscrucrures of as-deposired rhin films on SiO,/Si wafers ar rhe applied 
volrage of (a) 10 kV and (b) 15 kV using Condirion 3 in Table 2. 

rate may be substantially decreased causing more remaining solvent 
in each droplet To obtain high quality film. the solvent in each droplet 
must have sufficient evaporation time such that the optimal drying is 
guaranteed during the film formation. Therefore. ESD was performed 
on Si02/Si wafers by adjusting the flow rates between 1.4 and 4.2 ml/h 
(Condition 4. Table 2). The as-deposited films were dense and crack­
free when the flow rates were varied between 1.4 and 2.8 ml/h 
(Fig. Sa-b). while non-uniform films with large surface agglomerates 
were observed at a high flow rate of 4.2 ml/h (Fig. 5c). Thus. the 
optimum flow rate should be in a range of 1.4-2.8 ml/h. 

3.5. Deposilion rate and phase analysis of BYl thin films 

Fig. 6 shows cross-sectional images of BYZ films deposited using 
Condition 5 in Table 2 followed by heat treatment at 1050·C for 10 h. 
At the deposition time of 60 min. the annealed film did not fully cover 
the substrate (Fig. 6a) which could arise from mass losses during the 
chemical reactions of precursors. However. as the deposition time 
increased. the additional deposited film covered the unfilled area 
creating a dense and uniform layer. The dense film with a thickness of 
about 1.2 fUll (excluding the surface agglomerates) was obtained after 
2-hour deposition (Fig. 6b) with an average deposition rate of3.3 Als. 
The particle sizes of the as-deposited films were ranged from 50 to 
100 nm. while after annealing at 1050·C for 10 h. the particle sizes 
were increased to 250-300 nm (Fig. 6c). 

XRD analysis was subsequently performed on the BVZ thin films 
annealed at 1050-1350 ·C for 10 h. XRD results of the annealed films 
on Si02/Si wafers revealed the mixed phases of BaCO]. BaCl2 and YSZ 
(Fig. 7a). Perovskite BaZr03 phase was also present in some XRD 
results. The smaller fraction of remaining BaCl2 phase was observed 
with increasing annealing temperature due to more complete 
chemical reaction process. while higher fraction of YSZ was shown 
at higher annealing temperature probably due to the higher loss of 
BaO [101. To improve the film stability and uniformity. BYZ films were 
also deposited on polycrystalline YSZ substrates with the same 
deposition conditions followed by calcining at 1350·C for 10 h. The 
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fig. 5. Microstructures of as·deposited thin films on Sio,/Si wafers at the now rate of 
(a) 1.4 ml/h and (b) 2.8 ml/ h and (c) 4.2 ml/ h using Condition 4 in Table 2. 

XRD result (Fig. 7b) shows only perovskite BaZrO} phase and very low 
YSZ (which is the substrate) and Y20} peaks suggesting the complete 
chemical reaction of the precursors (since there is no precursor left in 
the film). The lattice parameter of the BYl film on YSZ substrate is 
4.214 A, which is slightly larger than that of BaZrO} (4.193 A) UCPDS 
06-0399), thus revealing the expansion of lattice parameter due to the 
incorporation of Y. protonic defects. and adsorbed water into the 
BaZrO} structure [1,11[. The result is also in very good agreement with 
the work of Cervera et al. [11], which showed the same lattice 
parameter of nanograined BaZr08 YO.20] _ R pellets at 4.214 A after 
sintered at 1500 'c. 

The reason that the BYZ film could completely form on the YSZ 
substrate may arise from the similarity in the crystal structures ofYSZ 
and BYZ. Since a BYZ crystal consisted of alternating planes of YSZ and 
Baa. the YSZ plane may then act as nucleation sites for the BYl film 
during the solid state reaction. The difference in the crystal structures 
of Si02 and BYl may inhibit the BYl film formation process in the 
temperature range of this study. As a result. the BYZ film would 
effectively form on the YSZ substrate rather than the Si02/Si substrate. 
Thus. our results further suggest that the selection of substrate is a 
crucial factor to obtain stable films. and the deposition conditions may 
require adjustment if the type of substrate changes. To fabricate a 
dense BYl film for the PCFC application, the substrate would be 

fig. 6. Cross-sectional SEM images of annealed ESD films on SiOz/Si wafers after 
electrosprayed for (a) 60 min and (b) 120 min using Condition 5 in Table 2 and (c) SEM 
image of the film surface after annealed at 1050·C for 10 h. 

changed to either porous anode or cathode materials, of which the 
deposition conditions should be once again systematically studied 
(currently our on-going work). 

4_ Conclusion 

The effects of the ESD parameters on the quality of BYl films were 
studied. The results showed that the uniformity of the as-deposited 
film depended primarily on the compatible rates of solvent evapora­
tion and precursor-droplet deposition . Once both rates were 
compatible. the droplets deposited on the substrate would create a 
homogeneous and dense as-deposited film. If the droplets contained 
too much solvent. the solvent evaporation may have occurred after 
the film deposition. resulting in film cracks. On the contrary. too dry 
droplets caused the agglomeration of particles on the substrate. 
leading to the non-uniform film growth. The optimum deposition 
conditions in this study were found at the substrate temperature of 
250 ' C, 10-12 kV with a now rate between 1.4 and 2.8 ml/h. 
Calcination of the as-deposited film must be subsequently performed 
to complete the chemical reaction of the precursors. The perovskite 
BYl films on the YSZ substrate were obtained after calcined at 1350 'C 
for 10 h. However, due to loss of Baa, a small fraction of of Y20] and 
YSZ phases was still observed. 
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Fig. 7. XRD patterns of thin films after annealed at 1350 °(for 10 h on (a) SiO,/Si wafer 
and (b) YSZ substrate. 
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