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SOLID OXIDE FUEL CELL/ELECTROLYTE/ELECTRICAL CONDUCTIVITY/

CITRATE GEL/BaCeOs

BaCeOj3 has been considered as a candidate for proton conducting electrolyte
operating at 400 - 700°C. In this work, BayxA;xCeOs.5 (A = Li, Na, K, Ca, Ni, Mn, Sr
and x = 0 - 0.5) and BagoSro1CeiyYyO35 (y = 0, 0.1, 0.2) have been prepared by
citrate gel and solid state reaction to determine the optimum synthesized condition to
obtain a single phase. The sintering temperature of these compositions is 1300 - 1450°C
depending on the dopant. In addition, the effects of these dopants on the phase,
microstructure and electrical conductivity are investigated using XRD, SEM and
Solartron impedance analyzer, respectively.

The XRD results show the optimum condition to obtain a single phase for K,
Ca, Ni, Sr and Sr-Y doped BaCeOs is calcination at 950 - 1000°C for powder
synthesized from citrate gel and higher temperature at 1200 - 1250°C for solid state
reaction. However, a single phase could not be achieved for 20 mol% of Li, Na and
Mn doped BaCeOj3 synthesized by citrate gel. The other phases of CeO,, BaO, and
BaCOj; as indentified by JCPDS database appear in these compositions.

SEM results show the average grain size of BaCeOs is 4 - 6 um and the bulk
density is around 74 - 79% as compared to the theoretical density. In this work, a high

density can be achieved in the compositions of 10 mol% Ca, Sr, Sr-Y doped BaCeOs



and the average grain size with these dopants decreases. However, further increasing
amount of these dopants tends to increase the average grain size. For Li and Mn
dopants, a higher sintering temperature is required to obtain a higher density.

The total conductivity of Bag ¢Sro1CeO3 synthesized by solid state reaction and
sintered at 1350°C is 2.13 x 10 S/cm at 700°C and the value is higher than those of
other compositions. In addition, Y doped BapoSro1CeO3 synthesized by citrate gel
tends to decrease the average grain size and increase the grain boundary conductivity.

For this work, BagoeSro:1CeogYo1035 sintered at 1300°C shows the highest grain

boundary conductivity with a value of 9.34 x 10 S/cm at 700°C
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&uT15aou (proton conductor) Fauansennaqdidn Ins ladaiinduniinsi lnihdae
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1AL 97.8% enuaiay wasnnuuin linageuaimaii lwihluussemeuvuulaTasmund
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v H Y Y H
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= = o I o ' 2 ] 2 Y
Fununged 1500°C Wluran 2 92 1ue Jeemuanuvuiuldlmgunny 91.7%
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ALY B-site 1089 x = 0.4 a2 0.6 agdinnuiadesnn luusseime Co, uazildaniing
degran li'ldawy zr
. 9= .
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odgua Tasna1slseneumaniuginaliigniameinazlilasaaiuuy  orthorhombic N
F) @ dy A a ~ 49! = A
doanaoINUAIssEnoUNUFIU BaCeO, thaztiody Sr lull3manunuy azimsaouved
~ 49! A < 1 A o a
peak 11M19 2-theta NGTU 1H1DIVINVLIABEADNUDY Sr1anNNI Ba tevhimaidn srasliaz

o Y .
M 1A lattice parameter A0

r«r 1T T T [ FfF T O | T Ef@ T [ T T T ¥F [ F T T

- Ba,,Sr,,CeO, -
[ J .L k A A e A a.-
i l Ba, Sr,,CeO, |
= i
g *. .k A A " A N
()
E - -
i Ba,,Sr, ,CeO, |
L J * .L A A - A N
B BaCeO, .
I 1 | J A A A |
P T T TR S TR TR N (N NN N T AN SR TR A T AR T RO T NN TR T SN S N S SO N 1
20 30 40 50 60 70 80 90

A 4 Ja v A
51N 4.14 naaawatendisdarlunsnduvesasisznoy Ba, Sr.CeO, 1o x =0.1 0.2

Y

a

v 1 o I o
uaz 0.3 vasumsuaa lsudnguygil 1200°C Wunan 2 ¥ Tus

G
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a Jd o v 4 1 a
%1ﬂﬂ13’]1ﬂ51$ﬁ?;]ﬂWﬂﬂl’éNﬁﬁ‘lJi%ﬂ@‘UWﬁQN1uﬂT§L!,ﬂaul°lfu wuNdsunauazsia

A A 1 [} d‘ 1 [ Y o d'
VDNATADNHNANDINNIANANNY Iﬂﬂﬁ?ﬂqﬂﬂﬁﬁﬁ%‘l‘ﬂ 4.1ua8 4.2

A3 4.1 neraafSmnaaz riiavesasvelinaneInnAveda1slszney Ba, A CeO,

v
o

G NGERFACRE

Y

ay .
% citrate gel

1x* ™x

QuIvinl 3 ehIGEITE
a31lsznou IEETRLY .. ehiRk .
Tumsunaaland Cc) Atun

BaCeO, 950°C /4 %2134 single phase -

x=0.1 1000°C /2 GI?’JT?N single phase -

x=02 | 1000°C/2 %2 1ua second phase | BaCO, 1tag CeO,
Ba,_ Li CeO, L

x=02 | 1050°C /2 %2]1ua second phase | BaCO, 1tz CeO,

x=0.1 1000°C /2 ¥2Tug single phase -

x=02 1000°C/ 2 313 second phase | BaCO, tlag CeO,
Ba,_Na CeO, ; \ 5

x=0.2 1050°C / 2% T4 second phase | BaCO, tlag CeO,

x=0.1 950°C / 4 ‘1?’3111\1 single phase -
Ba,_Ca CeO, N T

x=0.2 950°C / 4 %219 single phase -

x=0.1 950°C /4 32114 single phase -
Ba, Ni CeO, B 7

x=0.2 1000°C 72 2114 single phase -

x=0.1 1000°C /2 B2 T4 single phase -

x=02 | 1000°C/2 %2133 second phase | BaO, 118z CeO,
Ba,_Mn CeO, A T

x=02 | 1000°C/2 %2133 second phase | BaO, 118z CeO,

x=0.1 950°C / 4 ¥ T4 single phase -

x=0.2 950°C / 4 ¥ T4 single phase -

x=0.3 950°C / 4 H 19 single phase -
Ba_Sr CeO, 0

x=04 950°C / 4 H 19 single phase -

x=0.5 950°C / 4 %3 T3 single phase -

y=0.1 950°C / 4 %219 single phase -

y=0.2 950°C / 4 ¥ T4 single phase -
BaOA‘)SrOAlcel-yYyOB-S ° 3 .

y=0.3 950°C / 4 ¥ T4 single phase -




A13190 4.2 ueraalsnaas siiaveidsRelinaneinnAveda1ssznol Ba

[
[

AGERFALRE

¢ 9

ad . .
17 solid state reaction

A CeO,

1x* ™x

52

gl 3 nMAdU 9
a31lsznou IEETRLY .. ehiRk .
Tumsuaa loid (CC) Ry

BaCeO, 1200°C /2 $2 114 single phase -

x=0.1 | 1250°C/2 %719 single phase -
Ba,_Li CeO, H—

x=0.2 1250°C /2 119 single phase -

x=0.1 1250°C /2 2134 single phase -
Ba, K ,CeO, . D

x=02 | 1250°C /2 %219 single phase -

x=0.1 1200°C /2 2 T4 single phase -

x=0.2 1200°C /2 GI?’JT?N single phase -
Ba,_Sr CeO, ] T

x=03 1200°C /2 2 T4 single phase -
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=X b4 CZ v =
4.3 ﬂ1‘5ﬂﬂ‘]zlﬂﬂ‘Nﬁ"ﬂQ@ﬁﬂ“lﬂ‘llf’]ﬁ‘lﬁ—!\ﬂuﬂﬁﬂwﬁ—!ﬂ“I‘JLN1N°I—!ﬂ

4 [ d
431  asdszneuidaunsziaes citrate gel

{ Y as

= ) 2 A o @ . < A
MIAN IATIATNVRIFUNUNTUATIENALIT  citrate gel AZININLNT
a ) I o [ A
UMl 1300 1ag 1350°C 11uan 2 %2 Ty uaanagln 4.15 - 4.43
43.1.1 Tassadregamavesansilsznounugiu BaCeo,

4 w4
msne Inseds Ngamavesasilsznouiugiu  BaCeO, AN

a

< A o < < = Y o ~
MIWIWUNNYUNIN 1300 Lag 1350 C Wunar 2 GD"JIiN G])'\Hlﬁﬂ\iulﬂﬂ\igﬂ‘ﬂ 4.15-4.16

U

o w d‘ a (% d' le d‘ = dl o =
ANy LN@W‘DTﬁﬂHﬂQgﬂﬂ 4. 15 WUNTFUNUNEIAUNN - 1300 C ISUINTUUIN AU

a

' v v v v
WUWUUA ANFUAURFIHTN NN 1350°C Tastivinamsumaslszina 4 -5 um ua
d' = d' a ds! o Blay = ] d’dzg d‘

WarNHIN NNV Uz IRBUNY BaCeO, UANUHUIMUUNAYY Taggih 4.16 udaq

H v
Taseard199amAues BaCeO, naupnmiinigangll 1350°C sz ldguauiisnguanas uag

1]
] dl 43 d’ 1 [ g’/ =1 dl a
ANUHUUUUNGIVY Taguuin miumaﬂ@gﬂizmm 4 -5 pm ANUUNMTIHINUNN UNIU
‘3 o Y dy A o <Y Aas . = oA
YU I msﬂigﬂauwugm BaCeO, NAUATIZNAIYIT  citrate gel UANUHUUUUN

E
UMY

10 um
X 2,500 39mm

a

~ 9 =< A < 3
3'].]1/] 4.15 IﬂiﬂﬁﬁTQﬂaﬂTﬂﬂlﬂQ BaCeO3 INTNUNNYUNNY 1300°C L‘lJuL’Jm 2 “If’JQ[lN

Q EY
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10 um
X 2,500 39 mm

=

514 4.16 Tnsea¥199amaves BaCeO, miinfigamigil 1350°C lunan 2 $21ug

El

4.3.1.2 Tnssadegamavesansilszned Ba, Li CeO, ; 1o x = 0.1 1az 0.2

Y o =<

a A . 9 4
NITLANTITID L1 ﬂ\‘lﬁluiﬂﬁ\iﬁﬁﬁlwfﬂﬁﬂwﬁqﬂ@] SADNNNINITININY

a U

A A & A 9 =< A A = 3
ﬂQﬂ!WﬂNq@ﬂ')’]ﬁTiﬂﬁgﬂ'ﬂ‘UWHj’]u BaCeO3 UU?‘I@%%@I@QLWTWUﬂﬂqmﬁﬂuﬁflﬂﬂ 1450°C !ﬂu

U u u

& A A ' Yo £ ~ 9y
a2 “]f'JTiN lW'ﬂlW‘JJﬂ'J’]‘JJﬁu’]lluuiﬁﬂu%u@’]u Tﬂﬂ ETJVI 4.17 Llﬁﬂﬂiﬂi\‘]ﬁi’]ﬂﬂﬁﬂWﬂmﬂq

U { A J 3 4 v
dyuwauiiAuasivedie Li w1 lu Baceo, U5ua 10 TwanloSidud (Ba,,Li,,Ce0, ;) Haa
] { a I o v 2 { 1
AuMERnfguugl  1450°C Wunar 2 $31ue WUNFUOUTVINANTY  MEsNINAT

. <} Y = 4‘ A a
BaCeO, 118% Ba, Li,,CeO, , lantioy Tagtvunamnsuilszuna 7 - 8 pm toiinsunanms
A .3 -4 . A o A ' <
a19199 Litu 20 Twanlesiua (Ba,Lij,CeO, ) W01541 AagUN 4.18 WuNvuamswan
U . = 1A 1 o A Y A [
171 Ba,,Li,,CeO, , Ingmagognilszinm 6 - 7 um uannungudiifsmnalnamesiy  uag
' Pl ' v
1ATINAOVINNIAVOIFUNY Ba, Li,CeO, ; MAUMHTIN Ngariil 1450°C aqudaslugin

v 2 @ = A o A =2 v v U ) 9
4.19 NUNTUINUHAIUNTNUNIS NI NIALAYT fl]\i@’l%ﬁ\iﬂﬁﬁ@ﬂ’lﬂ’liu'lulww'l



]

i

i1

1

=
N

=
N

10 um
X 2,500 39 mm

=1

a I o
4.17 Tn59er51990mAY09 Ba,,Li, CeO,  iwiinfigaungil 1450°C iHunan 2 43 Tug

q

10 um
X 2,500 39 mm

=1

. a I o
4.18 Tn5993199a71AY04 Ba, Li, ,CeO, ; WNIINNgungl 1450°C 1Tluran 2 2 Tus

Q
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T L] T T I T T T T I L] T T T I T T T T I T T T T I LI T T T I T T L] T

: Bao.xLio.zceoz-a ]
5 L J
‘B L 1 i A A " A .
5 F ]
g1 ]
R BaCeO, |

[ | 1 A R ‘ A |

TR R TN TR AN TR TN TN O TN AN NN AN NN TN NN TN AN TN T SO T AN TN TR T T AN T AN T
20 30 40 50 60 70 80 90

2-Theta

= J  da o
319 4.19 nanwarenfsdanunsnsuvosestsznev Ba, Na,,CeO,

a

o 1 =< A ° < o
HAIWIUNTINTNUNNRU Y 1350 C !f]_h«!nﬁ'] 2 G]f'JTJJQ

U

43.1.3 Tassad199amavesansilsznou Ba, Na CeO,, 110 x = 0.1 #az 0.2
] '
FUNUNAUATD Na aalugas Ba, Na CeO, , 19d
~ v L v ) A =~ A
Ml x=0.118% 02 WUNFUNY  Ba, Na, CeO,, 1A 1dgarnllunmsminiiniga
= < & = o q 92 a v al v A A )
24 1450°C 1Wunat 2 ¥ Tu9 e IRFUOUTaNUUULLATY ua i nsa IaTIaig

Y v 1
0MAYIFUNY Ba, Na,,CeO, , AI3UN 4.20 WUNHIAL VUIANTY IRAY HASINTUFINN

U Q U

~

Y Y
=S ) v A a <
FU9 BaCeO, dM5UFUNY  Ba, Na,,CeO, , 1Fgmuigiilumsmnaiingios  1350°C 11

[

v Y H
a1 2 e Fﬂ$VlﬂﬁlﬁlfuQ1Uﬁﬂ31hﬂu1lluu1ﬂ5}m‘(’Nﬂ’U BaCeO, LaZNINNAUAYIVI AN

a

pHnfigangll  1350°C Aggi - 4.21 uaiieviimsfny] A39E3199001AU01
Y v v
FU1U Ba, Na, ,CeO, , A31/71 4.22 wunazinagnyunielumnsu (intragranular pores) 3810
aamsmineen 11 tazvinaveansuiialnd (exaggerated grain growth) HuAelNTUULIA
<} ] I ] ao Y < 1 a A A
@nuaz Inansenailuvden o 9100U8 uaasliHEUNNIANET 199 Na TulSuanunn
Y Y H 9

Yy vz aswarnliFunuiinnungual tazunansuilugni BaCeO, 53uMedidana 1

agngumelunsutazvinamsuiialng



X 2,500 39 mm

=

= v = a < 3
31 4.20 Tn3963199001AV04 Ba,,Na, ,CeO, miInMgu1nN 1450°C 1Tlurian 2 4719

Q

T T T T I T T T T I T T T T I T T T T J T T T T I T T T T I T T L] T
Ba,Na,,CeO, ;

g‘ i i A A " A, .l
5 ]
E ]
R BaCeO, |

A | A A . A ]

T T N T T T TR NN TN N TN T NN TN TR T TN [N TN TN S T N TR N TN T AN S N
20 30 40 50 60 70 80 90

2-Theta

A s da o
319 4.21 naawmaendisdanuvlsnsuvesasilsznon Ba, Na,,CeO,

=1

o 1 a ) < o
ﬁaﬂW’luﬂ’lﬁlWWWﬁﬂ‘W WHHU 1350 C Lﬂu!ﬂa’l 2 G]f'JTlN

Q
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10 um
X 2,500 39 mm

=1

A 9 =< a I <
311 4.22 Tn39031990019U04 Ba, Na,,CeO, , IHWINNgUHaN 1350°C 11luran 2 47139

Q

4.3.1.4 Tnsea¥agannvesasilsznet Ba, Ca CeO, 1310 x = 0.1 uaz 0.2

Y )
MINATIEH IATIAT19907AYDIFIY  Ba, Ca CeO, 1l x=0.1

a

{ o 4 [N { < o
ez 0.2 NFUATIZHAIID citrate gel WAWNUMNTIENHTIN NN 1300°C Tunan 2 92 Tua

U

o 1 1 a ] Y 1 491
ﬂ\ulﬁﬂ\jlugﬂﬁ 4.23-4.24 NN ﬂ’lilﬁllﬁ'ﬁlﬁa Ca 329390 a YUIALNTU Gh’i LANNITBUITU
BaCeO3 Iﬂﬂ VUIALNTHUBN BaO.QCaO_ICeO3 LLag Bao.8Ca0‘2CCO3 mny 1-2uay 2-3 pm
o v R~ 3 A ~ o £ Aa 1=
AU G]f\iﬂguu']ﬂlﬂiulaﬂaﬂlllaﬂﬁEJUW]EJUﬂ‘U"]fu\ﬂu BaCeO3 ﬂﬂ!ﬂiumu']ﬂslﬂiyﬂq 4-5
A A a =< g d o q v A ’
pm llaglualwuqmﬂaulw’lwuﬂlﬂu 1350°C lﬂul"]a'] 2 "]5'311]\1 fﬂzﬂﬂﬁ%uﬂunﬂ’nnﬁumuu

E [ { < 2 Y 4 o £ o
Ny asaaslugii 4.25 - 426 vazvinamsud Ingirudielonseumsy AUFLOURHIY

=

A I o ey
mstwiinigavgdl 1300°C iunar 2 ¥ Taehauau Ba,,Ca, CeO, 1102 Ba, Ca, ,CeO,

E} U

]
= a

Farwilniigurigil 1350°C szlvinamnsumnasegilszina 2 -3 1ag 3 -4 um



X 2,500 39 mm

=1

A 9 =3 Aa I <
517 4.23 Tasead19gan1aves Ba, ,Ca,,CeO, wwiinfigairigil 1300°C Hunan 2 4 Tug

Q

10 pm
X 2,500 39mm

a

A Y =< A < 3
31]1/] 4.24 TﬂiﬁﬁiTQﬂaﬂTﬂﬂlﬂQ BaO_SCaO.zCeO3 INTNUNNYUNNY 1300°C L‘]J“L!Da"l 2 "If’JIlN

Q EY



]

3

i1

i1

=
N

=
N

: fr; -
10 pm
X 2,500 39mm

=1

4.25 Tns9er5199001Av04 Ba, ,Ca, CeO, WnTinAgaviai 1350°C 1

Q

Funar 2 2 Tug

10 pm
X 2,500 39mm

a

4.26 Tn59e13199001AY04 Ba, ,Ca, ,CeO, WHTNTUNAN 1350°C 1

Q EY

Funar 2 2 Tug

60
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[ g’z Qy d‘d a A 9J U Y
AU FUNUNUNTANTITI9D Ca !‘lﬂl‘lll ﬂgﬁﬂwaiﬁﬂIHW@]!ﬂium@Q
T A A 2 = 9 2 A =< A
BaCeO, aaay AU UV Ca WU Summlmmiummﬂuﬂﬁmﬂm QS IUBININUNN

a 49! v alay A a A = ] dy 13 o Y =
E)tuvmuﬁwmzmwa“lwvmmmmmsm Ca UANUUAUUUNINUY Lmﬂﬂﬂﬁlﬂiuiﬁuu'lﬂ

=Y 2 = =< A a I < =
Trigjuae TaeFuan  Ba,,Ca, CeO, FUMKHNT gungil 1300°C iHunar 2 521w vzl

g U

4 a2 A 4 A ¥ 2 A a A
VUIAUNITURAYLANNT A Uszanm 1-2 pm HN5U IATIH319U0IFUNUNANE5IV0 Ca 92

< o v & i o o A ] o £ o &
Wﬂgwgulﬂuﬂ']u')ull'lﬂ ﬂ\iuulﬁ@ﬂ'ﬁ]ﬂgwgulla3lWNﬂ3]NWu1lluu1ﬁ}ﬂﬂ%uQ1u ﬁ]]lﬂuﬁ{ﬂq

a 1

WWiinfigangigandn 1350°C uaravesmsiiugagimsniinazdawarmldauansu

U

Ig 4 1 S 1 o 1 o le IO
Trajuu Wevansulngvuenawamldaimstih liiheessuaudadla

43.1.5 Tassadrsgamavesansilszneu Ba, Ni CeO, 1o x = 0.1 tay 0.2

10 um
X 2,500 39 mm

A v . =< A a 3 3
3‘1]1/1 4.27 Tﬂﬁ\if’fﬁ%ﬂ"l}ﬁﬂ’]ﬂﬂl@ﬂ Bao‘gNlo‘ICeO3 !,W']W‘Hﬂﬂqmﬁgll 1300°C LﬂUL3a1 2 GB'JT?JQ
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10 pm
X 2,500 39 mm

a

A v . = A g 3
517 4.28 Taseard199aninves Ba, Ni,,CeO, immiinfigangil 1300°C iuna 2 5314
MIANE39e  Niadlu gas Ba, Ni CeO, 1o x =0.1 1az 0.2 ¥a
' =< A a (S < L A a A . 9
AU MawRiinigugl. 1300°C Wunal 2997 Taesuauid@uaisve  Niwh 1y
< 3 4 Y o A v 2 =1 @
P 10 Twanlesidua udaglanigin 427 nunFuavazianungudigs  1asanw
] :: 1 Qy d‘ = d' = [ o [ dl 9
WUWUUMNNFUNY BaCeO, Mwiinian1iz@erny dmiugln - 4.28 udgaslaseaing
2 A A g . sd o 2 ~ o
yamAvesFuunEedls Ni lulsum 20 Tuanlesidud nunFuanuszlinnunguaigs
' 9 1 1 [
AT ANUHUWHUAMNTIFUOY  Ba, Ni, ,CeO, 11az BaCeO, MW WinNan12zifeany
L A Ay LA < ,
FuUNReAe Ni szliinsuumaaniszunm 1-2 um saznsuvinalvg Usgum 7-8 um

Y
ﬂimmmagmﬂu%mm
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43.1.6 Tassadrsgamavesansilszneu Ba, Mn CeO, tilo x = 0.1 t1ag 0.2

= v 2 A a A Y] o
ﬂ1iﬁﬂ‘Hﬂﬂ’iQﬁ':ﬂQi}ﬁﬂTﬂﬂJ@Q%uﬂiuﬂL@]uﬁTEL%O Mn Lelﬂhh_l Hagm

a 1

o A A o . R o = A 2 A
NSINTAUNNYUTHY 1450 C ‘QNLTJuﬂ'lﬁlﬂ'lﬂuﬂﬂ@qﬂ!ﬂﬂﬂqxiﬂ')'mfu\ﬂu BaCeO, 1183910

G

M ' ' ' )
FunulAya1sve Mn szlinnununniudoomniiowninian1ziReiny BaCeo, Al
X o A a = A Siay =) ] A 3 ~ 1
Mg lumswnin e Ivsuaudanurumiumuay Tag 310 4.29 wun

< { a 73 o

Tasead1eganinues Fuau M@na59e ase Mo i 111y Baceo, 151 10 Tuanlosidug

] 9 ]
(Ba, ,Mn, ,CeO,) HASWUMSIHINNguUHN  1450°C 927 1W Funulivinamsu maslng)
] ] 9 1
N1 BaCeO, M wilnfigaivinll  1350°C TaeFua1u  Ba, Mn, ,CeO, diviamnsumay
A A a 3 -4
Uszum 6 - 7 pm ualiomiuySanams Buasee Mn it 20 Twanlesisua (Ba, Mn,,Ce0,)

H Y
W31 AgUN 4.30 WD FUY Ba, Mny,CeO, 3LUANUHUILUUNINAT Ba, Mn,,CeO,

a

Y v v 1
UONMINUFUNY Ba, Mn, ,CeO, 838v110 1051 njn a1 Ba, ,Mn, ,CeO, Furmwiiniigaingil

U
a Y

v ' ' v
1450°C g1 BaCeO, MHATINTNQMIINY  1350°C A28 1A8 FUU Ba, Mn, ,CeO, 1]

U

< 1 { o w
Lﬂiuﬂlu"IﬂlﬁﬂllﬁxlﬂiuﬂluTﬂiﬁﬂJm%ﬂﬂ3$3JTEL! 2-310g 7 -8 pm AUAIAY

10 um
X 2,500 39 mm

=1

~ 9 = A < @
3109 4.29 1A5993199001AV09 Ba, Mn, ,CeO, W HUNNQUIHAN 1450°C 1 urian 2 41 1u4

Q
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10 pm
SUT X 2,500 39 mm

a

51 4.30 Tnssad1a9an1Av04 Ba, Mn, Ce0, rnniinfigainini 1450°C Wuna 2 42 Tua
4.3.1.7 Tnssa3199a01av09a151U32001 Ba, Sr,CeO,

!;J'{i?) x=0.1 0.2 0.3 0.4 uaz 0.5

M3 @uasievia — SclulfSina 10-50 Twandesidud  uda
Funs @33 citrate gel wazwnniinfigangi 1300°C Wt 2 42T ndanndinaied
Tasaadreganminveaiuay Fagit 431 - 435 wohmnduaaide so TuBanafinniu o
daral¥amuniusag muv‘sil’q@uuwmﬂiu“lwqj%uﬁﬁﬂ Tay Fuau Ba,,Sr, ,CeO, 31NN
WUNLUGIUAZ VAN TUANNT BaCeO, 11z F11UAI0U 7 FunsuvesFuay
Ba,,Sr, CeO, dziivinamaetszia 1 -2 pmuaziilofinnsananglii 4.32 - 435 Faudaq
Tasead199amAvesTUNL  Ba,_Sr.CeO, ife x=0.2-0.5 arNUTELIANMAY LRIV
Funu Fesesuandnanimanniuneunisdasuanuteunsiaimihlagldnim

Fou (thermal etching)



10 um
SUT X 2,500 39 mm

= ¥ = A A < 3
319 4.31 Tn3963199001AU09 Ba,,Sr,,CeO, HIHTINNQAI1 NI 1300°C 1T Uria1 2 42119

10 um
X 2,500 39 mm

~ 9 =< A a I @
317 4.32 Tn3903199001AU04 Ba, Sr, ,CeO, MHHANQAINNN 1300°C 1Furia1 2 93119



i

i

i1

1

~
N

=
N

10 um
X 2,500 39 mm

4.33 Tnsaar3199amAv08 Ba,.Sr, ,CeO, tHNTINARRIYYI 1300°C 1Hunan 2 %11

10 um
X 2,500 39mm

=1

a I o
4.34 Tn3995199071Av04 Ba, Sr, ,CeO, WWiINNgungl 1300°C 1Tluan 2 2 Tus

Q
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10 um
X 2,500 39 mm

= a

= 9 = I o
31 4.35 Tn3963199001AU03 Ba, Sr,.CeO, HIHTINNQA1 NN 1300°C 1T Uria1 2 42119

v 9 v
11n3UN 4.36 - 4.40 uaasmnInsdd19ganInvBIFUNUIAN

a

-4 o 1 {
a15eae Srid1 11y Baceo, Y5 10 - 50 TuanloSidua vawumsmniiniguygi
I < Y { '
1350°C 1Huran 2 92109 WUIFUIY Ba,,Sr, CeO, Tvinansumasiiosnil BaCeO, 1az
Qy A a A o A = T A A a
FUNUNANAITDD St 0w o Tasdvnamnsuilszana 1 -2 pm ualomiuifSuans@y
A A g [ Y |§

a1390 Sr lwlsunanmnnvuazi Invinamsu vy

A a v 2 AA g ' < A

Won3 N InTIa NYANMAVRIFUNIUNDOAIE St UAIIHTINT

al o 1 a 1 g \ Qy 1
UNHUANNUY wmwmsmmmiﬁe Sr “luﬂ‘%mm‘ﬁmmuﬁNa@ammmﬂiumawmmiﬂm

SN o

U 90 naaeamsi i



i

i

i1

1

~
N

=
N

X 2,500 39 mm

a

4.36 Tnsaar3199a1A04 Ba,,Sr, CeO, tHNTINARIYI 1350°C 1Hunan 2 %11

q U

10 um
X 2,500 39 mm

=1

{ a I o
4.37 Tn5995199001A04 Ba, Sr, ,CeO, WWINNgungl 1350°C 1Tlunan 2 2 Tus

Q
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i

3

i1

i1

~
N

=
N

SUT

10 um

X 2,500 39 mm

4.38 Tn53e3199001Av03 Ba,,Sr, ,CeO, IWIATIN

[l
=

a

3 @
Noagil 1350°C Hura1 2 ¥ 19

SUT

10 pm
X 2,500

39 mm

{ a I o
4.39 Tn59er31990n1Av04 Ba, Sr, ,CeO, wWWiinfiguugil 1350°C iHunan 2 42 Tus
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10 um
SUT X 2,500 39 mm

= a

= 9 = I o
31 4.40 1n3363199001AU03 Ba, Sr,.CeO, HIHTINNQA NI 1350°C 1T a1 2 92119

4.3.1.8 Tnssas19gamavesansiszney Ba,,Sr, Ce, Y0,

1.y Ty

tie y = 0.1 1az 0.2

a L4 2 4
MIAATIZR In5ed3 99aMAUBITUIY Ba,,Sr, Ce, Y, 0, e y =

A o 7Y ax . o 1 =< A a <
0.1 8% 0.2 NAUNTICHAIYIT  citrate gel HAIHIUNSININUNNRUN Y 1300°C Lﬂunm 2

v H Y
$ I3 asuaaalugin 441 - 4.42 wun ¥ua Bay,Sr, Ce,,Y,,0,, WNANUHU MUY

v v ! Y
Uszanm  5.66 glem’ FIGINNFUNUDY ) HATUIY Ba,,Sr, ,Ce,,Y, 0, 1hag

Ba,,Sr, Ce,,Y,,0;; WNYUIAVDUNTUINT 9] 11 Uz 1-2 pm Wevhims wnding

A < o o { ° w2 ' 2
gungl  1350°C Wlwan 2 91119 A931N 4.43 - 4.44 sz IRFUOUTANUHU U HINNYY

=

4 o £ {1 a < & {2
wonSeuien AuFuOun umskiniguwgll 1300°C Wuna 2 51 Tasiduay

E]

Ba,,Sr, Ce,,Y, 055 1A% Ba,,Sr, Ce, .Y, ,05, NUUIANTURAggN1lseunm 1 -2 1ag 2-3 um

azglz =2

v £ AA 9 =t 2 ! Y
ANUU ﬁnﬂfﬂiﬁﬂﬂ']Tﬂﬁﬂﬁﬁ%ii}aﬂ’]ﬂﬂlﬂﬂ%uﬂTuV]ﬁ]@ﬂ’Jﬂ Sr-Y Glu‘lJ%ﬂJTmV]ll’]ﬂsUu ﬂgﬁﬁﬂaiﬁ

Y =

A 2 Y ! ' ' o 9|
%uammuwmﬂiuiﬁtymumﬂ Lm%ﬂﬁ]ﬁﬁwaﬁﬂﬂ”lﬂﬁuﬂWWW



SUT

X 2,500

39 mm

U

Flunar 2 529

1 4.41 Tnsaa51390mA¥04 Ba, Sr,,Ce,,Y, 05, WINHNTNGUNYI 1300°C

10 um
X 2,500

39 mm

A Y =< A
qﬁ;‘ﬂﬂ 442 Iﬂi\‘lﬁiN‘Qﬁﬂ'lﬂsUm Baopsrmceo‘gYoAzOys IWTHUNNYUH

Flunan 2 52 Tug

a

N1 1300°C

U
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10 pm
X 2,500

39 mm

U

Flunar2 32 Tus

519 4.43 Tnsaa51390mA¥04 Ba, ,Sr,,Cey,Y, 05, WINHNTNGUNYI 1350°C

10 pm
X 2,500

39 mm

A Y =< A
qﬁ;‘l]‘Vl 4.44 Iﬂi\‘]ﬁi’l\?ﬂﬁﬂ']ﬂell@\i Baopsro‘lceosYoAzO}-s IWTHUNNYUH

Flunan 2 52 Tug

a

N 1350°C

U
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432 @sUszneuiiFunszidaeds solid state reaction
43.2.1 Tassadsgamavesansilsznounugiu BaCeo,

4 w4
msfne Inseadeganmavesansilsznouiugiu  BaCeO, HAatH1

=

= a o I < = 9Y o ~
MIWIWUNNYUNIN 1350 Lag 1400 C luna 2 ¥ 1ug “]Nllﬁﬂﬂulﬂﬂﬂgﬂ‘ﬂ 4.45-4.46

El

A

v Pl v v
AAIAY WoNITANAIFUN 4.45 WUNFUNUAFIHTNT 1350°C 22TFWFUNIN LAZAUFHTU
MelUNTU ANUHULUUADUYIA LaZAE TVINANTURAEYTLINY 4 - 5 pm uAlBININIID

i Y Y
Nguugligauazin iy BaCeO, NANUHUILIY 10U 78.30% Y04 theoretical

U u
a

density Aauaana 317 4.46 1ansInTa@T199ANIAV09 BaCeO, HAUKNIINNQUUAN 1400°C

U

o v = oA 2 A '
%zﬂﬂwwamugwguaﬂm HAZANUHUUUNGIVY Tﬂﬂ‘ll‘lﬂﬂlﬂiumﬁﬂﬂfquﬂi%ﬂTm 5-6

o & < A a é’ o Y dy A o <Y ax
pm ANUUNTIATNUNN QUNINGIVU %3‘1/]11‘” msﬂizﬂauwugm BaCeO, NAIATIEHAIYID

QU

. . =1 VoA dg! g‘/ A |<§! k)
solid state reaction HANNHUUUUNTIVU i?ﬂﬂﬁﬂlﬂ?ﬂlﬂiuﬂﬂlﬁfgﬂluﬂﬁﬂ

10 pm
X 2,500 28 mm

{ a < o
517 4.45 Taseadagan1nues BaCeO, mmiinguugil 1350°C 1luan 2 42 1uq
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10 um
SUT X 2,500 28 mm

=

514 4.46 Tnsaard193anAvY BaCeO, 1w HiinTigaiinil 1400°C unai 2 %1 Tus

Q

4.3.2.2 Tnseadagannvesasilsznen Ba, Li CeO,, 130 x = 0.1 tag 0.2
a A . Y 4 Y o =
MaauaT99 Li adlulassaiamesona'lng a2doaiimsmniin
~ PN 1 A o A 9 < A a = I
NgunglgeanNensdsznouiugiu BaCeO, Hnferzaoumniiniguugigeds 1450°C 1ilu
i r v 9 v
na1 2 5 T euanuuiulinuiuau Tas 31N 4.47 - 448 naaslaseadegania

' { a P-4 o 1
GU@Qﬁ?uWﬁllﬁLﬁllﬁﬁL‘%ﬂ g{’JEJ Li L"ﬁ}ﬂ‘ﬂclu BaCeO3 ﬂ?mm 10-20 Tumﬂaimu@ UNAIWIUNIT

=

= a 3 o v 2 A a A . = =
IWTAUNNYUN N 1450°C lﬂul')a'] 2 GH'JIIN NUNBUITH MAVFTITLDD L1 aSUVUIANTU RQY

Q

=

v H H Y
T1jn1 BaCeO, Fuwwiinfigaingil 1400°C TasNu1IANTUINAoVDIFUIIY Ba, Li, CeO,

Q

1ag Bay,Li,,CeO, ; 1NN 6 - 7 L1ag 7 - 8 um AN

o ¥ < a

Y a .9 1 Yy )
Ay azivlanms@uansive Liwh ) sxadawalidodldgungi

U

-1 [ =~

= 13 9 = ] 1 1 o Y Qy
1uﬂ1iLW'IWHﬂVIﬁ\1"lJH i?llﬂﬂﬂlu1ﬂlﬂiuﬂclﬂﬂlumuﬂ"lﬂ mmﬁ]mwammmim"h/\l%hsuawmm

U

4' a A .
NV E3199 L1



X 2,500

39 mm

317 4.47 Taseasaganinveq Ba,,Li,, CeO, , 1HWiinTigaivigil

1450°C 15 unan 2 2 1u9

1‘0 pm
X 2,500

39 mm

311 4.48 Taseai1agannved Ba,Li,,CcO, , WWTInNgaivgil

Q

1450°C 1w 2 2 Tue
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i

i1

1

=
N

=
N

43.2.3 Tassadrsgamavesansilsznon Ba, K CeO,  ilo x = 0.1 tay 0.2

X 2,500

39 mm

4.49 Tn59a5199071AV0 Ba,;K,,CeO 5 WINHANNG AN

a

NN 1400°C L

U

Hunar 2 $2Tu9

2,500

39 mm

4.50 Tn39@5199071AUDY Ba, K, ,CeO, ; INLNNQaY

a

DU 1400°Ct

U

Funan 2 2 Tue
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1n31N 4.49 - 450 udasInsead19ganIAYE FUNU Ba, K CeO,

a

A 2o ¢y an , , o < A
WO x=0.1u1ag 0.2 NAUATIEHAIYIT  solid state reaction HAN WU NMITWINUANOUN N

U
9

3 < L a X &
1400°C 1iunan 2 ¥ 119 WUNFUOU Ba, K, ,CeO, ; 1UFNTURAVUTILIULIN 5IUNIAN
[ Y H H H Yy
ANUHUMUUAINNFUNIU BaCeO, MWHNATN1I21R020U Tasinnumuiniuedduay

v vy Y
mastia)szanal 4.57 gem’ SIMTUFUY Ba, K, ,CeO, ; NUNFUIUTANUHUIMUUINIA

v Y
4.78 g/lem’ Falimgeniazuinamsulngnnyuan Ba,K,,Ce0, , 1A8UIANTUYOI

ay A a A 9 =~ Y 2 [ = [} [}
Funun@uasive K 1l szlivinalndifieany Baceo, F10g1ua3 5 - 6 pm.
4.3.2.4 Tnssa3199a01nve9e51szneu Ba, Sr,CeO,
o x = 0.1 0.2 1z 0.3

a a <
11D L@IllﬁWﬁL%@Gb'uﬂ Sr 1uﬂ§u1m 10 -30 Iﬂalﬂﬂgl‘?}fuﬁ, LLZ%I'J

=< A a

(% 4 I o @
ﬁﬂlﬂi’]gﬁﬁl'lﬂ'j«jﬁ solid state reaction LAZINUNNOUWNN 1350°C 1TUa1 2 ¥ 1N9 Hae91n

a @

ZIJ o a o 9 Qy (% = 1 a A
uum”lﬂamswﬂmqﬁiwﬂamﬂmawmm aagn 4.51 - 4.53 Wy MaANEISRD Sr U

d‘ 49! 1 9 1 :: ;’,‘, lg
Usuanunuu szdana lianuuuudag i'JiJTNGUUW’ILﬂiUGlWﬂJUGU

9 = ]
UAY B 1YKa

] = [ G Y axy . Qy =\ [}
IFUASINUMIATONAIGID - citrate gel 108 FUITU Bay,Sr, ,CeO, NANURUIMUUG AL

< 2 o A : 2 ;
VANTUANNT BaCeO, HAZTUIUAIDN 5 FUNTUYDIFUIY Ba,,Sr, CeO, dwivinamae
v

Uszanm 3-4um Taeduan Bay,Sr,,CeO, 9UANNWLWUUGID 573 g/em’ o210
~ 9 2 A a A Y 9
N 4.54 - 456 ueraann TAs9ai199amAved FuaL @nasve Ao Sridn iy Baceo,

a

< o i I3 3 '
ﬂ?mm 10 - 30 Tumﬂa%mu@i{ WaQNTUﬂﬁLNWN‘ﬁﬂ‘ﬁ@mWﬂM 1400°C !,‘]_Iu!’lﬂ”l 2 GI)"JI?N NWUN

v 4 v H 1
FUU Ba,,Sr, ,CeO, JUU1aNTU MAg1iosndn BaCeO, 1Az FUNUNANA150  SrAIou 9
= A A a A A 2 °
Taghvinamsuilssuna 4 - 5 pm uaiaiufSnams@uaisae St lufsumanunniuezm
Y ng d’Qy = ] a0
Tvnamnsulvgau Tasnaduay  Bay,Sr, CeO, dzuANUHULUUgIganaz i)z
5.81 g/em’
a A 9 o JY ax . . i
M3ANa15190 Sr 1t liazduns121A835 solid state reaction WL

P P
a =2

v H '
mswniinFununguug gz dwmalivinansulugaudie Tas  Jeyameanuvua

U

1 & A o <Y ax . . .
VIUNTUUASANUHUIUUU YDIFUNUNTUATIEHAIYID citrate gel LS solid state reaction &

HAAIAIATITIN 4.3 1A 4.4 U9



10 um
X 2,500 28 mm

a

31U 4.51 Tasead199an1nves Ba,,Sr,,CeO, iWmiinfigavinil 1350°C 1

Qa

Hunar 2 $2Tug

10 um
X 2,500 28 mm

a

517 4.52 Tnseadwgan1nves Ba,,Sr, ,CeO, HHTNNguual 1350°C |

G

Hunar 2 $2Tue
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10 pm
SUT 2 X 2,500 28 mm

a

51 4.53 Tnssad1a9aninves Ba, St,,CeO, wwiinfigamail 1350°C iflunan 2 2T

Qa

10 um
SUT 20 KV X 2,500 39 mm

51 4.54 Tnsead199aniAvea Ba,,Sr,,CeO, MTNTigaingil 1400°C Huna 2 %1 Tus

Q



10 um
SUT X 2,500 39 mm

a

A v =2 A g 3
E‘IJ‘VI 4.55 Iﬂi\‘lﬁiNﬂﬁﬂ1ﬂ"UfN B:J.OBSI‘MCCO3 WWINUNNYUTT N 1400°C L‘]J‘Lll'lﬁ'] 2 GB'JIiN

Qa

10 um
X 2,500 39 mm

=~ 9 =2 A a 3 &
qﬁ;‘lh/] 4.56 Iﬂi\‘]ﬁﬁ’l\mﬁﬂ']ﬂell@q BEIOJSI‘OSCCO3 INTHUNNYUT NN 1400°C L‘]Junm 2 G]f'JI?N

U



{ 1 ] { { o d
A5 4.3 LAAIMANNHUIH UL VIIANT WRAsVeIa1sUseneunduns e v

&1

§1673% citrate gel nAINELMIIIRTNTIgangTTid ey
gungilums ANUHLLLY | VHAINTURAY
gasassenou L .

WINUD (C) (g/cm’) (um)
BaCeO, 1300 4.93 4-5
BaCeO, 1350 5.03 4-5
Ba,,Li, CeO, 1450 - 7-8
Ba, Li,,CeO, 1450 - 6-7
Ba  Na, ,CeO,; 1450 - 7-8
Ba, Na,,CeO, ; 1350 5.26 8-9
Ba,,Ca,,CeO, 1300 5.50 1-2
BaCa,,CeO, 1300 5.44 2-3
Ba, ,Ca, ,CeO, 1350 5.62 2-3
Ba, ,Ca,,CeO, 1350 5.56 3-4
Ba, ,Ni, ,CeO, 1300 - 7-8
Ba, ;Ni,,CeO, 1300 - 7-8
Ba  Mn,,CeO, 1450 - 6-7
Ba, Mn,,CeO, 1450 - 7-8
Ba,,St,,CeO, 1300 5.62 1-2
Ba, St,,CeO, 1300 5.43 2-3
Ba, .Sr,,CeO, 1300 537 3-4
Ba, Sr,,CeO, 1300 5.16 3-4
Ba, ,Sr, ,CeO, 1300 5.09 4-5
Ba,,Sr, ,CeO, 1350 5.85 2-3
Ba, ,Sr,,CeO, 1350 5.54 3-4
Ba, ,St, ;CeO, 1350 5.51 5-6
Ba, St, ,CeO, 1350 5.49 5-6
Ba, St, .CeO, 1350 5.24 7-8
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{ 1 ] { { o d
A15197N 4.3 LAAIMANNHUIH UL VIIANT URAsVeIa1sUsenounduns 1z v

=

ad v !
UHHUNANNUY (919)

A7 citrate gel HAIINHIUMISIHINTNTY
gungilums ANUHLLNY | VAT
gasassenou L .

WINUD (C) (g/cm’) (um)
Ba,,Sr, Ce,,Y,, 0, 1300 5.66 12
Ba,,Sr, ,Ce,,Y,,0,5 1300 5.54 12
Ba,,Sr,,Ce,,Y,,0;5 1350 5.72 1-2
Ba,,St,,Ce,1Y,,0s55 1350 5.61 23

M3197 4.4 EAIMANIMIIL LIAZTNAN SR Asve s s neufiduns e
&163% solid state reaction HAINFIUMIIFHTINTigag a1ty
gungilums ANUHULLY | VanIumae
gasmsilszneu 11410 .

ININUD CC) (g/em’) (um)
BaCeO, 1350 4.76 4-5
BaCeO, 1400 4.98 5-6
Ba,,Li, ,CeO, 5 1450 - 6-7
Ba, Li,,CeO, 5 1450 - 7-8
Ba, K, ,CeO, 5 1400 - 5-6
Ba, K,,CeO, 5 1400 - 5-6
Ba,,Sr, ,CeO, 1350 5.73 3-4
Ba,,Sr,,CeO, 1350 5.56 4-5
Ba, ,Sr, ,CeO, 1350 5.46 4-5
Ba,,Sr, ,CeO, 1400 5.81 4-5
Ba, ,Sr,,CeO, 1400 5.60 4-5
Ba, ,Sr,,CeO, 1400 5.53 5-6

Y ' :,
HyeLve - ﬁi’) FUNUTANUARUUUAM




&3

44  msanmamsiiiihvesansdseneurasriumsminiin
m3Anmmmai WihvesiaaidludidnIns laddiematia - Cole-Cole plot Taeld
inged dunauFanIngalnl) (impedance spectroscopy) Taana 11l azwuaiulfse Failu

o Y = a dy 1 o A
ANHUSADIYATINNAUNAVY 3 TIU muﬁmﬁlugﬂﬂ 4.57

max | max 2 max 3

7" (Ohm-cm)

Rﬂjaumiu R%Lﬁrﬂmﬂ —>

7' (Ohm-cm)

A [ . o
g‘ﬂ“l/l 4.57 anYUSUD impedance spectra Taena 11

Taon  a@au1ded 1 AedulnesinavunA NN INMIYUNe1UATY (crystal lattice)

p3
Re

] '
Y A A 1 = Y =

1N 2 Avadu IAINRATUIINANNATUNIUNVOIATY (grain boundary)

' Y A A 1 Y ad &

U 1A 3 AvaIU 1AIUIDIEAN INTAVDIFUIY

TasUULAY X LEASDIAT Z' HIBAMNAIUMIUEIUDGY  (real part) LAZLAY y AB Z"

[ a v 1 = B~ g’: =
HWIDANUMUMUTIUIUAMN  (imaginary part) TIAIUULAY y DAnDuay tazisaeanull
1 A 4 =< 1 1 9 [ Y ~ A &

M1 Ao Tory (ohm-cm, Q-cm) FIUALIAVUAIU TARLUTAFIANVATUNIUNANVDNIUE
Tagudasnnanudganmedielo lmanuddimedaniie

] 9
daunsain linudimIfensuns 3 dau olauraainanudununielunsu

[

A @ S 1 A 1 1 A A A [ U &
mam@mﬂsuimmmmmm N399199YUBNT N ANNUD NUATDINDIL FIUITD ’Jﬂvlﬂ PINT
] Y
=

R a I U gz a 1 <
G]3TJilfT’fJ‘]J’J"Iﬁ’J'LlIﬁjﬂ1:/{1Lﬂﬂ“]]LlL‘]J‘Llﬂ’J"IllG%)”I‘L!Tl"luﬂlﬂﬂﬁluiﬂuuﬁ"mﬁﬂwﬁ]”lim”lil"lﬂﬂ"lﬂil"lll!ﬂ‘]J

[} I [ : o {
‘]Jizi] (capacitance, C) Tty vhsa (farad, F) Faanusamua ldauaunsn 4.1

27f _RC=1 (4.1)

1 ~ 1 { A 1 a3 a 4
Tagf £, Ao A2WD w yagegavesdIu Idsnnasan Initedlu 185ad (hertz, Hz)

max



&4

A ) 1 9 = ] 3 o
R A9 ANunINvesdIu Insuuunu x Iniletu Tonu
4 1 < { o [] 1 1 - 1 1 g’;
Tagiiomanunulszyndnn latimiieeglug € pF (10°F) uaasndiuTdeiu
a Y o J 1< A o Y 1 -9
mannanudumumelunsuvedidg mnamanunulszyisiuin laeglusie oF (10°F)
- o Y a { o ad
ey uF (10°F) ugasnaiu Insiumaananudununveunsuvesiaquazdan Insa
fNA1AY (Abram, E.J., Sinclair, D.C., and West, A.R., 2003)
A . 1 o 9 o v A
HANINAADIGBY  impedance spectra ttaz M5 W Thveeiag uaasasgin - 4.58-

Y
492 Tagvhmadamanuaumu i uazymsannaammaih ihve ssuaundariu

~

= A = @ 1 o ! o 9 L Yo
NISINTAUNNYUHHUAT 9 “INfl]gL!,ﬁ'ﬂ\W]’Jf‘)EJNﬂ"lﬁﬂ"I‘L!'Jihlﬂ"lﬂWiuTllT\lT\h"UﬁNﬂfuﬂullﬂ@N

Q

MARNUIN A



&5

) Y v d a
441  mmanldihvesmsdszneviidunizyinieis citrate gel

4.4.1.1 mmathlWihvesasiszneuiugiv BaCeo,

a

msiasmanumumu vesaslizney aiimInaaeuINgUugll

U
a =

Y v
300 - 800°C ualudvell 21AAIRIDINNAYDY  impedance spectra QAN 400°C e

U

Y 1
pg1Re) Taglugll 4.58 1aaeA1 impedance spectra YBIFUIU BaCeO, HAIHIUMT HINIINT

a I o A =< A a I 9
MUYV 1300 g 1350°C Wunan 2 ¥ Tug Iﬂﬂmﬂm1ﬂuﬂ“ﬂqmﬁﬂﬂ 1300°C 3 WUaIU1AG 2

U

9

[ o 1 < 1 1 9 = I [] ]

aIu Eﬂ'lﬂﬂ'lﬁﬂ'lu'lﬂ‘!ﬂWﬂ'ﬂiJLﬂ‘Uﬂigﬂ W‘U'ﬂﬁ'JL!Iﬂ\?L!ﬁﬂllﬂ?ﬂ'ﬂilm‘ﬂﬂﬁgﬂﬂgiucﬁﬁﬁ pF Uaay
=1
0

9 1 A s <3 ] 1 =
aanuaumumelunsu LLEWﬁ?l!ﬂﬁﬂ\‘illﬂ?ﬂﬂillﬂﬂﬂi$ﬁgﬂgcluGH’N nF UFANDINIY

=1

v 9 '
Aumuveunsy duFuuiEHdnNgungil 1350°C wzwudIuIAa s 1 dau Ao A

E]

Y £ ' ! Y A = EY =
mmmumumfﬂumi HUBDIBUITU IﬂﬂthW‘Uﬁ'JuIﬂ\ﬁ/]Llﬁﬂﬁﬂ\iﬂ'ﬂilWWHWTMWﬂl@ULﬂiu
2 & Y o w 2 A A P a P = 7
108 FUUUNANIINVDTINAVDUATOINBAATIZTHNAIWITOUATIZHNANND 0.1 -1 X 10’ Hz
v i o 1 < I~ '
I@fJG]'J@fJ'Nﬂ’lﬁﬂ’lu'ﬁuﬂWﬂ’Ju\ILﬂﬂﬂi%mlﬁﬂ\?qfﬂuﬂ'lﬂwu’Jﬂ 9. Llagﬁ]'lﬂgﬂﬂ%LWH')’]ﬂ’]ﬁLN’]Nﬁﬂ

Y H o 9 [
FU9 BaCeO, NQunnil 1300°C 9z dAIAINNUAMUMUNANNFUNUMHIHEN - 1350°C

Y 9 v
v A a K

I =< A o Y = ldg! =K Y
TlﬁuﬂﬁllﬂuWﬁiﬂﬂﬂ?ilﬂ'lﬂﬂﬂ%@ﬂ!ﬂﬂllgﬁ]ﬂ i]::mclmﬂiumumslmymu mmwaiwmmm
9

U

Y
aumu liihgauaie

- _ bk _
10.0_ “;l u“
Y & . o

& 44 sinter at 1350 C

Py iy

& Iy
-8.0 [ e & 7

L . 1

-6.0

L & i
y ‘,1
L & |
A
A 4
&

A
o

- ]
_f sinter at 1300°C ]

z" (X 10° Ohm-cm)

0||||I||||I||||I||||I||||I||

0 0.5 1.0 1.5 2.0 2.5
7' (X 10" Ohm-cm)

v
a

] v ] .
517 4.58 Impedance spectra NQUNAN 400°C YBIFUIIY BaCeO, NHIUMIIHIHTIN

Y

Hgamgil 1300 nag 1350°C Wlunai 2 $2Tua
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4412 mmainlWihvesssisznew Ba, Li CeO,, 1o x = 0.1 naz 0.2

v
a

msanemms Iihvesruanui@ueas@e  Liwn ) tazyiing

P a o . =R & < A a 2 A L =
WINHNNQUYNN 1450°C FUYUMTENHUNNURATTINNIFUNU BaCeO, [UBDININBUNIUN

Q U Q Y Y

=

) v Y
@NEsAe Livzlinnuvuuiudesnnlomninnanzifedny  BaCeO, Aaiudainms
A A = A y2 ~ ' 2 X A ]
LWNQQAWQNiHﬂﬁLNWNHﬂ LWE]‘IW’HHQ'IHEJ?!’JW?JWH'ILLHHL‘W1161]1! I@]EJ E‘JJ‘V] 4.59 HLAANAININUY
Y £ . A A o Y an . Y
AUNMUVDY YUY Ba, Li CeO, 11D x=0.1 1A% 0.2 NAUATIEUAWIT citrate gel LLAIN

v
= a

= a o . & & ~ o £ & =<
minNguugi 1450°C 1Hunan 2 92T nFeufeuny Fuau BaCeO, FunHiingmugil
° I ] ] a . ° 1
1350°C Wuran 2 %2 Ty nuNmMsEuasan Li w1l sz ldaanudiumu melumnsud
Y v

AMNANFUNU  BaCeO, Tasiaanumumunesluniuves Ba,,Li, CeO, , 1Az
. ISP ' v Y < VA A a = =

Ba, Li,,CeO,, UAUMNY 50 1oz 48 kQ-cm taaaldmiuiniol maduaisdelulsudn

A X 0o q Y1 ) °
MNAY 929N 1ITAANNAIUNIUGIa4

_20 - LI T 'n I 7 B L | LI LI LI T
i ooc'c'oooa
I G° “05Ba,,Li,,CeO,
D
| o .'—-.
-1.5}¢ o .'
@ | L8 -'."-2/ Ceigaong()lCeO
5) L o g%
[} [a] .. %
£ of . |
vO of .'ﬂ
S o a0 i
o]
X ! ]
N
L PRI L PR Lo a1 PRI M| e L
0 1.0 2.0 3.0 4.0 5.0
7' (X 10" Ohm-cm)

a

‘]Jﬁ 4.59 Impedance spectra mmwnu 400°C mawmm BaCeO, 11ag Ba,_ Li CeO, ;
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AN 500 600 taz 700°C

P gunql a3 T (s/em)
FUITU - . o R .
RN (°C) 500°C 600°C 700°C
BaCeO, 1300 513%10° | 113X10" | 229X 10"
Ba, ,Ca, ,CeO, 1300 126X 10" | 315%x10° | 7.17x10"
Ba, ,Ca, ,CeO, 1300 159X 10" | 346X 10" | 719X 10"
Ba, ,Ni, ,CeO, 1300 562X10° | 1.64X10° | 4.69X10°
Ba, ,Ni,,CeO, 1300 460X 10° | 149X10° | 342X%10°
Ba, Sr, ,CeO, 1300 255X 10" | 6.28X10° | 886X10"
Ba, Sr,,CeO, 1300 512X 107 | 155X10° | 4.05X10°
Ba, ,Sr,,CeO, 1300 497%10° | 153X 10" | 389X 10"
Ba, Sr, ,CeO, 1300 441%10° | 130x10" | 3.59x10"
Ba, ,Sr, .CeO, 1300 379%10° | 115X 10" | 3.54x10"
BaCeO, 1350 130X 10° | 354X10° | 836%X10°
Ba, Na,,CeO, 1350 199X 10> | 620x10° | 1.57x10"
Ba,Sr, CeO, 1350 293X 10" | 755%10° | 212X10°
Ba, St,,CeO, 1350 143X 10" | 406X%10" | 1.04X%10°
Ba, .Sr,,CeO, 1350 122% 10" | 3.53%10" | 9.64x10"
Ba, Sr,,CeO, 1350 101 x10" | 262%x10° | 7.74%10"
Ba, Sr, .CeO, 1350 9.96 X 10° | 329X 10" | 8.00X10"
Ba,,Li, ,CeO, 1450 626X 10° | 1.73X10° | 452X10°
Ba,Li,,CeO, 1450 6.67X10° | 185X 10° | 518X 10"
Ba,,Na, ,CeO, 1450 397X 10° | 1.07X10° | 2.82X10°
Ba, ,Mn, ,CeO, 1450 113X 10° | 5.02X10° | 2.09X%10°
Ba, Mn, ,CeO, 1450 352X 10° | 201X10° | 813X 10°
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AN 500 600 taz 700°C

P gunql a3 T (s/em)
FUITU - . o R .
RN (°C) 500°C 600°C 700°C

BaCeO, 1350 678X 10° | 129X 10" | 4.91X10"
Ba, ,Sr,,CeO, 1350 9.07X10° | 2.67X10" | 1.52X10°
Ba, Sr, ,CeO, 1350 6.87 X107 | 230X10" | 516X%10"
Ba, ,St, ;CeO, 1350 732X10° | 1.56%10" | 4.11x10"
BaCeO, 1400 878X 10° | 218X10° | 1.14X10°
Ba,,Sr, CeO, 1400 902X 107 | 226X10° | 1.31X10°
Ba, Sr,,CeO, 1400 896X 10° | 225X10° | 120X 10"
Ba, S, ,CeO, 1400 742X 10° | 9.63X%10° | 3.02%x10"
Ba, K, CeO, 1400 401X 107 | 897X10° | 254X%10"
Ba, K,,CeO, 1400 407%X10° | 885Xx10° | 224%10"
Ba,,Li, CcO, 1450 741X 10° | 133%X10" | 381%x10"
Ba,Li,,CeO, 1450 198X 10° | 421X 10° | 9.86% 10"
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m15199 4.7 mmsih Ifhvesveunsu (grain boundary conductivity, O ) ﬁQﬂmﬂll 500 600

o 2 A o d Y an
1o 700 C UIFUNUNTUATIZHAIYIT citrate gel
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P gunql a3 T (s/em)

B WKEIn (°C) 500°C 600°C 700°C
BaCeO, 1300 541%10° | 227X10" | 507X10"
Ba, ,Ca, ,CeO, 1300 169X 10" | 1.28X10° | 446X 10°
Ba, ,Ca, ,CeO, 1300 114X 10" | 366X10" | 137X10°
Ba,,Sr, ,CeO, 1300 412X 10" | 378X 10° | 8.04X10°
Ba,,Sr, Ce,,Y,,0,, 1300 248X 107 | 419%X10° | 9.34%X10°
Ba, S, ,Ce,Y,,055 1300 117X 10" | 275%10° | 525X%10°
Ba, Na,,CeO, 1350 324X 107 | 1.08X10° | 421X10"
Ba, ,Ca,,CeO, 1350 3.84X10° | 932%X10° | 224X 10"
Ba, ,Ca, ,CeO, 1350 350X 100 | 836X10° | 179X 10"
Ba,,Sr, ,CeO, 1350 399X 10" | 181%X10° | 6.67X10°
Ba, ,Sr,,CeO, 1350 342%10" [ 921%X10" | 4.02X10°
Ba, .Sr, ,CeO, 1350 203X 10° | 643%10" | 3.65X%10°
Ba, Sr,,CeO, 1350 137X 10" | 527X10° | 324X%10°
Ba, St, .CeO, 1350 126X 10" | 3.86x10" | 3.08X10°
Ba, Sr, ,Ce,,Y, 0, 1350 126X 10° | 223X10° | 514X10°
Ba, ,St,,Ce,Y,,05 5 1350 9.68X 10" | 1.52X10° | 293X 10"
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Ba, K, ,CeO, ; 1400 328X 107 | 632X%10° | 1.69X%10"
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AN 500 600 taz 700°C

2 gunql A i (s/em)
FUNU . . - - -
RN (°C) 500°C 600°C 700°C

BaCeO, 1300 263%10° | 7.56X10° | 1.58%10°
Ba,,Ca, ,CeO, 1300 722X 107 | 253X 10" | 502X10°
Ba, ,Ca, ,CeO, 1300 6.65X10° | 1.78%10° | 472X 10"
Ba, Sr, CeO, 1300 158X 10" | 538%X10" | 7.98%X10"
Ba, Na,,CeO, ; 1350 123X 10° | 3.94%X10° | 1.14%10"
Ba, Sr,,CeO, 1350 169X 10" | 533%X10" | 1.35%X10°
Ba, Sr,,CeO, 1350 812X 10° | 3.14X10° | 7.68X%10"
Ba, ,Sr, ,CeO, 1350 752X 107 | 228%10° | 7.09x 10"
Ba, Sr, ,CeO, 1350 6.68X 107 | 204X10° | 687X10"
Ba, ,Sr, ,CeO, 1350 619107 | 1.19X10° | 3.84x10°

A15199 4.10 A5 1Wis9w (total conductivity, G,) fAigaIrinil 500 600 1ag 700°C

2 A o Y ay 1 .
UDIFUINTUNTUATIEHAIYIT solid state reaction

2 gunql A i (S/em)
PUNU - . - - -
IWINUD (CC) 500 C 600 C 700 C

BaCeO, 1350 230X10° | 7.64X10° | 2.64X%X10°
BaCeO, 1400 325X10° | 1.19X10" | 6.88%10"
Ba, Sr, CeO, 1350 125X 10" | 342X10° | 213X 10"
Ba, K,,CeO, 1400 183X 10° | 449X 10° | 135%10°
Ba, K, ,CeO, ; 1400 1.82X10° | 3.69%10° | 9.64%10°
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Pattern : 01-082-2425

Radiation = 1.540600

Quality : Calculated

Ba(Ce0s)

Barium Cerium Oxide
Perovskite (Ba, Ce), syn
Also called: Barium cerate(IV)

Lattice : Orthorhombic
S.G.: Pmen  (62)

b= 6.23425
c= 621346
ab = 1.40733
c/b= 0.99667

Z= 4

Mol. weight = 325.45
Volume [CD] = 339.86
Dx = 6.361

Vicor=_12.41

ICSD collection code: 079001
Cancel:
Data collection flag: Ambient.

Knight, K.S., Bonanos, N., Mater. Res. Bull., volume 30, page 347 (1995)
Calculated from ICSD using POWD-12++ (1997)

Radiation : CuKa1
Lambda : 1.54060
SS/FOM : F30=66(0.0103,44)

Filter : Not specified
d-sp : Calculated spacings
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Pattern : 03-065-6619

Radiation = 1.540600

Quality : Calculated

BaO:

Barium Peroxide

Lattice : Body-centered tetragonal
S.G.: l4/mmm (139)

a= 3.80700

Mol. weight= 169.33

Volume [CD] = 99.15

Dx = 5672
c= 6.84100
Z= 2 Vicor=_8.65
NIST M&A collection code: A 11567 50431 0

Temperature factor: TF Isotropic TF given by author !

Melting point: 650d

Remarks from ICSD/CSD: Experimental patterns from PDF: 12-438 and
41-1184. Cell can be transformed to 14/mmm with 2=3.807(7), c=6.841(5)
with corresponding transformations of atomic coordinates.

Temp of data collection: 25

Sample preparation: BaO2-8H20, obtained by the addition of 3% H202
to a saturated solution of pure Ba(OH)2, dried in vacuum at 60 C over

silica gel, then at 100 C over P205 and heated at 550-600 C for several
hours in dried oxygen flow. Phase purity: 97.98-88.3%.

Data collection flag: Ambient.

Abrahams, S.C., Kalnajs, J., Acta Crystallogr., volume 7, page 838 (1954)

Calculated from NIST using POWD-12++

Radiation : CuKal Filter :

Lambda : 1.54060
SS/FOM : F30=1000(0.0001,30)

Not specified

d-sp : Calculated spacings

2th

26.029
26.778
33.255
42709
46.378
47.742
53.539
55.177
55.581
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93484
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102976
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141874
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Pattern : 00-005-0378

BaCQOs

Barium Carbonate
Witherite, syn

Lattice : Orthorhombic Mol. weight = 197.34

S.G.: Pmen  (62) Volume [CD] = 304.24

a= 531400 Dx = 4308
b= 8.90400

Ac = 6.43000

a/b = 0.59681 Z= 4 lcor= 420
c/b= 072215

Optical data: A=1.530, B=1.679, Q=1680, Sign=-, 2V=9°calc )
Color: Colorless i
Sample source or locality: Sample from Mallinckrodt Chemical Works.
Analysis: Spectroscopic analysis: showed <0.01% Al, Ca, Na, Sr;

<0.001% Cu, Fe, Mg, Pb

Temperature of data collection. Pattern taken at 26 C.

Additional pattern: To replace 00-001-0506

Data collection flag: Ambient.

Swanson, Fuyat., Natl. Bur. Stand. (U.8.), Circ. 539, volume II, page 54
(1953)

CAS Number: 14941-39-0

Radiation : CuKa1 Filter : Beta
Lambda : 1.54050 d-sp : Notgiven
SS/FOM : F30=34(0.0123,71)

Radiation = 1.540600

2th

19.451
19.936
23.901
24.299
27.725
29.505
32.546
33.719
34.089
34.605
39.474
40481

" . 41989

42.952
44.187
44,856
45.789
48.958
49.786
52,650
53683
54,688
55,697
56,291
59,054
59,897
60.854
61435
62,540
68.142
68,653
69.701
70,480
70.907
73,000
76.228
77.326/
78,690
79710
79710
82327
85621
89 402
*89 402

je

NN 232N 2 WARRXBRPRO2NAECORRO=2NNNW

Quality : Indexed

=

BOABNNDACWNNANO_LWONWON_2NWNWON—222NONON—--_2N_000—-0—

=

NOWRAOINNOWAOLODWWRALAWANOLE ABD AADANCWORANBNWLOO2CN-AN-

-~
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Pattern : 00-043-1002 Radiation = 1.540600 Quality : Calculated
|
Ce0, 20 i h k1|
|
28.550 100 1 1 1
33077 27 2 0 0|
, 47485 46 2 2 0
Cerium Oxide 56.343 34 3 1 1
Cerianite-(Ce), syn 59.091 6 2 2 2
69.418 6 4 0 0
76.707 12 3 3 1
79.079 r 4 2 0
88431 10 4 2 2
95.408 9 5 1 1
Lattice : Face-centered cubic Mol. weight= 17212
S.G.: Fm-3m (225) Volume [CD] = 158.46
a= 541134 Dx= 7215
|
Z= 4 Vicor=_13.20
|
|

General comments: Calculation of diffractometer peak intensities done
with MICRO-POWD v. 2.2 (D. Smith and K. Smith) using default
instrument broadening function (NBS Table), diffracted beam
monochromator polarization correction, and atomic scattering factors
corrected for anomalous dispersion. Cell p from 34-394. Atomic
positions from Wyckoff for fluorite structure with Ce in 4a and O in 8c.
Isotropic th | p ters estimated as 1.0 for each atom.

Additional pattern: See ICSD 61595 (PDF 01-078-0694); ICSD 72155 [
(PDF 01-081-0792). |
Data collection flag: Ambient. ‘

) |
I
|

Grier, D., McCarthy, G., North Dakota State University, Fargo, North |
Dakota, USA., ICDD Grant-in-Aid (1991)

Radiation : CuKal Filter : Monochromator crystal

Lambda : 1.54056 d-sp : Calculated spacings
SS/FOM : F10=625(0.0016,10) ‘ [
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1 400°C YD9FUIU BaCeO,

138

NdunT1EHAI07S solid state reaction HAZNINHNTUUA 1400°C
AMUD (Hz) z' (Ohm) 7'" (Ohm)
1.00 X 10 7.55 X 10" 323X 10°
9.33 X 10° 8.57 X 10' 348 X 10°
8.71 X 10° 9.49 X 10' 373X 10°
8.12 X 10° 1.05 X 10° -4.01 X 10°
7.58 X 10° 1.16 X 10° 430 X 10°
7.07 X 10° 131 X 10° 4.61 X 10°
6.60 X 10° 1.48 X 10° 492 X 10°
6.16 X 10° 1.66 X'10° 522X 10°
574 X 10° 1.87X 10° 555 X 10°
536X 10° 2.08 X 10° -5.89 X 10°
5.00 X 10° 232X 10° 6.22 X 10°
467 % 10° 263 X 10" 6.58 X 10°
435%10° 2.91 X 10° 6.94 X 10°
4.06 X 10° 3.25 X 10° 729 X 10°
3.79 X 10° 3.63 X 10° -7.64 X 10°
3.54 X 10° 4.01 X 10° 8.01 X 10°
3.30 X 10° 4.47 X 10° 837X 10°
3.08 X 10° 4.93 X 10° -8.69 X 10°
2.87 X 10° 5.40 X 10° -9.04 X 10°
2.68 X 10° 597X 10° 929 X 10°
2.50 X 10° 6.50 X 10° 958 X 10°
2.33 X 10° 7.13 X 10° 9.83 X 10°
2.18 X 10° 773 X 10° -1.00 X 10°
2.03 X 10° 8.40 X 10° -1.03 X 10°
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NAUATIZHAID solid state reaction LASININUD

1 400°C ¥9IFUU BaCeO,

Ngavgil 1400°C (¢10)

139

AN (Hz) 7' (Ohm) 7" (Ohm)
1.89 X 10° 9.03 X 10° -1.04 X 10’
1.77 X 10° 9.69 X 10° -1.06 X 10’
1.65 X 10° 1.04 X 10’ -1.06 X 10’
1.54 X 10° 1.09 X 10’ -1.05 X 10’
1.44 X 10° 1.17 X 10° -1.07 X 10’
1.34 X 10° 125X 10’ -1.05 X 10’
1.25 X 10° 1.32 X 10’ -1.05 X 10°
1.17 X 10° 1.38 X 10° -1.03 X 10°
1.09 X 10° 1.44 X 10’ -1.03 X 10°
1.02 X 10° 151 % 10° -9.99 X 10’
9.47 X 10° 1.63 X 10° 927 X 10°
8.84 X 10° 1.69 X 10’ -9.08 X 10°
8.25 X 10° 1.73 X 10° -8.86 X 10°
7.69 X 10° 178 X 10° -8.63 X 10°
7.18 X 10° 1.83 X 10° -8.42 X 10°
6.70 X 10° 1.87 X 10’ -8.18 X 10°
6.25 X 10° 1.91 X 10° -7.93 X 10°
5.83 X 10° 1.94 X 10’ -7.67 X 10°
5.44 X 10° 1.98 X 10’ -7.40 X 10°
508 X 10° 2.01 X 10° 7.16 X 10°
4.74 X 10° 2.04 X 10’ -6.91 X 10°
442 X 10° 2.06 X 10° -6.72 X 10°
4.12 X 10° 2.09 X 10 -6.46 X 10°
3.85 X 10° 2.11 X 10° -6.28 X 10°
3.59 X 10° 2.14 X 10° -6.05 X 107
335X 10° 2.16 X 10° -5.87 X 10°




(Z 1 9

Q139N V.1 AIDE1VBYA

[
[

U
Y axny

Ay ¥ v 1 a A s
‘Vl”l@mﬂmsmmanwmqumw

=<

U

NAUATIZHAID solid state reaction LASININUD

1 400°C ¥9IFUU BaCeO,

Ngavgil 1400°C (¢10)

140

AN (Hz) 7' (Ohm) 7" (Ohm)
3.13 X 10° 2.17 X 10° -5.66 X 107
2.92 X 10° 2.19 X 10° -5.50 X 107
2.72 X 10° 2.21 X 10° -5.36 X 10°
2.54 X 10° 2.22 X 10’ -5.23 X 10°
2.37 X 10° 2.24 X 10° -5.10 X 107
2.21 X 10° 225X 10° -4.98 X 10°
2.06 X 10° 2.27 X 10° -4.87 X 10°
1.92 X 10’ 2.28 X 10 -4.80 X 107
1.79 X 10° 2,29 X 10° 472 X 10°
1.67 X 10° 231 X 10° -4.62 X 10°
1.56 X 10° 232X 10’ 457 X 10°
1.46 X 10° 233 X 10° -4.49 X 10°
136 X 10° 235X 10° -4.48 X 10°
127 X 10° 236X 10° -4.42 X 10°
1.18 X 10° 2.37 X 10° -4.46 X 10°
1.10 X 10’ 2.39 X 10 443 X 10°
1.03 X 10’ 2.40 X 10° -4.44 X 10°
9.62 X 10°* 2.41 X 10° -4.44 X 10°
8.97 X 10" 243 X 10° -4.49 X 10°
8.37 X 10" 2.44 X 10° -4.50 X 10°
7.81 X 10° 2.46 X 10° -4.55 X 10°
7.29 X 10° 2.48 X 10° -4.55 X 10°
6.80 X 10° 2.49 X 10° -4.67 X 10°
6.35 X 10° 2.50 X 10 -4.69 X 10°
5.92 X 10° 2.53 X 10° 474 X 10°
552X 10" 2.55 X 10° 478 X 10°




(Z 1 9

Q139N V.1 AIDE1VBYA

[
[

U
Y axny

Ay ¥ v 1 a A s
1/1”1@1mﬂmsmmanwmqumw

=<

U

NAUATIZHAID solid state reaction LASININUD

1 400°C ¥9IFUU BaCeO,

Ngavgil 1400°C (¢10)

141

AU (Hz) 7' (Ohm) 7'" (Ohm)
5.15 X 10" 257X 10° 483X 10°
4.81 %X 10" 2.59 X 10° 487 X 10°
4.49 %X 10 2.61 X 10° 494 X 10°
4.19 X 10" 2.64 X 10° 498 X 10°
3.91 X 10 2.66 X 10° 501 X 10°
3.64 X 10* 2.68 X 10° -5.05 X 10°
3.40 X 10 271 X 10° -5.03 X 10°
3.17 X 10 2.74 X 10° -5.13 X 10°
2.96 X 10 2.76 X 10° -5.14 X 10°
2.76 X 10" 279 X 10° -5.12 X 10°
2.58 X 10" 2.82 X 10° 5.10 X 10°
2.40 X 10 2.84 X 10° 5.10 X 10°
2.24 %X 10" 287X 10° 5.05 X 10°
2.09 X 10" 2190 X 10° 502X 10°
1.95 X 10" 2.92 X 10° -5.01 X 10°
1.82 X 10* 2.95 X 10° -4.96 X 10°
1.70 X 10" 2.98 X 10° -4.88 X 10°
1.59 X 10°* 3.01 X 10° 483 X 10°
1.48 X 10* 3.03 X 10° 473 X 10°
1.38 X 10" 3.05 X 10° 468 X 10°
1.29 X 10°* 3.08 X 10° 455 X 10°
1.20 X 10" 3.09 X 10° 450 X 10°
1.12 X 10" 3.11 X 10° -4.42 X 10°
1.05 X 10" 3.14 X 10° 434 X 10°
9.77 X 10° 3.15 X 10° 420 X 10°
9.11 X 10° 3.17 X 10° 412X 10°
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NAUATIZHAID solid state reaction LASININUD

1 400°C ¥9IFUU BaCeO,

Ngavgil 1400°C (¢10)

142

AN (Hz) 7' (Ohm) 7" (Ohm)
8.50 X 10’ 3.19 X 10 -4.01 X 10°
7.93 X 10° 321X 10° -3.92 X 10°
7.40 X 10 322 X 10° -3.83 X 10°
6.91 X 10° 3.24 X 10’ 373 X 107
6.44 X 10° 3.25 X 10° -3.65 X 10°
6.01 X 10’ 326 X 10° -3.55 X 10°
561 X 10° 328 X 10° -3.50 X 10°
523 X 10° 3.30 X 10° 3.42 X 107
4.88 X 10’ 331X 10° 332 X 10°
4.56 X 10° 332 X 10° -3.14 X 107
425 X 10’ 333X 10° 322 X 10°
3.97 X 10’ 3.35 X 10" -3.08 X 10°
3.70 X 10° 336X 10° -3.02 X 10°
3.45 X 10° 336X 10° -3.10 X 10°
322 X 10° 3.38 X 10° 2.89 X 10°
3.01 X 10’ 3.38 X 10° 22.84 X 10°
2.80 X 10’ 3.40 X 10 2279 X 10°
2.62 X 10° 3.41 X 10° 272X 10°
2.44 X 10° 3.41 X 10° 271X 10°
2.28 X 10° 3.42 X 10° .65 X 10°
2.13 X 10° 3.44 X 10° 2.61 X 10°
1.98 X 10’ 3.44 X 10° 257 X 107
1.85 X 10’ 3.44 X 10° -2.54 X 10°
1.73 X 10’ 3.46 X 10° -2.46 X 10°
1.61 X 10’ 3.47 X 10° .48 X 10°
1.50 X 10’ 3.47 X 10° -2.45 X 107
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NAUATIZHAID solid state reaction LASININUD

1 400°C ¥9IFUU BaCeO,

Ngavgil 1400°C (¢10)

143

A (Hz) Z' (Ohm) 7" (Ohm)
1.40 X 10° 3.49 X 10’ 2.40 X 10°
131 X 10° 3.50 X 10° 238 X 10°
122 X 10° 3.50 X 10’ 232X 10°
1.14 X 10° 3.51 X 10° 239 X 10°
1.06 X 10° 3.52 X 10’ 231X 10°
9.92 X 10° 3.52 X 10° 231X 10°
9.25 X 10 3.54 X 10’ 228 X 10°
8.63 X 10° 3.55 X 10’ 230 X 10°
8.05 X 10° 3.55 X 10° 226 X 10°
7.51 X 10° 355 X 10° 2226 X 10°
7.01 X 10° 3.57 X 10° .24 X 10°
6.54 X 10° 3.58 X 10 226 X 10°
6.10 X 10° 3.58 X 10° 223X 10°
5.69 X 10° 3,59 %X 10° 226 X 10°
531X 10° 3.60 X 10° 228X 10°
4.96 X 10° 3.60 X 10° 231X 10°
4.63 X 10° 3.62 X 10° 229 X 10°
432 X 10° 3.62 X 10° 233X 10°
4.03 X 10° 3.65 X 10° 233X 10°
3.76 X 10° 3.60 X 10° 2.12 X 10°
3.51 X 10° 3.68 X 10 257X 10°
327 X 10° 3.65 X 10° -2.36 X 107
3.05 X 10° 3.66 X 10° 237X 10°
2.85 X 10° 3.67 X 10° -2.46 X 10°
2.66 X 10° 3.68 X 10° 247X 10°
2.48 X 10° 3.69 X 10° 221 X 10°
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1 400°C ¥9IFUU BaCeO,

Ngavgil 1400°C (¢10)

144

A (Hz) Z' (Ohm) 7" (Ohm)
231X 10° 3.70 X 10’ 2251 X 10°
2.16 X 10° 3.72 X 10° -2.58 X 10°
2.01 X 10° 3.72 X 10° 261 X 10°
1.88 X 10° 373 X 10° .64 X 10°
1.75 X 10° 3.74 X 10° 22.68 X 10°
1.64 X 10° 3.75 X 10° 271 X 10°
1.53 X 10° 3.75 X 10’ 2274 X 10°
1.42 X 10° 3.78 X 10 2282 X 10°
1.33 X 10° 3.77 X 10° 22.82 X 10°
1.24 X 10° 3.79 X'10° 22.88 X 10°
1.16 X 10° 3.80 X 10° 2.82 X 10°
1.08 X 10° 3.82 X 10’ 2293 X 10°
1.01 X 10° 379 X 10° -3.07 X 10°
9.39 X 10' 382 X 10" -3.03 X 10°
8.76 X 10' 3.88 X 10° -3.30 X 10°
8.18 X 10' 3.84 X 10° 22.93 X 10°
7.63 X 10' 3.91 X 10° -3.66 X 10°
7.12 X 10' 3.80 X 10° 332 X 10°
6.64 X 10' 3.99 X 10’ -3.26 X 10°
6.20 X 10" 3.78 X 10° 324 X 10°
578 X 10' 4.11 X 10° -4.17 X 10°
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i | | |
| 97 C =13.60 X 10’ ohm | '

2000 vy vy v e by L
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517 2.1 impedance spectra N9VHYN 400°C YBIFUY BaCeO, NTUATIEN
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a Y 1 ’ 1% ~ A Y J 9
wsan laana 2" vuunu x A131 1.1 Taaa1nga A - B 9zliaiu1Awed manuaumu
a 2 9 Y ' a f o 1 A [}
(MAYY 1INFYUazIYAINMIIANYN 90 A A1 Z' 1MAY 7.55 X 10 Ohm HAzYA B UA1 Z
v
NY 2,39 X 10° Ohm A9HU9INYA A - B 923 mAudumusiiny - 2.31 X 10° Ohm 910
9 9 Y o 1 A 9 o 1 <3 Y v dy
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) 1 <3 A FY ~
msmnumanunulszgnanlagm 1 (30 A - B)
nNAuMs 27, _RC=1
C = 1/Q2Ttf, . R)
C = 1/[270(1.44 X 10° Hz)(2.31 X 10" Ohm)]
C=478X10"F
C =478 pF
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Y
ey Mngiuazdoyaninmsianyi 99 B A1 Z" 510y 2.39 X 10° Ohm tazya C ia1 Z'

9
MR 3.60 X 10° Ohm ANUUINYA B -C gl ﬂWﬂ’JHJéﬁUVITL‘!WHﬂ’U 1.21 X 10° Ohm 910
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C=4.44nF
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Y1 Y Ay v v 1 a A s A o 1 o Y
mﬂ%mmmmumu (R) w"lﬂmﬂmimmaummm: m@mmmmmﬂﬁm"h/\h/\h

YDITAQ AIUAAININNTN A1

Tasd R

= pl/A

Y
= ANUHUIVDOITUITU
Y

A A 9 = 2
= NUNHUIOAVDITUITU (A = TTr)

(M.1)

Y

A @ 2 < A o v 1 o 9
Eﬂ‘ﬂ f.1 amslmz“anmml,mmuﬂﬂauﬂmm’mmmiuﬂwm

A 9 2 A o Y ax . .
A1TNN .1 VOYAVUINVUDIYUITU BaCeO, NAIATIZHAIYID solid state reaction

[ =< A a < o
HAUWIWUNNYUN YN 1400°C Wua 2 G]f')IlN

AUYIU (1, cm)

9) ] o
EUANIFUHINAN (D, cm)

2

Wunnida (A, cm’)

1.268

0.115

1.263
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aanudumu mMeolunsu 7118910 Manuan 4. TAUMINY 2.31 X 10° Ohm LAZ10

v v
9 aS =

FoYAVUIAVBITUNIY  BaCeO, g lumsi a.1 sz enansadnnasnmmah il

melunsuldasil
G = 1/RA

(0.115 cm) / [(2.31 X 10’ Ohm)( (1.263 cm)]

3.94 X 10° S/cm

b4 v v
Y ) 2 ~

[ ' o . @ d
aaiu ama i melunsu Agamgil 400°C vee FUU BaCeO, NAUATIZHAY

a

[

ax =

3% solid state reaction HAAWHIIANgAMAN 1400°C Huan 2 92 Tue TAwmAy 3.94 X 10°
S/ecm

dmsua anuduny fAveuinau ildan naruan v . auidy 1.21 X 10° Ohm
uazmﬂ%gammmm%ymm BaCeO, fitrans Tuasseii a.1 sz @unsadmammmai
I fvounsldaaii

0)

/R A

(0.115 em) /[(1.21 X-10° Ohm)((1.263 cm’)]

7.53 X 10” S/em
v 2 ' o 9 ~ ~ P~ 2 A o Y
ANUU ﬂTﬂﬁuT"MWW NUDUNIU ‘I/IQ‘EI!‘I’T{]?J 400°C Y9N ¥INI1U BaCeO3 NAIUATIZUNY

ax =

o a < o J 1w -
7% solid state reaction HAUMIMLNTNQMNYL  1400°C ilUnan 2 2 Tue Fawmny 7.53 X 107

q

S/cm

[
= a

A o 9 9 2 A o Y ax
LiJ@'J@ﬂ1ﬂ'J13J§I'Iu‘I/HHVlV‘IV‘I'WI UNNY 400°C UYDIVUITU BaCeO3 NHAIUAITIEHAIYID

Q U

% { a < & o
solid state reaction HAUMIWINNQaMYN 1400°C Wlura 2 93 1ua asgy v 1. lumanuan v,

' Y 9 I~ 2 A 1T o 3
i]ZW‘]Jﬁ?uiﬂﬁGUf]\‘]ﬂ'ﬂiJGl'lu‘l/nuﬂﬁlﬁlumiullﬁ31/]6116‘1Jlﬂ5u H3 UAUNIND 2.31 X 10" Ohm LA
Y

1.21 X 10° Ohm MudIdU tazazasamuInsiaianuaunu Wiy ldaail

R, =R +R,
g g

total

=(2.31 X 10° Ohm) + (1.21 X 10" Ohm)

=13.52 X 10° Ohm
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Y
ansomuramamsii iy ldaat

O = I/R A

total

(0.115 em) / [(3.52 X 10’ Ohm)( (1.263 cm’)]

2.59 X 10° S/cm

9 Y !
- a a = ad

1 o { [ 4
aiu mmadlWih sou Nguugll 400°C Y93 FUU BaCeO, NAUATIZHAGIT  solid

Y

@ { a < o ' 1w -
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Conductivity of Sr, Na and Li Doped BaCeO;

Siriwan CHOKKHA " and Sutin KUHARUANGRONG"

School of Ceramic Engineering, Suranaree University of Technology, Nakhon Ratchasima 30000

Abstract

The compositions of BaCeO; doped with Sr, Na and Li and synthesized by citrate gel method have
been investigated on phase, microstructure and electrical conductivity. The XRD results of 10 mole% dopant
show a single phase after calcination at 950°C for BaCeO; and BaggSry;CeOs, and 1000°C for
BaysLioCeO;s.5and BaggNay,;CeOs 5. The grain conductivity value at 500°C of BaggSryCeO; is 2.5 x 10*S.cm”
and higher than those of undoped BaCeO; and other doped compositions for measurements at all

temperatures.

Key words: Proton conductivity, Impedance spectroscopy, BaCeO,

Introduction

Solid Oxide Fuel cell (SOFC) electrolyte
material based on yttria stabilized zirconia (YSZ)
is required to operate at high temperature above
850°C to maintain the ionic conductivity.” To solve
this problem, many researchers have developed
new electrolyte materials to reduce the operating
temperature to 500-650°C. The candidate materials
such as ceria’”, lanthanum gallate, barium cerate™*
and other electrolyte materials have been extensively
investigated to replace YSZ. For ceria, Gd and Sm
gave higher ionic conductivity than other dopants.
However, doped ceria is required to sinter at high
temperature to achieve high density electrolyte. In
addition, it shows electronic conductivity at low
oxygen partial pressures due to the reduction of
Ce* to Ce*". For LaGaO;, Sr and Mg increase its
ionic conductivity but this composition shows the
chemical instability with electrode materials.”
BaCeO; has been considered as a candidate for
high proton conducting electrolyte operating at
400-700°C. There are many research works on
BaCeO; with the dopants on B-site such as Y, Zr,
Ti, Nb, Sm, Nd and Gd.'” The grain conductivity
at 600°C of BaCeO; synthesized by solid state
method is 3 x 107 S.cm™.” For Nd doped BaCeO;,
the value of grain conductivity at 500°C is between
1.78 - 226 x 10* S.cm™ depending upon the
preparation methods.”” With 10 mol% of Y dopant,
the conductivity of BaCeOs is 9.6 x 10 S.cm™ at
700°C and 3.1 x 10™*S.cm™ at 500°C.® Only a few

works have been published on A-site dopant such
as Srand K.*'?

In this work, A-site doped BaCeO; compositions
were studied and synthesized by citrate gel method.
Sr, Naand Li were selected as dopants. The phase,
microstructure and electrical conductivity of all
compositions have been investigated using X-ray
diffractometer (XRD), Scanning electron microscope
(SEM) and Solartron impedance analyzer, respectively.

Materials and Experimental Procedures

Sr, Na and Li doped BaCeO; were
synthesized by citrate gel method. The starting
materials using Ba(NOs), (99.5%purity), Ce(NO;);.
6H,0 (99%purity), citric acid and other doped
materials such as St(NOs), (99.5%purity), NaNO;
(99%purity), and LiOH.H,O (95%purity) were
dissolved in deionized water. After mixing
with a magnetic stirrer, nitric acid was added
to complete dissolution and followed by an
addition of citric acid as the polymerizable
combustion fuel. The mole ratio of the metal
ions and citric acid was 1:2. The mixed solution
was introduced and heated on a hot plate. After
the water evaporated, the solution became viscous
and changed to yellow gel. During continuous
heating, the auto-combustion started at 110°C
until the reaction completed and appeared to
be dark gray residues.

*Corresponding authors Tel: +66 8037 26850; E-Mail: meinoi_ceramic@hotmail.com
Tel: +66 4422 4474; E-Mail: sutin@sut.ac.th
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After grinding, the residue powders
were calcined in air and held at the reaction
temperatures determined from Differential
Thermal Analyzer (DTA) using the temperature
range from room temperature to 1200°C in jair
with a heating rate of 10°C/min. The room
temperature phase of calcined powder was
investigated by means of X-ray diffraction
using Bruker D5005 with CuKa in the 2-theta
range of 20° - 80°. The disk specimens were
formed by cold-isostatic press at 150 MPa and
sintered at different temperatures in air.

The microstructure of sintered specimens
was observed by scanning electron microscope
(SEM, Jeol JSM6400). The samples were
polished and thermally etched before™ gold
sputtering.

The AC impedance spectra of sintered
compositions were collected from 300°C to
800°C by a Solartron impedance analyzer (SI
1260A) as a function-of frequency. All data
were measured in air and sample temperatures
were recorded with a thermocouple type K
mounted close to the sample.

Results and Discussion

The phase formations of all calcined
compositions are shown in Figure 1. The results
of BaCeO; and Bay ¢Sty ;CeO; after calcination
at 950°C show a single phase in agreement
with JCPDS No. 01-082-2425. For BaggLipCeOs5
and BagoNapCeO;5, they required a higher

temperature of 1000°C to obtain a single phase.

However, a single phase for BaggLip2CeOs.
and BaggNay,CeO;.5 cannot be achieved. The
phases of CeO, and BaCOj; appear in both

compositions as indicated by * and +, respectively.

Although higher temperature up to 1350°C is
employed, these two phases still exist in the
compositions. These results indicate that the
solubility limit in this work is 10 mol% for Na
and Li dopants.
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Figure 1. XRD patterns of calcined powders prepared
by citrate gel method.

Figure 2 (a-f) show the SEM micrographs
of BaCeO; and BaggNaj,CeOs; sintered at
1350°C, BagoSry;CeO; sintered at 1300°C,
BaysLigCeOs5, BagsLig2CeOss and BangNay CeOs5
sintered at 1450°C. The different sintering
temperatures are attempted to increase the
density of these compositions. The average
grain size of BaCeOs is 4-5 um (Figure 2 (a))
which is higher than that of BagoSry;CeOs
grain size (Figure 2 (b)), An addition of
10 mol% Sr not only decreases the average
grain size but increase the density of BaCeOs.
In contrast, the addition of lithium increases
the average grain size as shown in Figure 2(c)
and (d), and this composition is required to
sinter at higher temperature to achieve a high
density. The average grain size of BagsLipCeOs3, is
7-8 um and BaggLip>CeO;5 is 6-7 pm as
shown in Figure 2(c) and (d). An increase
amount of Li tends to reduce the grain size and
the other phases appear in the composition. Na
dopant increases the grain size of BaCeOs and
tends to have exaggerated grain growth with
an increasing amount of Na (Figure 2(e) and
(f)). The intragranular pores occur in the
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20 mol% Na dopant, therefore high density
cannot be achieved in this composition.

Figure 2. SEM micrographs of sintered compositions
(a) BaCeOs, (b) BageSro,CeOs, (¢) BagsLiy CeOs5,
(d) BaggLip,CeOs3, (e) BaggNag,Ce0;.5 and
(f) BagsNag,CeOs.5,

Figures 3 and 4 show the impedance spectra
for undoped and doped BaCeO; measured in

air at 400°C. The results represent the impedance
of grain interior for BaCeQs.5, BagoLipCeOs.s,
Bao_sLio,;zCeO:;.s and Bao.gNaoJCCOJ.s. The
impedance of grain boundary for those compositions
cannot be obtained due to the limited frequency
of equipment. The grain resistance of BaCeOs
is lower than the other compositions. This is
possibly due to lower porosity and smaller
grain size of BaCeO; as compared to the other
compositions. Although the grain resistance of
BaygNag 1CeOs5 is higher than that of BaCeOs;,
an increasing amount of Na to 20 mol%
decreases the grain resistance and this value is
lower than that of BaCeOj; as shown in Figure 4.
The results of Figure 4 show two arcs for both
of grain and grain boundary resistances in
BaygSry1CeO; and BagsNag>CeOs5. BagsSry1CeOs
shows lowest resistance for both of grain
interior and grain boundary as compared to the




156

58

CHOKKHA4, S. and KUHARUANGRONG, S.

other compositions. The results from SEM and
impedance spectra imply the high conductivity
of BaCeOs occurs in smaller grain size and
high density. The small grain size has more
influence than the density as appeared in the
conductivity of Na-doped composition.

Figure 3. The impedance spectra at 400°C for BaCeOs,
BagsNay CeOs5 BagsLig(CeOsgand BagsLin:CeOs5
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Figure 4. The impedance spectra at 400°C for BaCeOs,
Baolgsro_|C603 and B%.gN%‘2CCO3.5.

Figure 5 shows the Arrhenius plots of
grain conductivities for all compositions. The grain
conductivity of BagoSry;CeOs is higher than that
of the other compositions for all measurement
temperatures. Bag¢Sry;CeO; shows the maximum
grain conductivity around 2.55 x 10*S.cm™ at 500 °C
and the lowest conductivity occurs in BaggNay,CeOs 5
composition. The grain conductivity values including
the activation energies for all compositions at 500,
600 and 700 °C are given in Table 1.

838 636 496 441 352 283
T T
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Figure 5. Arrhenius plots of grain conductivity for
undoped and doped BaCeO.

Table 1. Grain Conductivity of all compositions at
500°C, 600°C and 700°C.

o . o(S.em”)  o(Sem’)  o(S.cm”) B
T=500°C__ T=600°C __ T=700°C___ (¢V)
BaCeO; 130x10°  3.54x10°  8.32x10° 0.71
BagsSro,CeO; 2.55x10%  6.28x10*  8.86x10™ 0.61
BaggLip CeO; +6.26x10°  1.73x10°  4.52x10° 0.69
BaysLip,CeQ: - 6.67x10°  1.85x10°  5.18x10° 0.73
BagsNagiCeO;  3.97x10°  1.07x10°  2.82x10° 0.74
BagiNa,CeO;  1.99x10°  6.20x10° 1.57x10 0.66

Figure 6 represents the Arrhenius plots
of total conductivity for BageSry;CeO; and
BaggNag,CeOs5. This result shows the total
conductivity of Bag¢Sry ;CeO; is higher than that of
BaggNag,CeOs.s.
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Figure 6. Arrhenius plots of total conductivity for
Bao_gsfo,|C603 and Bao_3N80_2CCO3.5.
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Conclusions

The single phase of BaCeO; and doped
compositions with 10 mol% of Sr, Na and Li
can be obtained from citrate gel method.
Bag¢SrpCeO; shows highest conductivity
and lowest grain sizes as compared to other
compositions in this work. The grain conductivity
of 10 mol% Sr dopant was 2.55 x 10*S.cm” at
500°C. An increasing amount of Na and Li
dopants to 20 mol% tends to have other phases
of CeO, and BaCOs; appeared with BaCeOs.
The grain size and porosity tend to increase
with Na and Li dopants and, therefore reduce
the conductivity of BaCeOs.
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Conductivity of Sr doped BaCeO, as proton conducting electrolyte
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Abstract Ba,,SrCeO, (x =0, 0.1,02, 03, 0.4 and
0.5) synthesized by citrate gel have been investigated as a
potential proton conducting electrolyte for intermediate
temperature solid oxide fuel cell (IT-SOFC). The gel
compositions were heated to obtain gray residue and calcined
at 950°C for 4 hrs in air. The XRD results of 10-50 mol% of Sr
doped BaCeO; show a single phase as similar to BaCeO;. The
calcined powders were formed by cold-isostatic press and
sintered at 1300°C for 2 hrs. The results of electrical
conductivity investigated by using a Solartron impedance
analyzer (Sl 1260A) show the higher conductivity can be
obtained from Sr-doped BaCeOQs.

Keywords: Electrical conductivity; Citrate gel; BaCeOs.

1. Introduction

Solid Oxide Fuel cell (SOFC) has been considered as
future green energy sources hecause of low production of
pollutants but high conversion energy efficiencies. Many
researchers have developed new electrolyte materials such as
ceria, lanthanum gallate, barium cerate [1-4] to replace ytiria
stabilized zirconia (YSZ). This commercial YSZ electrolyte is
required to operate at high temperature above 800°C. Although
doped ceria and lanthanum gallate show high conductivity at
500-650°C, the disadvantages of these two compositions such
as high sintering temperature above 1500°C for ceria and
chemical instability of lanthanum gallate with the electrode [5]
are the major problems. BaCeO, has been considered as a
candidate for high proton conducting electrolyte operating at
400-700°C. There are many research works on BaCeO, with
the dopants on B-site such as Y, Ti, Nd and Gd [6-9]. The
grain conductivity at 600°C of BaCeO, synthesized by solid
state method is 3 x 107 S.cm” [10]. For Nd doped BaCeO,,
the value of grain conductivity reported at 500°C is between
1.78 - 226 x 104 S.ch depending upon the preparation
methods [11]. The conductivity of 10 mol% Y doped BaCeO, is
96x 10" S.cm” at 700°C and 3.1 x 10” S.em” at 500°C [11].
However, only a few works have been published on A-site

dopant such as Sr and K. The conductivity of

* Corresponding author ; sutin@sut.ac.th

BaggSroCeosYo2035 is reported lower than that of
BaCepsYo,055. For K dopant, the conductivity of
Bag 95K.05C€0 622Gy 16Z2N0.0405 i 50% higher than that of
BaCegeZry,Gdy 16Z2M004Q2 and its conductivity at 700°C is
0.014S.cm . [12-13].

In this work, Ba,_,Sr,CeO; (x= 0.1, 0.2, 0.3, 0.4 and
0.5) have been synthesized by citrate gel method and
investigated on phase, microstructure and electrical
conductivity, using X-ray diffractometer (XRD), Scanning
electron microscope (SEM) and Solartron impedance analyzer,

respectively.

2. Experimental procedure

Ba;,Sr,CeO; (x= 0.1, 0.2, 0.3, 0.4 and 0.5) synthesized
via citrate gel method, using Ba(NOs), (99.5%purity),
Ce(NO;),.6H,0 (99%purity) and Sr(NO,), (99.5%purity) were
dissolved in deionized water. After mixing with a magnetic
stirrer, nitric_acid was added to complete dissolution and
followed by an addition of citric acid as the polymerizable
combustion fuel. The mixed solution was introduced and
heated on a hot plate. After the water evaporated, the solution
became viscous and changed to yellow gel. During continuous
heating, the auto-combustion started at 110°C until the
reaction completed and appeared to be gray residues.

After grinding, the residue powders were calcined in
air and held at the reaction temperatures determined from
Differential Thermal Analyzer (DTA) using the temperature
range from room temperature to 1200°C in air with a heating
rate of 10°C /min. The room temperature phase of calcined
powder was investigated by means of X-ray diffraction using
Bruker D5005 with CuKa in the 2-theta range of 20° - 90°. The
disk specimens were formed by cold-isostatic press at 150
MPa and sintered at 1300°C for 2 hrs.

The AC impedance spectra of sintered compositions
were collected from 300°C to 800°C by a Solartron impedance
analyzer (S| 1260A) as a function of frequency. All data were
measured in air and sample temperatures were recorded with

a thermocouple type K mounted close to the sample.
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3. Results and discussion

The DTA result of Sr doped BaCeO; after synthesized via
citrate gel method in Figure 1 shows the reactions occur at
280°C, 580°C, 810°C and 900°C. Although the reactions of Sr
dopant complete at 900°C, the calcined temperature at 950°C
with a soaking period for 4 hrs is employed to obtain a single

phase for all compositions.
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Figure 1. DTA of Sr doped BaCeOjz residue compaesition.

Figure 2 shows the results of XRD patterns for Ba;.
«Sr,Ce0; (x= 0 - 0.5) powders after calcination at 950°C for 4
hrs in air. All compositions show a single phase in agreement
with JCPDS No. 01-082-2425. With increasing.-amount of Sr
dopant, the peaks shift to higher two-theta, indicating a
decrease of lattice parameter. This is due to smaller ionic

radius of Sr than that of Ba.
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Figure 2. XRD patterns of calcined Ba,.Sr,CeO, prepared

by citrate gel method.

The SEM micrographs of Bay,Sr,CeO; sintered at
1300°C for 2 hrs show in the Figure 3 (a-f). The average grain
size of BaCeO, is 4-5 Wm (Figure 3 (a)) which is higher than
that of Bag¢Sr;Ce0;, grain size (Figure 3 (b)), An addition of

* Corresponding author ; sutin@sut.ac.th

Sr with x = 0.1 not only decreases the average grain size but
increase the density of BaCeOz. However, further increasing
amount of Sr tends to increase the average grain size and the

amount of pores as shown in Figure 3 (c-f).
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Figure 3 (f).

Figure 3. SEM micrographs of Bay,SrCeO; sintering at
1300°C compositions (a) x =0, (b) x = 0.1, (c) x = 0.2, (d)
x=0.3, (e)x=04and (f)x = 0.5
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Figure 4. Impedance spectra at 400°C for Ba,_Sr,Ce0Q;

The impedance spectra measured in air at 400°C for
undoped and doped BaCeO; show in Figures 4 and 5. The
results represent the grain impedance for Ba;,Sr,CeO; (x= 0,
0.2, 0.3, 0.4 and 0.5). For x = 0.1 there are two arcs for grain
and grain boundary impedances. All Sr doped compositions
exhibit lower impedance than BaCeO; and x = 0.1 shows lower
total resistance than the other compositions. This is possibly

due to smaller grain and lower porosity. An increasing amount

* Corresponding author ; sutin(@sut.ac.th

of Sr dopant tends to increase the total resistance and x= 0.5
shows the highest total resistance of doped compositions.
These results show the grain size affect the conductivity of this
composition, in which the grain boundary conductivity is higher
than the grain interior conductivity. At higher sintering
temperature of 135000, the conductivity of BageSre2Ce0;
increases as compared to the sample sintered at 1300°C as

shown in Figure 6.
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Figure 5. Impedance spectra at 400°C for Bag sSrpsCe0; and
BaCeOj,
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Figure 6. Impedance spectra at 400°C for Bag gSrp 2Ce0; after
sintering at 1300°C and 1350°C

Figure 7 shows the Arrhenius plots of grain
conductiviies  for all compositions.  Grain  conductivity of
Bag ¢S1p1Ce0;z is higher than that of the other compositions at
all measurement temperatures. BagoSry;Ce0; shows the
maximum grain conductivity around 2.55 x10" s.om™ at 500
°C and the lowest conductivity occurs in BaggSrosCeO;
composition. The grain  conductivity increases as the

temperature increases and its values at 500, 600 and 700°C
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including activation energies determined from a slope of the

plot for all compositions are given in Table 1.
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Figure 7. Arrhenius plots of conductivity for BaySr,CeOa.

Table 1 Grain Conductivity of Bay,Sr,CeQ; at 500°C, 600°C

and 700°G
Composifions ~ G(S.em’)  G(Sem)  G(Scm’) if
T=500°C  T=600°C  T=700°C . (V)
X=0 130x10°  354x10° 832107 07
X=0.1 255x10°  628x10°  8sex10” - 061
X=02 512x10° 155000 405x10° 069
X=03 4.97x10° 153010"  ssoxiot 0.73
X =04 241x10°  130a0" . 359x10° 074
X=05 370x10°  145x10" T 854xi0t 073

4. Conclusions

The single phase of Bay,Sr,Ce0; (x= 0 - 0.5) synthesized
by citrate gel method. A single phase of all compaositions can
be obtained after calcination at 950°C. The average grain size
and porosity of BaggSr,CeO; are lower than those of other
compositions after sintering at 1300°C. In addition, it shows
lowest total resistance at all measuring temperatures. The total
condudtivity of Bag ¢Sty ;Ce0; is 2.55 x 10°” S.om” at 500°C.
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Abstract

St doped BaCeO; powders synthesized by cifrate gel method have been investigated as a potential
proton conducting electrolvte for intermediate temperature solid oxide fuel cell (IT-SOFC). The all
compositions were heated to obtam gray residue and calcined at 950°C for 4 hrs m air. The XRD
results of 10-50 mol% of Sr doped BaCeQ; show a single phase as similar to BaCeQ;. The calcined
powders were formed by cold-1sostatic press and sintered at 1350°C for 2 hrs. The average grai size of
sintered BageStgCeO; decreases as compared to base material. Further addition of Sr increases the
grain size and intragranular pores. The results of electrical conductivity imvestigated by using a
Solartron impedance analyzer (ST 1260A) show the higher conductivity can be obtamed from Sr-doped
BaCeO;. The grain conductivity of BageStg;Ce0s 18 2.93 x 10*S.cm™ at 500°C and 2.12 x 107 S.cm™
at 700°C and these values are higher than those of undoped and higher amount of Sr doped BaCeO; at
all measurement temperatures.

Keywords: Electrical conductivity; Citrate gel: BaCeOs.

Introduction In this work, Ba;Sr,CeOs (x= 0, 0.1, 0.2, 0.3,

Solid Oxide Fuel cell (SOFC) electrolyte 04 and 0.5) havg* been symhesize(_l by citrate gel
materials based on yttium stabilized zirconia (YSZ) metho.d and mvestig gred ot phase. mwro.ﬁ,mcmre and
have a major problem due to high temperature electrical couqucuwry using X-ray diffractometer
operating above 800°C. Many researchers have (XRD). Scanning electron microscope (SEM) and

attempted to develop new electrolyte materials such Solartron impedance analyzer. respectively.

as ceria, lanthanum gallate and barium cerate to .

replace YSZ [1-4]. Although doped ceria and ) B‘Iatel }215 and Methods ~
lanthanum gallate show high conductivity at 500- Ba}"‘Sl"CeO? (x= 0. 0.1. 0.2, 0'3‘_ 0.4 and 0.5)
650°C, the disadvantages of these two compositions synthesized by citrate gel method, using Ba(NO;),
such as high sintering temperature above 1500°C for (9.9.5%purlry). Ot_Ce(‘_NOﬂ’Y'G‘HZQ (9?9/01.3 urity) and
ceria and chemical instability of lanthanum gallate St(NOs), (99"?"‘_’13“11”?0 were dlss.olwe.d m d_el?mﬂ?d
with the electrode are the major problems [5]. water. After mixing with a magnetic stirrer, nitric acid
BaCeO, has been considered as a candidate for proton was gdded to COlpplete d1_sso]unou and followed .by an
conducting electrolyte operating at 400-700°C. There ?ddmm}, of citric acid as the Poly_‘n@'lza})le
are many research works on BaCeO; with the dopants combustion fuel. The mixed solution was introduced
on B-site such as Y, Ti. Nd and Gd [6-8]. The grain and heated on a hot plate. After the water evaporated,

conductivity at 600°C of BaCeO; synthesized by solid the solution became viscous and changed to vellow
state method is 3 x 10”7 S.cm® [9]. For Nd doped gel. During continuous heating, the auto-combustion

BaCeOs. the grain conductivity reported at 500°C is started at 110°C until the reaction completed and

between 1.78 - 2.26 x 10 S.cm™’ depending upon the ~ APpeared to be gray residues.

preparation methods. The conductivity of 10 mol% Y . After grinding, - the cal_cined temperature _Of
doped BaCeOs is 9.6 x 10 S.cm™ at 700°C and 3.1 x residue powders was determined from Differential

10* S.cm! at 500°C [10]. However, only a few works Thermal Analyzer (DTA) using a temperature range
have been published on A-site dopant such as Sr and ~ Fom room remperfr.m? o IZOUD_C - a w.nh a
K. The reported conductivity of BagsSto:CeosYo20ss heating rate _c-f 10°C /min. T_he room temperature
is lower than that of BaCeosYo,055 [11]. For K phase of calcined powder was investigated by means
dopant. Bag ssKo 0sCeo 6Z102Gdo 162110 0403 shows 50% of X-rz;y dlﬂl‘a‘C[lOl] “m,l)lgo Bmkoer D3005 with F.llKOt
higher conductivity than BaCeqsZro-Gdg 15210 0:0s. in the 2-theta range of 20° - 90°. The disk specimens

and its conductivity at 700°C is 0.014 S.cm™. [12]. were formecl by cold-isostatic press at 150 MPa and
sintered at 1350°C for 2 hrs.
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The microstructure of sintered specimens was
observed by scanning electron microscope (SEM, Jeol
ISM6400).

The AC impedance spectra of sintered
compositions were collected from 300°C to 800°C
using a Solartron impedance analyzer (SI 1260A) as a
function of frequency. All data were measured in air
and sample temperatures were recorded with a
thermocouple type K mounted close to the sample.

Results and Discussion

The DTA result of Sr doped BaCeOj; after
synthesized by citrate gel method shows in Figure 1.
The reactions occur at 280°C. 580°C. 810°C and
900°C as indicated on the derivative curve. Although
the reactions complete at 900°C. the actual calcination
temperature at 950°C with a soaking period for 4 hrs
is employed to obtain a single phase for all
compositions.
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Figure 1. DTA of Sr doped BaCeOs residue
composition.
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Figure 2. XRD patterns of calcined Ba;,SrxCeOs
prepared by citrate gel method.

Figure 2 shows the results of XRD for Ba;.
«S1xCeOs3 (x= 0 - 0.5) powders after calcination at
950°C for 4 hrs in air. All compositions show a single
phase in agreement with JCPDS No. 01-082-2425 of
BaCeO;. With an increasing amount of Sr dopant, the

Siam Physics Congress SPC2011
Physics for all, all for physics 23-26 March 2011

peaks shift to higher two-theta. indicating a decrease
of lattice parameter. This is due to the substitution of
smaller ionic radius of St for Ba.

The fracture surfaces by SEM micrographs of
Ba,_Sr,CeO; sintered at 1350°C for 2 hrs show in the
Figure 3 (a-f). The average grain size of BaCeOs is 4-
5 pm with a high porosity (Figure 3(a)). An addition
of Sr with x = 0.1 not only decreases the average
grain size but increases the density of BaCeOj; (Figure
3 (b)). However, further increasing amount of Sr from
x = 0.2 to x = 0.5 tends to increase the average grain
size and the amount of intragranular pores as shown
in Figure 3 (c-f). Therefore, high density cannot be
achieved in the compositions with higher amount of
Sr.

Mag = 4.00 K X.

Figure 3 (c).
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Mag = 4.00 K X.

Figure 3 (f).

Figwe 3. SEM micrographs of Ba;,Sr,CeO;
sintered at 1350°C (a). x =10, (b). x=0.1, (¢). x=0.2,
(d).x=0.3.(e). x=04and (). x=0.5

The impedance spectra measured in air at 400°C
for undoped and Sr doped BaCeOs show in Figures 4
and 5. The results of two semicircles represent the
grain and grain boundary impedances for Ba,.
S1xCe05 (x= 0.1, 0.2, 0.3, 0.4 and 0.5). All Sr doped
compositions exhibit lower impedance than BaCeOQ;,
and x = 0.1 shows lower total resistance than the other
compositions as shown in Figure 4. This is possibly
due to smaller grain and lower pores in this
composition. An increasing amount of Sr dopant
tends to increase the total resistance and x= 0.2 shows
the highest total resistance of doped compositions.

Siam Physics Congress SPC2011
Phiysics for all, all for physics 23-26 March 2011

These results show the intragranular pores affect the
conductivity of this composition.
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Figure 4. Impedance spectra at 400°C for Ba.
S Ce0s
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Figwre 5. TImpedance spectra at 400°C for

Bag 5515 5Ce0; and BaCeO;

Arthenius plots of grain conductivities for all
compositions are shown in Figure 6. Grain
conductivity of BageSrg;Ce0s 1s higher than that of
the other compositions at all measurement
temperatures. BagoSrp;CeOs shows the maximum
grain conductivity of 2.93 x10™* S.cm™ at 500 °C and
the lowest conductivity occurs in BaggSrpCeOs
composition. The grain conductivity increases as the
temperature increases and its values at 500, 600 and
700°C including activation energies determined from
a slope of the plot for all compositions are given in
Table 1. From this result, the activation energy is
independent of dopant concentration.




165

SIAM PHYSICS CONGRESS

352°C

441 394
T

Ini(=T) Sem 'K
S o

76‘....|....|....1..,.|1....LJ..
1 1.1 12 13 14 13 1.6
1000/T (K)

Figure 6. Arrhenius plots of conductivity for Baj.
Sr,Ce0s.

Table 1 Grain Conductivity of Ba, ,Sr,CeO; and the
activation energy.

Compositions G(S.cm'l) o(S.cm™) G(S.cm") Ea
T=500°C T=5600°C T=700°C __ (V)
X=0 1.30x107 354x10°7 832x10° 071
X=0.1 293x10" 75510 2125107 0.69
X=02 8.96x107 1.73x10" 428x107 072
X=10.3 1.22x10™ 3.53x10° 9.64x10% 1 0.74
X=04 1.01x10*  2.62x107 7.74x10% 071
X=05 92.96x107 3.20x107 8.00x107 073

Conclusion

The single phase of Ba;»Sr:CeOs (x= 0 - 0.5)
synthesized by citrate gel method can be obtained
after calcination at 950°C for 4 hrs in air. The average
grain size and porosity of BagoS1q,CeO; are lower
than those of other compositions after sintering at
1350°C for 2 hrs. In addition, it shows lowest total
resistance at all measuring temperatures as compared
to BaCeO; and higher amount of Sr doped BaCeOs.
The grain conductivity at 500°C of Bag Sty CeO; is
2.93x 10*S.em™.
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