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SIRIWAN CHOKKHA : PHYSICAL PROPERTIES OF RUDDLESDEN-
POPPER LANTHANUM NICKELATE CONSISTING 3 PEROVSKITE
LAYERS AS A SOFC CATHODE MATERIAL. THESIS ADVISOR :

ASSOC. PROF. SUTIN KUHARUANGRONG, Ph.D., 169 PP.

SOLID OXIDE FUEL CELL/CATHODE/RUDDLESDEN-POPPER/ ELECTRICAL

CONDUCTIVITY/ CITRATE GEL

The objective of this research is to study on synthesis methods of LasNizOjy
having Ruddlesden-Popper (RP) structure by using solid state reaction and citrate gel
techniques. In addition, the effects of dopants in LasSrxNizyByOjo+s compounds
(B=Co Fe and Mn with x =0 - 0.3 and y = 0 - 0.3) on microstructure and electrical
conductivity were investigated.

The results of this research show that the optimum calcination temperature to
obtain a single phase of LasNi3O;¢ are 1100 and 1000°C for solid state reaction and
citrate gel method, respectively. Above 1100°C for solid state reaction, LasNi3Oiq
decomposes to LasNiyO7.5 and NiO. The single phase of Sr, Co and Fe doped
LayxSrxNizyByOjo+5 with X < 0.2 and y < 0.1 was observed after calcination at 1000°C. For
LayxSrNi3Ojo.5 with X > 0.3, the other phases of n = 1 RP and NiO appear. For co-dopant
compositions, the single phase can be obtained after calcination at 1000 - 1100°C. However,
La3 95S10,0sNi2.7F€0301045, La3 9Sro.1Ni28F€0201045 and Las 95Sto0sNiz9Mng 101045 show the
other phases of LaNiOs and NiO.

The microstructure of LasNi3O;( was analyzed by scanning electron microscope. The
grain size of samples was shown in the range of 0.6 — 1.3 micron. The difference of grain size

was influenced from other dopants. Moreover, the grain size of Sr-doped LasNi;O;y tends to



decrease. However, Co, Fe and Mn-doped LasNi;Oj trend to increasing grain size of the
sample.

The electrical conductivity of specimens was measured with DC 4-point
measurement. After sintered at 1100°C, The electrical conductivity of LasNizOj
synthesized by Citrate gel method is 124 S/cm at room temperature and higher than
LasNi30,¢ from solid state reaction. However, the electrical conductivity of Sr-doped
composition with X = 0.05 sintered at 1000°C shows the highest value of 140 S/cm at
room temperature. The pinpoint conductivity measurement by C-AFM technique was
used to compare the resistance of LasNi3O;¢ and Laj 95Sr 9sNi3019+5. The results show
that the grain boundary has lower resistance than grain. The resistance of Sr- doped
composition with X = 0.05 is lower than that of LasNi;O;( with the value of 0.216 ohm.
Nevertheless, the electrical conductivity was decreased with an increasing amount of Sr. For
the other dopants of Co, Fe and co-dopants, the electrical conductivity of these compositions

has decreased.
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Access available on 2011: http://www.eere.energy.gov/hydrogenandfuelcells/fuelcells/fc_types.html

Fuel cell

Operating

Charge

Electrolyte . Output | Efficienc Applications Advantages Disadvantages
Type yt Temp. carrier P Y PP g g
Aqueous * Cathode reaction faster in * Sensitive to CO,
solution of o - o * Military alkaline electrolyte, leads in fuel and air
AFC potassium 30-200°C OH 10-100kw 0% * Space to high performance * Electrolyte
hydroxide * Low cost components management
* Backup power » Solid electrolyte reduces * Expensive catalysts
* Portable power corrosion & electrolyte * Sensitive to fuel
PEMFC Elfl;fcl)l;(j):;ci q 50-100°C H ;151(()?“; 40-50% | ©Distributed generation | management problems impurities
* Transportation * Low temperature * Low temperature
* Specialy vehicles * Quick start-up waste heat
. * Higher temperature * Pt catalyst
Phosphoric 50KW - . .
PAFC | acid 150-220°C H 40% * Distributed generation cnables CHP Long start up time
* Increased tolerance to * Low current and
IMW . o
fuel impurities power
Solution * High efficiency ’ I;I;il(l) ‘;ir)rrllp;;?iture
of lithium, . <1kW - . o * Fuel flexibility
MCFC | sodium,and/ | 600-700°C | CO ’ 45-55% EENERN » Can use a variety of breakdown of cell
. 3 « Distributed generation components
or potassium IMW catalysts « Lone start up fime
carbonates * Suitable for CHP & p
* Low power density
* High efficiency * High temperature
* Fuel flexibility corrosion and
« Auxili wer * Can use a variety of breakdown
Yitria stabiliz R S5kW - Ay po catalysts of cell components
SOFC AN 700-1000°C o 50-60% - * Solid electrolyte reduce * High temperature
ed zirconia * Electric utility ) . .
3MW « Distributed eeneration corrosion operation requires
g * Suitable for CHP & long start up
CHHP time and limits
* Hybrid/GT cycle
NUULY CHP 1o Combined heat and power CHHP Am Combined heat, hydrogen, and power 4o GT 19 Gas Turbine
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]

La,,NiO o n =2 318z 4 TedunT12HA73 Citrate gel Tnevhmsnuaalmiiig YUNR
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#1151 n =2 RP (Singkha and Kuharuangrong., 2008) WU A15A1061992
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shmsuaalmifigumgd 1100 - 1200 esrsaiion Huna 2 $2Tug

§150 1 =3 RP 9101318 oudutes nui n3fedeziaasigmamen
Y04 La,Ni,0,, JCPDS No. 50 - 0243 7131 15983141111 Orthorhombic H&I210 1013 1KY

una lassifgaigil 1000 - 1100 e usaFoa Wuna 4 ¥ Tug

I
[

o [ Y o @ 4 dydg! A = a o
a13U n =4 RP llﬂ‘l/l'lﬂ151/]ﬂﬁﬂ\‘]ﬁﬂmir’ﬁﬁ'ﬁu‘l]u (HUDNATINUNTUIVYTIUIU
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AaA o =2
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mmsuna laingamgil 1000 - 1100 oerwaidod Hunal 4 53 Tug Failuan1iznsm

‘A o g A A o ¢ A q 9 Yo

una lliReInun » = 3 RP Natliiiesninmsdunsizriaisisznon n =4 RP e W 1aigna
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Predict La Ni O _ calcined at 1000°C

La,Ni,O,  calcined at1000°C

La,Ni,O. calcined at1100°C

Relative intensity (a.u)
i

20 25 30 35 40 45 50 55
2-Theta (degree)

d' ¢ oa o & . A
319 4.5 warendsdaviusnduvesesilszneuiugiu La, NiO, . 10 n=2 3 LAz 4

3n+1

v 1 7 an
1’7ﬁ\iWWUﬂﬁl!ﬂaU]’%u‘ﬁQﬂ!ﬁﬂNﬁN 9

U

424 m31l5znew La,_SrNi,0,,, 1319 x=0.05 0.1 0.2 0.3 0.5 1o 1

10+3

{ [ [ 4 A @
311 4.6 vamIasITOVIRMAVEIANIHAY NAUATIZHAIYIT Citrate gel 1A
[ s a =\ I o [ a A A
Aunsuna laifgargidl 1000 oarsaFod 11uma1 4 52 Tug Wy MsANITIeTia
srludSuna x=0.05 0.1 uaz 0.2 aemarmlfinanisilasuulasvealnsaadanan (Phase

: . .
transformation) 1A811/a81 TA3985199@N21A Orthorhombic 1111 Tassadandianueauuiag
45 2 o Yy ~ A o =\
NINVU (More symmetry structure) Fadana lanninvedszuny (020) 1 20 = 32.8" AT NAUDY
=i ) A A [ dy . 3 A
FLU (200) 120 =33.1° TagtloW13a1IN1AveIaslsenounugIu La,Ni,0,, 9x1Huin
w 1 o/ 1] L 1 dl = a A a =3 dl ds! = 3’/ U
AINALENNUBEIFARY LB NN TIANE1TRo¥UA Sr IWlTuaRVINTY NANY 2 gvdy
] Yo 2 A Yo a & '
wWrladnuunvuluaisdsznon x=02 a1w1safiarsan lddenis199 4.2 Fauaaaan
. Ay Y o EX 1 a =
V94 Lattice parameter N1 1a91nn13A 1120 Iael4 1151053 TOPAS WU msiavaside sr lu
a i 2 A 0o q ¥ . Ay Yo 2 A
USuaunun¥u Inai1 14 Lattice parameter ¥09UNY a 4ag b UAUUI1NANUNINTU N5
Tasea$10911nd Tetragonal uaziiiotdnasideyiia sr ludSuia x=03 0.5uaz 1 a1g
o 1 A ~ ] a <
aredvzinamsnlasuuilasignin nazinaluaislszneu La, Sr, ,NiO, ag NiO (11aa3

. 4 Y o w ' 4
TumanuIn n.) Gﬁﬁllﬁﬂ\iﬁ}?mﬂ%ﬂ\iﬁNWﬂQﬂﬁi UagadnNIU AuaIAL 5%1,33'31%19«11,1%"1%14

9 A zg A ~ Ao A 1 = <3 1
Iﬂﬂi‘lﬂ’mﬂfllﬂuﬂluﬁSﬂLNWﬂQmﬂQNWWﬂ’N NI9FINI 1000 BIANHEALF Y ﬂllilﬁﬂﬂiﬂ
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o Y (3 [l A a A a a I @ a
ﬂ?iﬂﬁWi@?@ﬂTﬂﬂL@NﬁTiH}@ Srcluﬂi‘llﬁu x=03 050 1mmﬂu’agmﬂmmmm

9

v o ] 1 a a = A
La, StNi,O,,. 18 aaiuvziviu1d3 ms@uensidoriia sr luSua x =02 felfumves

4 4 de  a <y v 4 .
sr inniiga Ndsnunamyazatevende laigniniRervesansilsznen La, St Ni,O,,,.

Relative intensity (a.)

La,Ni,O,, PDF no. 50-0243

| | 1 II I | | |
‘ La St ,.NiO, PDF no. 89-8309
h f

2-Theta (degree)

=~ s da o . A
71U 4.6 waendisdanudlsnduvesansilseney La, St Ni,0,,,, 130

x=0.05 0.1 0.2 0.3 0.54n 1

. A o
425 asszneu LaNi, Co,0,,,, 130 y = 0.05 Uaz 0.1
iaIANa13199 Co 19111 Tudumisves Ni a2e5aa y = 0.05 uag 0.1 udwh
[ 4 a 3’/ o a d o a {
N5 AUATIZHA1TA1079T Citrate gel 9INUUNINITAUATIZHAYNIARIMATA XRD 0
a 9 1 A a A A o I a
gurigines wuNaslsznouaud1side Cotlioiinisuaa laiNguwgil 1000 09e1
= ' o P = o L . Yo
e uaziny 4 51 Tue Fuiuanzimeanuaisdszneunugiu LaNi,0,, 18 3gn1a
a S v Y o . [ ~ ~ a A Aa =y ~
PINaNYUAA1N La,Ni,0,, Adaadlugzili 4.7 Tasnmsiuaismesiia Co TuilSuan
A 2 o o { o 4 o A
MU0 0.05 (Hu 0.1 Twavi 1 (200) 1 20 = 33.060° aziia (008) #1 26 = 25.510° 1A U
A A A ,3 U 9 . I~ a A a
liinad 20 Ngevu dawale Lattice parameter 404 a iz ¢ Uf1anad wazmsAuaIsIovia

I~ ds! = o 4 . ' . '
Co TufSunanunuu Uwam 19 Lattice parameter aAa9 WAV Lattice parameter a31/og 11
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H 9 9 1
A1519% 4.2 faddauimsiduaside co ludsua y=o0.1 liasdsznevilansnaiu
I o ~ A o o 9 2 @ [ v 2 a1
WuigmaRedves 2 =3 RP uailiodaninsi ldihvesduauainan wun suauiinims
i lihaadiauilefeudy y=00suazainisiiliihvesarsfdedlrs Codnin
. =2 nm 9 o % 4 . A A g 2 A 1 dy
¥94 La,Ni,0,, 99 1 ldhmsdunsizvians La,Ni,0,, Mdoaa0 Co TudSunmiuinniil (wa

vosmmai ihogluaisei 4.4)

Relative intensity (a.u)

20 25 30 35 40 45 30 55 60

2-Theta (degree)

A o Ia v . A
37U 4.7 maendisdanuvlsaduvesansilszno LaNi, Co 0, 110 y = 0.05 1az 0.1

1048

4.2.6 m3isznou LaNi, Fe 0, 130 y = 0.05 1az 0.1

10+3

A J Ja v . A a
suUn 48 watengisdavluvsnduvesarsUszno LaNi, Fe O, tio1a

1048

A Y o v .Y = Y o [ J Y
13190 Fe !,GU'IVlL]JGlu@'ILLWuQsU@Q Ni a21/5u7 y=10.05 1ag 0.1 4aININTFIUATICHEITAIY

kS o a I v a A = ' {
7% Citrate gel %1ﬂuu‘ﬂ1ﬂ1‘i'ﬁlﬂi?gﬁﬁj‘]ﬂWﬂﬁjﬁm‘ﬂﬂuﬂ XRD ﬂqmﬁﬂvﬂﬁ}ﬂ\i wuNesUszneun

a

Aa A 3 @ A ¥ A o P

ANE19190 Fe anmnsauaasnnuiluigmamen s iesiinisuaa laifguugi 1000 oeen
= 1 & % I = o ¥ Aa

aded taze s 4 92 109 Fuiluanz@ernuasisznounugIu La,Ni,0,, MIaNas

v Fe TudSuia y=0.05 Twaria 14 Lattice parameter Y04NY a 1A b anad lagdana

Tdaniavuea32u1u (020) 120 =32.8° AL NAVDITZUIY (200) 11 20 = 33.1° 1aou laiAa
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2 1 A

120 Ngevu uAfie19 1Nz ANV Fe Huuialuandl Ni mstauaisive Fe luilsua
=< o 9 . A 2 o & v 9 A
y=0.1 veaanai1 19 Lattice parameter UDILUNU a llAe b ISINUUYUBDNATI LASITNHIVDU

Wu31 @13U52ney LaNi, Fe O, 1iotdne519e Fe Tulsuna y = 0.1 §3ansonsnay

1045
v

I o ~ [ [ o ~ 3
Wuigniaedues n=3 RP 14 uaainminaaeslavganisdunsigdasiiios y = 0.1 1l

A 1 o 9, 1 a A A dy = o Y o
LW31$LﬁJﬂﬂﬂﬁﬂ‘Uﬂ'lﬂTﬁL!']ulWV‘hWU'ﬂ MIANa1590 Fe Tutsunanuniu dnamlaainsi

I#hanas

Relative intensity (a.u)

2-Theta (degree)

~ ?  da 9y . A
qﬁj“lh/] 4.8 Wﬂ!ﬁ]ﬂmlﬁﬂﬂﬂ!tﬂﬁﬂﬂfuﬂl@ﬁﬁ'ﬁﬂ53ﬂ'f]‘]J La4N13_yFeyO e y=0.05 uae 0.1

1048

427 @133y La, SrNi, Co,0,,., 140 x = 0.05 - 0.1 12z y = 0.05 - 0.3

10+3
MINIAIINTUIRMIAveIdIslsznevANaITIe A Sravludiumrig
A a o ] . v a = a Y
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=y "o Y a ~ [ [ gl/ v 9 dyd A a
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vl 1000 BarwaIee 1111081 4 ¥ Tue asdszneunanuaIzuaaIignIafg)
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3=0.051Jauda y=021 1% Avea5zuID (020) 1 20 =32.8° LAZHAVDITLUIY (200)

X

= ° 1 = v . T A a

120 =33.1° T1/og# 20 Ngatu damali Lattice parameter Y91NY a Az b aaad uaALloiAn
A a o Y . A 2 g 9

15199 Co JuSuu y=03 227114 Lattice parameter UBNLUNU a LIAS b LWNVUIANUDY LAY

1 Q‘ { QU d QU 4 4 a {

o1 uiinslasuigaiain n=3Re lhilludgnindu uaziiiesninisuia Co
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sy il Wihasas 39l 1 hmsnaaeslsua co NNy =03

Relative intensity (a.u)

2-Theta (degree)

~ 4 Ia Y o
3UN 4.9 maendisdanulsnduvesansilsznon La,,Sr, ,Ni, Co 0

3.95 10+§

1110 y=0.05 0.1 0.2 18z 0.3

d‘ 4 A o . tﬂ'
7% 4.10 waendisdarulsaduvesmsyszned La, ,Sr, Ni, Co,0,,, 10
Y 1 9
y=0.05-0.3 Wu1 d151sznouninuaszuaadigmamenleunuaslszneuiugiu
La,Ni,0,, 1azn151Aua15130 Co Tul3u1a y=0.05-02 9214114 Lattice parameter 494
AL alay biAlanad W15 1410AA (020) N1 20 =32.8° UAZNAUBITSUIY (200) N
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v Y Y Y 9 v

Lattice parameter Y09L0Y a 1182 b UAUNNAIUDNATI uaNdlo1vnaaInmMInslasuingnin

I o A . A A o A ~ A
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191999105 U Co Mninau M ldainmsii Inihanas 3910 14 snaaeqd/Suia Co
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Relative intensity (a.u)

E | I I i |
20 25 30 35 40 45

2-Theta (degree)

= s oA o .
319 4.10 watonasdavlusnduvesasisznev La, ,,Sr, ,Ni,. Co O

3.90~70.10 10+8

110 y=0.05 0.1 0.24a2 0.3

42.8 m3Usznou La, SrNi, Fe O, 1310 x=0.05- 0.1 4az y = 0.05 - 0.3
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[ A a A a
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AAMSIANEI5I90 Fe lulfina y = 0.3 Tnash 1darsisznoumaman)asuntlasigniaain
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118 »=0.05 0.1 0.24a 0.3

103

Relative intensity (a.u)

%

¥y=03

2-Theta (degree)

A J  da o .
5% 4.12 waengisdaviuvlsnduvesanstlizney La, ,Sr,  Ni, Fe O
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s da o . A
watongisganusn¥uvesa1ssenev La,, Sr Ni, Fe O, 148  y=0.05

3.90~70.10 1045

A 7 a =~ I < @
0.1 0.2 uaz 0.3 wwaa lainguygl 1000 oA uasaded 11ua1 4 ¥2lus uaaslaaagll
i

412 maauaisiosia Fe lulSuim y=0.05-0.1 fanauaasigniafenmilouny

9
v 9 A

dy . A Y o a A a =Y
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= 1 o

=) < 1 v v
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A
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YSuar Fe S ldiamsiin lsihasas 3914 18msnaaeet/Suna Fe ivnniny=0.3
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Relative intensity (a.u)

2-Theta (degree)
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31U 4.13 maengsdanuvlsnFuvesdnstliznoy La, ,Sr,  Ni, Mn O
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511 4.13 uaaswaendssarus nduvesassgneuiAuaisSowiia Sr aq
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wiia Sr Tuf5ua x = 0.05 uazidoni@uasvorsiia Mn Tuif5ua y=0.05 0.1 1ag 0.2 ua29i
s a = I < 1 a A 2
mswuna laiguugd 1000 eseuwaFeoa (Junat 4 92 Tu9 WU AWTUANEITIIONT
aosria ag )18 Tulsuamniiga x=0.05 uag y=0.05 Tagldvhldarsdsznounanis

A [ = [ A A (4 z&’ . A
Lﬂaﬂuuﬂawamgmﬂ “ﬁQLLﬁﬂQ’JQﬂWﬂLﬂﬂ’JLWM@uﬂ‘].lﬁﬁﬂi%ﬂ@ﬂwuﬂm La,Ni,0,, haziyo
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915811V Lattice parameter YIUAY a b 11ag ¢ WUI1 MI5IANEITI0 Mn TudlSum
y=0.05 liidananoA1vod Lattice parameter Y0 44AYU a buaz ¢ AmudalasinTusunsy

9 o ~ ' A A a A a
TOPAS s lanen15199 4.2 daua1stsenevniimsiuaisiie Mn ludSua y=0.1
a { ] I a ¥ 1 o
uaz 0.2 szimanmsifasunilasigna lliluaisisenovaiia LaNio, nag Nio Fedanarin 1
ammsi lWihanas 39l 1dvmsnaass Mn A5ANI Yy = 0.3
a L&Y v 1 4 '
NNMIAATIZHINMIAveImTUsznourasiumsuna lad wunlnauas

a A A ] [ d' 1 [ Y o d‘
FUAVDITTLDNHNANDINNIANANNU Iﬂﬂﬁ?ﬂllﬂﬂ\‘mﬁ%i‘ﬂ 4.1

1 Y
M13190 4.1 PSmnaaz siiavesdnsnelinadeignnuesdslszneuniriug

QMY . 4
., 5 INNADY )
a5sznel e | Tunsuna o A P
. nuan
(DIAUB QUL E)
La,Ni,0,-CG 1100 single phase -
n=1 RP

La,Ni,O,,-SSR 1000 -

La,0, 1tag NiO

La,Ni,O -SSR 1100 single phase -

n=2 RP

La,Ni,O, -SSR tag CG 1200 -

La,O,tag NiO

La,Ni,O,,-CG 1000 - 1100 single phase -

La,\Ni,O,,-CG 1000 - -
x=0.05 1000 single phase -
x=0.1 1000 single phase -
x=0.2 1000 single phase -

La, St.Ni;O, x=0.3 1000 second phase | n=1 RP tlag NiO
x=0.5 1000 second phase | n=1 RP ia& NiO
x=1 1000 second phase | n=1 RP ia& NiO
y =0.05 1000 single phase -

La,Ni, Co,0O,.,

- y=0.1 1000 single phase -
y=0.05 1000 single phase -

La,Ni, Fe O,

- y=0.1 1000 single phase -




= a A A Y 4 '
MITNN 4.1 ﬂ?mmuawuﬂmmmmama@m;]mﬂmmmiﬂizﬂaumwm (919)
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., . INNDU 9
asilszney Yna | Tumsunalad A 4
. v
GNAERIETG))
y =0.05 1000 single phase -
y=0.1 1000 single phase -
La, 43S1),4sNi; 0,045 .
y=0.2 1000 single phase
y=0.3 1000 single phase -
y=0.05 1000 single phase -
. y=0.1 1000 single phase -
La, 5,8t (Ni; ,C0,0,,5 .
y=0.2 1000 single phase
y=0.3 1000 single phase -
x =0.05 1000 single phase -
x=0.1 1000 single phase -
La, ,3Sr,4sNi; Fe O,y .
x=0.2 1000 single phase -
x=0.3 1000 - LaNiO, ttag NiO
x =0.05 1000 single phase -
. x=0.1 1000 single phase -
La3SOSI‘O.10N13-yFey010ﬁ5 . .
x=0.2 1000 - LaNiO, 1ag NiO
x=0.3 1000 - LaNiO, 1ag NiO
x =0.05 1000 single phase -
La3'9SSr0.05Ni3_yMnyO1(Jis x=0.1 1000 - LaNiO, iag NiO
x=0.2 1000 - LaNiO, ttag NiO
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M1519% 4.2 A1 Lattice parameter Y04LAY a b 1A c ¥oIa15U5znoUN3suR287T Citrate gel

o a
uamwuma"l%uﬁqmwgu 1000 ez 1100 mmmm%ﬁ

Lattice parameter (A)
as1lszneu IEETRLT
a b c
La;Ni,O,, ] 5.415 5.467 27.970
JCPDS no. 50-0243
LaNiO, -SSR¥* ] 5.415 5.467 27.970
: 41 4 27.921
LaNi.O, CGH ) 5.415 5.463 7.9
LaNi.O -CGH ) 5.418 5.466 27.964
LaNi.0,-CG* ] 5.416 5.465 27.905
< =005 5411 5.453 27.920
La, S1Ni,O,,,-CG* L o 5.411 5.447 27.921
A\T 5.420 5.436 27.949
41 462 27.864
ol | | 5.413 5.46 7.86
La,Ni, C0,0,,,,-CG*
) 5.410 5.462 27.862
y=0.1
=005 5.413 5.459 27.884
La,Ni, Fe,0,,,,-CG*
- 5416 5.462 27.840
y=0.1
nunemg  CG A0 Citrate gel method
SSR f1®  Solid state reaction
*  fe msdszneviirnuaa lmifguvail 1000 serwaFoa
= fo @sdsznevirmuna lminguvgil 1100 osyamoa
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M151991 4.2 A1 Lattice parameter Y83UNW a b 1Az ¢ ¥04a15U52noUNA3 suR87T Citrate gel

uazimuaa lsingaurgil 1000 wag 1100 oA AT (7A0)

Lattice parameter (A)
as1lszneu WS
a b c
41 4 27.921
y=0.05 >-418 5.456 7.9
5.418 5.453 27.921
y=0.1
La, oSt osNi; , C0,0,,-CG*
: 5.405 5.450 27.728
y=0.2
411 4 27.771
y=03 5 5.453 7.77
y=0.05 5418 5.453 27.921
5411 5.450 27.899
y=0.1
La, 4,8t ,(Ni; ,C0,0,,;-CG*
: 5.408 5.440 27.835
y=0.2
y=03 5411 5.447 27.750
=005 5.416 5.459 28.051
La, ,iSr, sNi; Fe 0, -CG* | y=0.1 5.420 5.459 27.921
42 462 27.
y=02 5420 5.46 7.856

WM CG o
A

SSR 79

* Ao

k% ﬁ@

Citrate gel method

Solid state reaction
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A oA =
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M151991 4.2 A1 Lattice parameter Y84UNW a b 1Az ¢ ¥04a15U52noUNIA3 sUAREIT Citrate gel

/A a 1
uazwuaa laiNgaurgil 1000 1az 1100 oA IsAIFoT (A0)

Lattice parameter (A)

a5ilseneu SIEERLT!
a b C
421 4 28.02
Y= 005 5 5.453 8.029
La3'9OSr0.10Ni3_yF eyO]M—CG*
B 5.405 5.443 27.771
y=0.1
Lay, 51, Niu Mn O, CG* | y=0.05 5.421 5.463 27.921

e  CG  fo Citrate gel method
SSR f® Solid state reaction
A = 7
«  fe msdszneuiwunaa laingu
. y
g mslsznouimuna lsingum

a

U

A

U

13 1000 DFKALHYA

13 1100 parnyaLed
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43.1 msilsznounugv LaNi,0,,

= v £ . v v

ANy lATIai1NganInveIa1slsznouiugIu LaNi,0,, A28na 03
Ia < 1 Yo o v Y o ~

ﬂqaﬂﬁﬁﬁu@Laﬂ@]i@uuUUﬁ@\iﬂi']ﬂ (SEM) Iﬂﬂi‘]fﬂ'laﬁ"llﬂ'm 5000 tNn1 llﬁﬂthﬂﬂQEﬂ‘Vl 4.14 -
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A < '\ an Y a . . A 2 Y
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Electron Microscopy (FE-SEM) N 1a49818 25000 111 tio#i915a131/0 4.17 Failuninveq
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GEl 20kv _WDI5mmSS40 (& X5,000 "~ _5pum
< . g 2 e

( [ !

Apr 25, 5{1_133

N

~ ] ) A o sy ax . .
gﬂ‘n 4.14 Iﬂiﬂﬁﬂ@amﬂﬂlm La,Ni,0,, NAUAIIEHAIYIT Solid state reaction

HAZIMIFIAN 1100 DIFNEFAFeA (5000 1917)

SEI. 20kV./WD24mmSS40 x5,0005 5um
- Apr 25,2013

P~ 9 . A o Y an .
511 4.15 Tasea$199a01AU09 LaNi,0,, NFUATIZHAI0AT Citrate gel

HAZINIHTINT 1000 BIFNLEALTEE (5000 (111)
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SEl 20kV “WD24mm SS40 " x5,0000% 5m

Apr 25, 2043,

A ) ) A o sY  am .
51Un 4.16 Iﬂﬂﬁiwﬂaﬂmﬁlﬁm La,Ni,O,, NdUAIIEHA8975 Citrate gel

U

HAZININTINN 1100 BIFNLEATHE (5000 (111)

A ] . A o 7Y an . .
g‘ﬂ‘lﬂ 4.17 TﬂidﬁiNﬂqamﬂ‘Um La,Ni,O,, NAIAITIEHAIYIT Solid state reaction

HAZINIFIIAN 1100 BIFNFAIFA (25000 1111)
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A ] | A o Y ax
EII‘VI 4.18 Iﬂi\?ﬁiWQi}ﬁﬂTﬂﬂlﬂQ La4N13010 NAUATIEHAIYIT Citrate gel

HAZIEHTINT 1100 89N ITEE (25000 111)
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A o d Y an =\ . Y o A 1
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maygnIny 0.71 ]’l,llﬂif]u HIaANNI1Tn=3 RP iN‘VI'lch'iﬁ"liﬂizﬂﬂﬂ%uﬂuﬂﬂ']ﬂ'liu'l]lWW'lﬂ

a

ER ' < = v o 2 ~ ~ &
FIVUUULD ’E]EJ'NlliﬂGI'IﬂJﬂ\HUJi]%LW'IWHﬂ"]ﬂN'lLl n=4RP NQUWNU 1100 DIAUBQLHYE LD

u
Y y v
A = v A

@ 1 2 < 1 o 2 1 o <
Ysudgsanumuuiuldayu ol Idsuaudsinmsi Idihngeu neilifusanionms

U

4 o . : :
nfasunlasigmavesansilsznowiu LaNi,0,, ag NiO



517 4.19 Tnsead19gan1nves La,Ni,0, (n = 2) uaziiwiinh 1100 ovsusaiGod
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Al 0 Apr 25;2013

517 420 Tnsead199an1nved La,Ni,0,, (7 = 3) LAz Hing 1000 oeruwaIFod
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433  ®31Uszn0u La, SrNi,0,,,. 110 x = 0.05 0.1 110z 0.3
51U 423425 nmIassadeganinvesansiszneuiiiodls sr il
v < A A a < 3 =Y
x=0.05 0.1 8% 0.3 udWHIWUNNUNYN 1000 DA sarTed 1J111a1 3 32 Tud WU FUa
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/
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SEl'20kV WD24mmSS40 ~ x5,000 5pm :
' ; . 4. 0 F% “Apr2s, 2013

= v .
317 4.24 Tnseainaganmavesasilszne La,,.Sr, Ni,0

10+3

. 5 _

X 5 : . o

SE| 120kMBWD24mm SS40 x5,000 Sum —Tr e
) 2 : ;i Apr 25, 2013

-

-

517 4.25 Taseadwganinvesdrsiszno La, ,Sr, Ni,O

] 10+8
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9 2 A A A =3 A
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WD16mm

31/ 4.26 TA39a5199a71AV09e131/5200U La,Ni, 5Co, 10,4

WD17mm

511 427 Tnseadwgannvesaislsznoy La,Ni, ,Co, ,,0

U 1048

. A v
435 m3lsznev LaNi, Fe O, 130 y = 0.05 uaz 0.1
A A a A A =< A a
qﬁ;ﬂ“lfl 428 —4.29 915190 FUA Fe 1UD y = 0.05 A 0.1 NININUNNYUKWHN 1100
= < < Y A a = a A =
aerassod (Juna1 3 33 Tue WU FUNUNANEI5I0%UA Fe e y=0.05uag 0.1 ¥vUA
= 1 [ a A a 9 A A Y v
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Y ]
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WD16mm

517 428 Taseasaganinvesanslsznoy La,Ni, . Fe, .0

0.05~10+8

WD16mm

517 429 Tnseadwganinvesarsllsznoy La,Ni, , Fe, O

290" ~0.10~10+8

43.6 @31sznew La, SrNi, Co,0,,,, 1318 x = 0.05 - 0.1 4az y = 0.05 - 0.3

10+5

a ¢ v 2L . 4
M13AT1ZH 1590519900 1AVBIFUIIMU Lay Sty Ni; Co,0,,; 1310 y = 0.05

10+5

=
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=\

v 2 { <3 Y o
4.33 WUN¥UIU La, . Sr, .Ni, ,.Co, O mlmmﬂiumﬁmaﬂqmmﬂu 0.824 hlilﬂﬁi’]u N1

3.95770.057 7 72.95 0.05~10+3
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 Ivihiiageuiiues nazuennnimsiAuasie Co Tulsuanumniu dadawai i

=1 lé’ 9
msumumiwmymuma
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SEI _ WD16mm
SUT -

g1/ 4.33 Taseadegamavesdslsznon La, St o Ni, ,C0y3000.

Sr, ,Ni

3.90~70.107 7 72.95

Co, ,.O

319 4.34 Taseadgamnavesasilsznon La

0.05~10+8
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SEI . WD16mm
SUT

511 435 Tnseaduganavesanslszno La, ,Sr, ,Ni, 5,Co, ;O

0.10~10+8

517 4.36 Taseasaganinuesd151sznoU La, ,,Sr, ,,Ni, ,C0, 0

10+3
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511 437 Taseadganinvesanslsznoy La, ,,Sr, ,Ni, ,,Co, .0,

3.90~70.10" " 72.70 0.30 1048

437 ariszneu La, SrNi Fe 0,,,, 1310 x = 0.05 - 0.1 11z y = 0.05 - 0.3

10+

U 4.38 - 4.41 Fua La, 4,Sr,sNi, Fe,0,,, 100 y=0.05 0.1 0.2 1ag 0.3 7

10+8

< A A = o = A ' 2
IWTRUDNNYUN DY 1000 93F LB QLY 8 o Lﬂul3ﬁ1 3 "]f')IlN Nmu’]ﬂlﬂiuﬂiﬁiyﬂ')qéﬂuﬂwu
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Lﬂiumaﬂwﬁﬂmawmm La...Sr Huamasiny 0.802 Tuasou 397117

3.95 005 295

Fe ..O
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10+8

0.3 fmniinfiguugil 1000 oeruwaiFod 1Tunai 3 $2Tu uaaedagilii 4.42 - 4.45 wuin
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0.05~10+3
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Sr. Ni

= Y
517 4.38 TA5993199001AV89151/58 N0V La, ,St, 1 Ni, s

Fe, ;O

10+3

WD16mm

511 4.39 Tnseadugannvesaislsznou La, . Sr, Ni, . Fe, ,,0

0.10~10+8
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511 4.40 Taseadwgamavesaslsznon La, ,Sr, Ni,  Fe, ,,0

3.95~70.05 10+3

Sr. Ni

3.95~70.05" 772.70

= Y
3U7 4.41 Taseaiaganinveanslszney La

Fe, 5,0

10+3
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SEI'E © WD6mni
SlhdL y

517 4.42 Taseadaganinvesaslsznou La, ,,Sr, ,Ni, o Fe, s

0)

10+5

4
511 4.43 Tnseadngamnvesanslsznou La, ,Sr, Ni, o Fe,

(0]
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A
SEI 5 WD16mm o
SUT ¥ Sal

=

11 4.44 Taseas1agan1nvesdsilsznon La, ,.Sr, ,,Ni, ,Fe, ,,0

&aN

0.20~10+8

Sr,. Ni

3.90~70.10" " 72.70

Fe .. O

A v
gﬂﬂ 4.45 Tﬂi\‘lﬁ‘i%‘lﬂﬁﬂ1ﬂﬂlﬂx‘lﬁ1‘iﬂi$ﬂf]“]J La

0.30 1045
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. B o
438 a13U32noU La,,Sr,,Ni, Mn,0,,,, 1310 y = 0.05 0.1 12z 0.2
2 A a A 11 I 9 . A
FUNUNANAITII0 Mn adTugas InTaa319 La, ,Sr,  Ni; Mn O, 130
{ o J Y a . [ { a
y=0.05 0.1a 0.2 ﬁﬁ\?lﬂﬁﬁﬁﬁﬂﬂﬂﬂ% Citrate gel ﬁaﬁW1uﬂ1ilW’lWﬁﬂﬁQﬂlﬁﬂ“N 1000 24f11
= < < o = v
Lifaltifiks HJUL'J?I'I 3 G])"JI?JQ llﬁﬂ\iﬂ\igﬂﬂ 4.46 -4.48 ﬂ'lﬂWaﬂ15ﬂ3ﬂﬂﬁﬂﬂjﬂﬁﬂﬁi%‘lﬂqﬁﬂWﬂ"Uﬂﬂ
Y . { x < '
131520 WU FUNUY La, 1St Ni, Mn O, insuindevia 0.897 luaseu Fuanni
2 A A Y ' ° 9| 2 AA g v A Voo Y Y1
FUIUNLIDAIY Fe Lmmsm”lﬂﬂwawmmm%am&l Fe UHUAIGINIT AU 'E]'Iﬂﬁ?l]hlﬂ'n

) 9] Qy dy [ XY a A 1 d‘ [
m'im"lv\h/\lwmwmmmagﬂﬂ%ummmma Tﬂﬂulﬂlﬂﬂﬁﬂﬂellu']ﬂ‘ll@\ilﬂiu

Mn, ,.O

517 4.46 Tnseadwganinvesaislsznou La, ,Sr,  Ni

0.05~ "72.95 0.05~10+8
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M15199 4.3 ViamnIunasvesa1slszney Nialavinmadia Image Analysis

a15Usznou "’U“Ll'lﬂlﬂﬁul,ﬂéﬂ a5Uszneu ﬂlu1ﬂ!ﬂ§uméﬁl

(m) (um)

La,Ni,O, -SSR* 0.78 La, ,Sr, ,sNi, ,.Co, O, * 0.82
La,Ni,O, -SSR** 1.00 La,,Sr, Ni, ,Co, O, * 0.90
La,Ni,O, -CG* 0.75 La, ,Sr, ,sNi, ;Co,,O,* 0.92
La,Ni,O, -CG** 0.96 La, ,,Sr, ;Ni, ,Co ,0,* 0.98
LaNi,O ,-CG* 0.71 La, ,Sr, Ni, ,.Co, <O, * 0.83
LaNi,O ,-CG** 0.85 La, ,Sr, Ni, ,Co,,0O,* 0.84
La,,Sr, .Ni,O * 0.65 La, Sr, Ni, Co ,0,* 0.85
La, ,Sr, Ni,O * 0.72 La,Sr, Ni, Co 0 * 0.91
La, Sr, .Ni,O, * 0.73 La, .St ,sNi, o;Fe, (O, * 0.80
La, oSt ,sNi,O, ** 0.78 La, ,Sr, ,.Ni, ;Fe O, * 0.86
La, Sr) Ni,O, ** 0.89 La, ,,Sr, ,sNi, [Fe ,0 * 1.20
La,.Sr, ,Ni,O, ** 0.91 La, ,Sr, ,sNi, ,Fe O * 1.26
La, Sr, Ni,O ** 0.92 La, Sr, Ni, .Fe O * 1.03
La,SrNi,O, ** 0.94 La, ,Sr, Ni, Fe  O,* 1.03
LaNi, .Co,,0,.* 0.89 La, Sr, Ni, Fe ,O * 1.04
LaNi, ,Co, O, * 0.92 La,,Sr, Ni, Fe .0 * 1.26
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H Y
13199 4.4 arsnagdamsii diheesasdseneunanua

Conductivity at Temp (S/cm) E
Compositions a UK
30°C | 200°C | 400°C | 600°C | 800°C | (ov)
Ty s =" S/em
La,Ni,O, ,-SSR* 22 41 52 49 45 0.017 | Ty yy gorc=54 S/em
Ty, s ="S/em
La,Ni,O, -SSR** 23 47 57 52 48 | 0.020 | Ty gassc=38 Slem
Ty 5 @iroc=67 Slem
La,Ni,0,-CG* 90 72 71 62 55 0.028 | Tg_yp gasoc=81 S/em
Ty 55 @iroc=89 S/em
La,Ni,0,-CG** 124 92 87 75 67 0.029 | Tg ,y @asoc=101 S/cm
La,Ni,0,,-CG* 184 | 121 99 84 75 | 0.046
Ty s @isoc—82 S/em
La\Ni,O -CG** 118 83 84 72 64 0.042 | Tq_,y @023 S/em
nuug CG Ao Citrate gel method

o))
o

SSR Solid state reaction

a
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] 9
M3 4.4 msnagdamsi lihvesasdszneunariua (ao)

Conductivity at Temp (S/cm) E
Compositions a HRNYLTIA)
30°C | 200°C | 400°C | 600°C | 800°C | (cy)
Ty 55 @ec=111 S/em
La, ,Sr, ,\Ni,0,* 140 99 80 68 60 0.021 T u @wsc—113 S/em
La, Sr, Ni,O,* 130 86 66 57 50 0.022
La, Sr,,Ni,O * 49 36 29 25 23 0.077
Ty s arsoc—21 S/em
La,,Sr, (Ni,O ** 115 94 79 67 59 0.023 | Tg_o\ amoc=25 S/em
Ty s @13OC=83 S/cm
La, ,Sr, Ni,O,** 99 80 62 52 46 0.022 | T o\ @oc=83 S/em
La,.Sr  Ni,O ** 13 27 24 21 19 0.073
La, Sr, Ni,O, ** 2 6 7 7 7 0.072
La,SrNi,O, ** 2 4 4 4 5 0.074
Ty 55 @isc=69 Slem
La,Ni, ,.Co, ,,O,* 88 72 64 57 52 0.029 | Ty o\ @xoc—12 S/em
Ty s @HOC=64 S/cm
La4Ni2.9C00.1010* 72 65 60 54 49 0027 TS‘)M @180C=69 S/Cm

Wy CG Ao Citrate gel method
SSR ﬁi’) Solid state reaction
A ~ P A ~
* o ﬁ1ﬁﬂi$ﬂ@ﬂﬂlﬂ1llﬂﬁ1°ﬁu%qmﬁgu 1000 23Ry aLE T
A ~ s A ~
*k o ’ﬁ1§1]§$ﬂ@TJV]LN'ILLﬂﬁVlGIfuT]QmWQN 1100 23Ryl
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] 9
M3 4.4 msnagdamsi lihvesasdszneunariua (ao)

Conductivity at Temp (S/cm) E
Compositions a HRNYLTIA
30°C | 200°C | 400°C | 600°C | 800°C | (cv)
Tyssa @i2oc—00 S/em
La,Ni, ,.C0, ,c0,,** 75 69 59 50 42 0.024 | Ty, 0230c=66 Slem
Tyssa @ioc—>8 Slem
La,Ni, ,Co, O, ** 66 63 55 47 40 0.027 | Tg sy gisoc=63 Slem
Ty 5 @use=54 S/em
La,Ni,,Fe, O, * 65 70 62 53 47 0.041 | Ts_,pf gasoc=74 S/em
Ty 55 @iosc=44 Slem
La,Ni, Fe O, * 50 54 50 44 40 0.045 | Ts_p @isoc=57 S/em
Tyls e @soc—04 S/em
La,Ni, . Fe, 0 ** 81 85 72 61 53 0.042 | Ty gasc=91 Slem
Tylsae arsc=52 S/em
La,Ni, Fe, O, ** 61 66 56 47 40 0.043 | Tg 4 gissc=67 Slem
Tyssa @ioc—04 S/em
La, .Sty ,Ni,,.Co .0, * | 69 67 57 50 44 0.038 | T sy aa10c=67 Slem
Ty 55 @iooc=57 S/em
La, ,.Sr, ,.Ni, ,Co, O, * 60 58 51 45 40 0.036 | T sy grosc=58 Slem
Ty s = S/cm
La, . St, ,.Ni, .Co,,0,* 38 50 47 44 40 0.035 | T sy gmsc=50 S/em
Ty s = S/em
La, ,Sr, ,sNi, ,C0,,0, ¥ 31 43 42 40 38 0.034 | Ty gioec=43 S/em
nunemg  CG Ao Citrate gel method
SSR i@ Solid state reaction
A A I a =
* o ﬂ’TiﬂiZﬂﬂUﬂLWTLLﬂa"l“KUﬂqmﬂQM 1000 DAy aL e
A A I a =
*k o msﬂizﬂaummuﬂa"lcﬁqumwau 1100 D3A Uy aLse
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M3 4.4 msnagdamsi lihvesasdszneunariua (ao)

112

Conductivity at Temp (S/cm) E
Compositions a RN
30°C | 200°C | 400°C | 600°C | 800°C | (V)
La, ,Sr, Ni,,Co, O, * 106 88 71 62 55 0.035
La, ,Sr, Ni, ,Co,, 0, * 86 73 62 56 48 0.037
La, Sr, Ni, ,Co,,0,,* 83 70 56 49 43 | 0.035
La, ,Sr, Ni, Co,,0,* 66 48 43 40 34 0.038
Tussa @8 Slem
La, ,St, ,Ni, ,.Co 0, ** | 62 | 59 46 38 33| 0.035 | Ty gissc=61 S/em
Tyss e @esc—8 S/em
La,,St, .Ni, Co, O, * 59 | 56 48 42 37 | 0.034 | Tg yy gizc=59 S/em
Ty s =" S/em
La,, St .Ni, Co,,0,** | 39 | 49 44 39 36 | 0.036 | Ty yy gaosc=49 S/em
Ty s =" S/em
La, ,.Sr, Ni, .Co,,0,** 36 46 41 36 33 0.033 | T,y @rooc=46 S/cm
Ty s =" S/cm
La, Sr, Ni,,Co, O, ** 48 54 45 40 37 0.034 | Tg_,\ gisoc=55 S/em
Ty s =" S/cm
La, ,Sr, Ni, ,Co, O, ** 49 51 43 37 33 0.034 T2@150C=53 S/cm
Wy CG Ao Citrate gel method
SSR fi® Solid state reaction
A A s a =
* o fmﬂizﬂ@ummuﬂa"lmququu 1000 93A BB YT
A A P a =
*k o ’msﬂizﬂaummuﬂa"l«nqummu 1100 93AUBAHY T

G
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] 9
M3 4.4 msnagdamsi lihvesasdszneunariua (ao)

Conductivity at Temp (S/cm) E
Compositions a NN
30°C | 200°C | 400°C | 600°C | 800°C | (cv)
Ty s = S/cm
La, Sr, Ni, Co ,0, ** 40 46 37 32 29 0.037 | Tg_yy asoc=47 S/em
Ty s = S/cm
La, Sr, Ni, C0,,0 ** 35 41 32 27 24| 0.034 | Tg y gisoc=42 Slem
Ty, s = S/cm
La, S, ,Ni, ,Fe, .0, * 47 58 47 41 36 | 0.034 | Ty ganec=58 Slem
Ty s = S/cm
La,, Sr, ,Ni, ,Fe, ,0,,* 42 53 45 36 34| 0.033 | Ty ganee=53 Slem
Ty s = S/em
La,,.Sr, ,.Ni, Fe,,0,,* 36 46 40 35 31| 0.030 | Tg 1 gi00c=46 Slcm
Ty s = S/cm
La, ,Sr, ,,Ni, Fe, 0, * 30 40 34 29 25 | 0.036 | T sy gisoc=40 S/cm
La, ,Sr, Ni,,Fe, .0,* 107 75 63 54 49 | 0.037
La, Sr, Ni, Fe, O,,* 86 65 53 44 39 | 0.036
Ty s = S/cm
La,,Sr, Ni, Fe ,0, * 43 42 36 31 28 | 0.039 | Ty 1 gioc=43 Slem
Ty s = S/em
La, ,Sr, Ni, Fe,,0,* 37 36 30 25 22| 0.040 | Ty g100c=39 S/em
nuug  CG Ao Citrate gel method
SSR A® Solid state reaction
A ~ P A ~
* e ’L’ﬂﬁﬂi%ﬂ@UVILNTLLﬂﬁVlGﬁuT}Q‘mWQN 1000 DIALE ALY
A ~ s A ~
*k 1 ﬁ1ﬁﬂ§$ﬂ’mJVILN'ILLﬂEIVl“IfuT]Qm‘WﬂlI 1100 DIALH ALY

K
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] 9
M3 4.4 msnagdamsi lihvesasdszneunariua (ao)

. Conductivity at Temp (S/cm) Ea
Compositions NN
30°C | 200°C | 400°C | 600°C | 800°C | (cv)
Ty s = S/em
La, ,Sr, \Ni, . Fe, O, ** 53 67 55 45 39 0.043 | T\ 150069 S/em
Ty 5= S/em
La, ,Sr, ,sNi, JFe, O ** 43 56 47 40 34 0.027 | Tg_y\1 @iooc=36 S/em
T, 5= S/cm
La, Sr, Ni, Fe ,0 ** 39 50 43 36 32 0.042 | Tg_,\1 @ap0c=50 S/em
La, ,Sr, ,\Ni, (;Mn O, * 66 53 45 39 34 0.035
T, 5= S/em
La, ,.Sr, Ni, Mn, O, * 38 36 32 29 26 0.037 | Tg_,\1 @ssc=38 S/em
Ty, s = S/em
La, Sr, Ni, Mn 0 * 19 22 19 17 15 0.037 | Tg_y\1 @izoc=22 S/em

Wy CG Ao Citrate gel method
SSR ﬁi’) Solid state reaction
= A s a =
* o miﬂizﬂaummuﬂa"l%qumw@,u 1000 23yl
A A I a =\
*ok o ’CT”IT].I'E%ﬂf’)‘]J‘VI!NTLLﬂa"lGD'HTlQﬂlW{]N 1100 23yl
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AENAtiA Conductive Atomic Force Microscopy (C-AFM)
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Trace Retrace Average
fgﬂ“ﬁ Voltage | Current | Resistance | Voltage | Current | Resistance | Resistance
V) (nA) (Ohm) V) (nA) (Ohm) (Ohm)
1 5.979 12.856 0.465 5.979 11.817 0.506 0.486
2 5.886 12.532 0.470 5.886 9.285 0.634 0.552
3 5.979 27.141 0.220 5.886 19.285 0.305 0.263
4 5.768 26.881 0.215 5.878 | 29.865 0.197 0.206
5 5.818 22.130 0.263 5.841 24.470 0.239 0.251
6 5.885 20.095 0.293 5.937 19.978 0.297 0.295
7 5.818 20.644 0.282 5.841 6.438 0.907 0.282
8 5.839 18.116 0.322 5.869 7.723 0.760 0.322
9 5.862 22.077 0.266 5.843 7.505 0.779 0.266
10 5.979 12.856 0.465 5.979 11.817 0.506 0.486
Average 0.326
STD 0.102
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Trace Retrace Average
fgﬂ“ﬁ Voltage | Current | Resistance | Voltage | Current | Resistance | Resistance
V) (nA) (Ohm) V) (nA) (Ohm) (Ohm)
1 5.839 | 181.287 0.032 5979 | 28.310 0.211 0.122
2 5.815 24.349 0.239 5.979 17.662 0.339 0.289
3 5.839 30.777 0.190 5.979 | 32.530 0.184 0.187
4 5.833 77.980 0.075 5.979 | 33.699 0.177 0.126
5 5.815 20.648 0.282 5.979 18.896 0.316 0.299
6 5.954 24.506 0.243 5.948 | 21.492 0.277 0.260
7 5.932 23.830 0.249 5.939 18.375 0.323 0.286
8 5.932 18.116 0.452 5.937 9.098 0.653 0.552
9 5.932 17.207 0.345 5.992 19.337 0.310 0.327
10 5.939 20.245 0.293 5.932 | 20.428 0.290 0.292
Average 0.216
STD 0.102
HUBIHA segrmsdnnamanudiumu liihvestunulaemaiin c-AFM
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Formula La4 Ni3 010 d 28 1
Name Nickel Lanthanum Oxide 3.80900 23.335 22 1 1 1
Name (mineral) 3.55476 25.030 4 1 1 3
Name (common) 3.48895 25510 14 0 0 8
3.17077 28.120 3 1 1 5
277059 32.285 100 1 1 7
273150 32.760 44 0 2 0
2.70739 33.060 43 2 0 0
Lattice: Orthorhombic Mol. weight = 891.72
S.G.: F(0) Volume [CD]=  828.02 241849 37.145 5 1 19
Dx= 2.35231 38.230 1 0 2 6
Dm = 2.15240 41.940 16 0 2 8
Wcor = -1.000
a= 541500 alpha = 213708 42255 11 2 0 8
b= 5.46700 beta = 1.99787 45.357 8 0 0 14
c= 2797000 |gamma= 1.95397 46.435 1 0 2 10
ab 99040 |2° 1.92349 47.215 40 2 2 0
1.87840 48.420 1 1 1 13
cb 5.11615
= : 1.74688 52.330 3 0 0 16
1.72320 53.105 2 1 3 1
1.70697 53.650 2 3 1 1
Sample Preparation: Stoichiometric amounts of 098.99%) and 2 1.68520 54.400 5 3 1 3
0399.999%) were dissolved in a slight excess of nitric acid 1.67624 54.715 9 1 1 15
solution, followed by the addition of an equivalent molar proportion
of citric acid with respectto Ond 2 O3The product obtained after 161279 57.080 > 0 2 14
auto-combustion was ground, then heated in air at 1173 K for 2 1.60866 57.220 5 2 0 14
hours, followed by a thermal treatment in air at 1353 K 158563 58.130 17 1 3 7
Additional Pattern: To replace 00-035-1242
1.57402 58.600 12 3 1 7
1.50845 61.370 1 1 3 9
1.47206 63.105 3 0 2 16
1.38461 67.605 5 2 2 14
1.36710 68.590 4 0 4 0
1.35405 69.345 4 4 0 0
1.29196 73.200 2 2 2 16
1.26730 74.865 3 1 3 15
Primary Reference 1.22047 78.270 6 3 3 7
Publication: Private Communication 1.21320 78.830 4 4 2 0
Authors: de Deus Carvalho, M., Dept. Quimica e Bioguimica FCL,
Lisboa, Portugal.
Radiation: CuKa1 Filter: F
y\‘avelength 1.54060 d-spacing:
SS/FOM: 12.6 (0.034,71)




Pattern: PDF 50-0244 Radiation: 1.54060 Quality: Indexed
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Formula La3 Ni2 O7 d 20 I |

Name Nickel Lanthanum Oxide 3.78659 23.475 18 1 1 1

Name (mineral) 3.43143 25.945 11 0 0 6

Name (common) 3.35212 26.570 4 1 1 3
2.80700 31.855 100 1 1 5
2.72988 32.780 44 0 2 0
2.70501 33.090 40 2 0 0
2.32945 38.620 4 1 1 7

Lattice: Orthorhombic Mol. weight = 646.11

s.G. F(0) Volume [CD] =  605.09 213829 42250] 18] 0f 2] 6

Dx = 2.12081 42.595 13 2 0 6
Dm= 2.05673 43.990 7 0 0 10

o= 52000 Tapha= Wicor = -1.000 1.96216 46.230 2 1 1 9

b= 5.45400 beta= 1.92119 47.275 44 2 2 0

c= 20.53000 |gamma= 1.71810 53.275 4 1 3 1

ab  gg083 |2° 1.70418 53.745 3 3 1 1

chb 1.67921 54.610 12 1 1 11

= 376421 1.64011 56.025 5 0 2| 10
1.63435 56.240 5 2 0 10
1.58937 57.980 17 1 3 5

Sample Preparation: Stoichiometric amounts of 099.99%) and 2 1.57869 58.410 16 3 1 5

0399.999%) were dissolved in a slight excess of nitric acid 1.48528 62.480 1 1 3 7

solution, followed by the addition of an equivalent molar proportion

of citric acid with respect to Ond 2 O3The product obtained after 1.44826 64.265 2 g 2 12

auto-combustion was ground in air at 1173 K for 2 hours, followed 1.40239 66.635 5 2 2 10

by a thermal treatment in air at 1423 K. The final compound is 1.36370 68.785 5 0 4 0

better represented by 3 Ni2 07103

Unit Cell: Reference reports: a=5.400(2), b=5.452(2), c=20.52(1) 1.35116 69.515 4 0 4 2

General Comments: Cell parameters generated by least squares 1.27627 74.250 4 2 2 12

refinement 1.26608 74.950 5 1 3] 11
1.25786 75.525 3 3 3 3
1.22119 78.215 9 3 3 5
1.21721 78.520 8 2 4 0
1.21050 79.040 4 4 2 0

Primary Reference

Publication: Private Communication

Authors: de Deus Carvalho, M., Dept. Quimica e Bioquimica FCL,

Lisboa, Portugal.

Radiation: CuKa1 Filter: F

!Navelengm 154080 d-spacing:

SS/FOM: 14.7 (0.032,64)




Pattern: PDF 81-1960 Radiation: 1.54060 Quality: Calculated
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Formula La2 Ni 04.003 d 20 |1 |h|Kk]I d 20 | | |h|Kk|1I
Name Lanthanum Nickel Oxide 631140 | 14021| 49| o| o 2|142735| 65323 69| 3| 2| 3
Name (mineral) 413785 | 21457 7| o] 1| 2| 142457| 65466| 98| 2| 2| 6
Name (common) 370164 | 24022 350 1| 1| 1] 137928 67901 1] o] 3| &
3.15570 | 28257| 161 o o 4| 1.36997| 68427 47| o] 4| 0
284913 31.372| 999 | 1| 1] 3| 1.36785| 68547| 98| 2| of 8
273570 | 32708 | 593| o| 1| 4| 1.236785| e8547| 98| 4| of o
- - - 273570 | 32708 593| 2| o] o] 133880 70251 1| o] 4| 2
Lattice: Orthorhombic Mol. weight = 400.56
SG: Bmab (64) Volume [CD]=  378.47 251005 | 35.743| 10| 2| o] 2|133e81| 70371 1| 4| of 2
Dx= 251005 | 35.743| 10| o| 2| 2|1a3ze18| 71019 1| 2| 1] 8
Dm= 240504 | 37360 1| 1| 2| 1132164 71300 1| 1| 4| 1
o= 527190 Japhas INeor = 7.100 228204 | 30455 3| 2| 1| 2| 131ses| 71485 1| 1] 1] @
b= 547990 |beta= 211474 | 42723| 226 | 1| 1] 5] 130107 72605| 1| 3| 2| 5
c= 1262280 |gamma= 211474 | 42723| 226 | 1| 2| 3|120873)| 72757 1| 4| 1] 2
Z= 4
E’b 0.99845 210380 | 42.956| 92| o| o] 6] 128383 73733| 13| 3| 3| 1
b 206709 | 43758 270| 2| o] 4| 126724 74869 1| 1| 4| 3
= 2.30347 206709 | 43758 | 270| o 2| 4| 126228 75214 3| o] of 10
1.96404 | 46.183| 1| o| 1] 6] 1.25666| 75610 18| 0| 4| 4
1.93503 | 46.894 | 320| 2| 1] 4| 125502 75.726| 20| 4| of 4
ICSD Collection Code: 073377 1.93503 | 46.894 | 320| 2| 2| o] 124857 76.187| s6| 3| 1| 7
Temperature Of Data Collection: REM TEM22C 185082 | 40.189| 4| 2| 2| 2| 124857 76187 s6| 1| 3| 7
_T:ﬁ;;:t:gdéggfl?e;inemem applied 175815 | s1.969| 1| 1| 2| 5| 123388 77.260| s4| 3| 3| 3
Article Title: Structure of the interstitial oxygen defect in La2NiO4+d | 1.75462| 52.082 5[ 0] 3] 2]1.23160| 77430 29] 0] 1] 10
Wyckoff Sequence: g f e3 a (BMAB) 171653 | 53.328| 48| 1| 3| 1]123160] 77.430] 20] 2| 3 s
ANX: AB2X4
171444 | 53398 | 48| 3| 1| 1] 122496 77929 s1| 2| 4| o
166769 | 55.019| 62| 2| o] 6] 122307 78.072| 85| 2| 2| 8
166769 | 55.019| 62| o| 2| 6| 122307 78072| 85| 4| 1| 4
165016 | s5.654| 85| 2| 2| 4| 120252 79669 1| 2| 4| 2
1.63467 | 56.228 | 104 | 1| 1] 7| 120144 79755 1| 4| 2| 2
160211 | 57.476 | 194 | 1| 3| 3| 1.19406 | s0.348| 1| o| 3| 8
160041 | 57543 198| 3| 1| 3| 117597 81844 1| 1| 4| 5
157785 | 58.444| 44| o| o] 8| 1.16140( 83097 1| 3| 2| 7
Structure 151625 | 61.065| 1| o| 1] 8] 1.14016 84183 21| 3| 3| 5
Publication: Phys. Rev. B: Condens. Matter 150735 | 61.465| 1| 3| 2| 1]1.14802| 84286 18| o| 4| &
Detail: volume 40, page 2187 (1989) 147694 | 62.873| 4| 2| 3| 2| 114677 84399| 33| 2| of 10
Authors: Jorgensen, J.D., Dabrowski, B., Pei, S.-Y., Richards, D.R., = . i '
Hinks, D.G. 145227 | 64.066| 1| 1| 2| 7| 114677 84399| 33| 4| of &
Primary Reference . 142735 | 85.323| eo| 3| 1] 5|1.14195( sas3s| 43| 2| 4| 2
Publication: Calculated from ICSD using POWD-12++
Radiation: CuKa1 Filter: Not specified
Wavelength d-spacing:
) 1.54060 g
SS/IFOM: 96.5 (0.0076,41)




Pattern: PDF 87-2456 Radiation: 1.54060 Quality: Calculated
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Formula La2 (NiO4.1) d |20 [1|{n[Kk|1] d [ 2 [1|h]K]I

Name Lanthanum Nickel Oxide 6.33595| 13966 34| o| o 2| 142764| 65308 84| 3| 1| s

Name (mineral) 4.13785| 21457 10| 1| o] 2| 1.42545| 65.420| 86| 2| 2| ®

Name (oommon) 369567 | 24.061( 321| 1] 1] 1] 142545] 65420 26| 3| 2| 3

320870 | 27.008( 1] 1] 1] 2| 137928 67901 4| 3| 0| &

3.16798 | 28.145( 156 | o] 0| 4] 1.37032| 68407 es5| 2| of 8

285089 | 31352 | @ea| 1] 1| 3]1.36600| 68653 93| 4| o] 0

273200 32754 | 688| 2| of o]1.3e600| 68653 93| 3| 2| 4

Iéa;lce ;ig?fc??:?:ai r:dn‘::i[g&]:= gg;;; 250872 | 35763 14| 2| o 2]133532| 70461 1| 4| o] 2

e Dx= ‘ 244976 36654 1| 1] 1| 4]132916| 70836 1] 2| 1] 8

Dm= 239937 37452 22| 2| 1| 1]132289| 71223] 1] 1| 1] 9

o= 526900 Japha= Weor = 7.410 227990 | 30494 3| 2| 1| 2|131803| 71526 of a| 1] 4

b= beta = 211915 42630 194| 1] 1| 5]1.30085] 72633 3| 3| 2| s

c= 1267190 |gamma= 211198 42782 156 | o] of &]120715] 72860 2| 4| 1] 2

ab 400000 |27 4 211198 42782 | 156| 2| 1| 3|128788] 73470 1| 3| 3] o

:Ib 206893 | 43717 321| 2| of 4]128128| 73911 13| 3| 3] 1

= 2.31916 196995 | 46.027| 2| 1| o| &]1.26719| 74873 5| o] o] 10

193182 | 46999 | 319| 2| 2| o] 1.26444| 75084 5| 4| 1] 3

184783 | 49274 3| 2| 2| 2|126207| 75228 =2| 3| 3] 2

ICSD Collection Code: 084220 175000 | 51.940| 10| 2| 1| 5] 1.25436| 75773 32| 4| o] 4

Temperature Factor: ATF 1.75045| 52215 8| 3| o] 2] 1249%0]| 76091 82| 3| 1| 7

&Tg{i;‘g‘;qﬁg&? ?;r:%tugz?yzﬁ%’a%brm of La2 Ni Od+x 172787 | 52950 1| 3| 1| o]123189| 77408 s8] 3] 2| &

ANX: AB2X4 171203 | 53.479| 89| 3| 1| 1]1.23189| 77.408| s8] 3] 3] 3

167092 | 54904 | 83| 2| o| 6] 122488 77935 e1]| 2| 2| &

166699 | 55.044 | 48| 3| 1| 2] 1.22179| 78189 103] 4] 2] o

164935 | 55.684 | 83| 2| 2| 4]1.22179| 78169 103]| 4| 1] 4

163926 | 56057 109| 1| 1| 7| 119969 79895 1| 4] 2| 2

150924 | 57589 ao3| 2| 1| &]1.19521| Bozss| 1] 3] o] &

150924 | 57589 303| 3| 1| 3] 1.19306| oaza| 1| 3] 3] 4

158399 | 58.196 | 42| o| o| 8] 1.17436| 81981 g&| 4] 2| 3

157808 | 58398 | 23| 3| o| 4]1.17436| 81981 &| 4] 1] s

153638 | 60182| 1| 2| 2| s|116761| 82588 1] 3] 1] &

Structure 152135| so83g| 1| 1| o| 8]116202| 83042 1| 3] 2| 7

Publication: J. Phys. Soc. Jpn. 1.51691 | 61.036 1| 3| 1| a|1.14955| 82148 22| 2| o] 10

Detail. volur_r)eS_S, page 3616(1989) . 150472 | 61584 | 4| 3| 2| 1]1.14814| Baz75| 22| 3] 3] 5
Authors: Kajitani, T., Hosoya, S., Hirabayashi, M., Fukuda, T.,

Onozuka, T. 147387 | 63.019| 8| 3| 2| 2|1.14700| Ba.378| 37| 4| o] &

Primary Reference 145460 | 63952| 1| 2| 1| 7]1.13005] ss.022| es| 4| 2] 4

Publication: Calculated from ICSD using POWD-12++

Radiation: CuKa1l Filter:
y\.’avelengm 1.54060 d-spacing:

Not specified

SS/FOM: 208.7 (0.0038,38)




Pattern: PDF 01-070-2680 Radiation: 1.54060 Quality: Star (*)
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Formula La4 Co3 O10 d [20 [1|n]k[I|] d |20 |1 [h 1
Name Lanthanum Cobalt Oxide 2TB0B L aazs| 1| of of 1]223409)40333] 1) 2 7
i 2.15069 | 41.975| 220| © 8
Name (mineral) 1390241 gass| 15| of of 2
Name (oommon) 214023 | 42.190| 18| o 13
926828 | 9535 1| o| of 3
214023 | 42.190| 18| -2 8
6.95121| 12725 12| o of 4
213300 | 42.340| 13| 2 8
556007 | 15924 1| of of 5
211562 | 42705| 27| -1 8
4634141 19137) 7] 0f 0] 6 ”
Lattice: Monoclinic Mol. weight = 892.42 381613 23201 274| 1| 1] 1 [T 5
S.G. C2/m (12) Volume [CD]=  824.87 381613 | 23201| 274 | 1| 1] 1
Dx= 7.18 204035 | 44362] 1] -2 9
355057 | 24996( 52| 1| 1| 3
Dm= 203331 | 44524 1| 2 9
= 355057 | 24996 52| 1| 1| 3
= 541750 — Weor = 3.390 1.98606 | 45642 157 1 12
as o alpha = 347560 | 25610 218[ o] of s
b= 547560 |beta=  90.200 T o e 7] o] o)
c= 27.80500 |gamma= - - 1.95083 | 46514] 18| 0 10
_ 3.16244 | 28196 41| 1| 1| 5
ab  ggoag |25 4 194370 | 46.695| 12| -2 0
= ) 3.08043 | 28876 1| of of o
b 193693 | 46868 16| 2 10
296554 | 30110 1] 1| 1] 6
= 5.07798 192563 | 47.159| 534 2 0
295832 | 30186 1| 1| 1] 6
187180 | 48602 18| -1 13
276843 | 32311 994 | 1| 1] 7
186787 | 48711 18| 1 13
276157 | 32.303| 989| 1| 1| 7 [ -
ANX: A3B4X10 273780 | 32682 590 | o] 2| of=
Analysis: Co3 La4 O10 1.85693 | 49.017] 1] -2 4
Formula from original source: La4 Co3 010 270893 330411 559] 2] O] O omeool ool 11 2 ”
ICSD Collection Code: 51177 266067 | 33.658 5 2] ol 2
Wyckoff Sequence: j2i10 f e d a(C12/M1) P ey e py ey g 1.82102) 50.049| 1] -2 5
Unit Cell Data Source: Powder Diffraction . . 181823| s0.131| 1] 2 5
254734 | 35203 2| of 2| 4
177979 | s1.201| 1 -2 6
252703 | 35485 1| o o1
177666 | 51.388| 1| 2 6
252703 | 35495 1| 2| of 4
176867 | 51.637| 8| -1 14
252107 | 35582 1| 2| of 4
176867 [ 51637 8| o 12
241279 | 37236 73| 1| 1] 9
176386 | 51.789| 4| 1 14
240695 | 37330 72| 1| 1] 9
176386 | 51.789| 4 -2 12
235717 | 3g.148| 16| o 2| 6
175779 | s1.981| 4| 2 12
234223 | 38401 8| 2| of 6
173780 | 52624 so| o 16
233512 | 38522 8| 2| of 6
Structure arr0r| mems| o] o] o] 2 e .
Publication: J. Solid State Chem. : - 1.72647 | 52.997| 25| -1 1
Detail: volume 141, page 212 (1998) 22570t fsoemt) ) A 0o | saera] 23] 3 1
Au_thors: Hansteen, O.H., Fjellvag, H. 225421 | 19.963 1| o 2] 7= :
Primary Reference 1.71218 | 53474 23| -3 1
Publication: Calculated from ICSD using POWD-12++ 225170 40009] 1] 1] 1f10
Radiation: CuKal Filter: Not specified
!Navelength 1.54060 d-spacing:
SS/FOM: 162.8 (0.0034,54)




Pattern: PDF 01-089-8309 Radiation: 1.54060

Quality: Indexed
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Formula (La1.67 Sr0.33 ) Ni O4 d 20 |1 |h|Kk]I d 20 [ 1 [h]k]|I
Name Lanthanum Strontium Nickel Oxide |&35430] 13.926| 40| 0| 0| 2| 1.14021| 84998 40| 2| 2| &
Name (mineral) 3.66428 | 24270 272 1| o| 1] 113089 85866| 55| 3| 1| 4
Name (common) 3.17715| 28.062| 146 o| o 4| 1.10602| 88288 s1| 1| of 11
283969 | 31479 909 1] o] 3| 108918 90020] 1] 2| 1] 9
270596 | 33.078| 719 1] 1| o] 105863 93378| 9| 2| o] 10
248962 | 36.047| 17| 1] 1| 2| 105863 93378| 9| o| 0] 12
- - 211726 | 42.670| 280 1| o] 5| 1.05768| 93.487| 12| 3| 2| 1
Lattice: Tetragonal Mal. weight = 383.58 211726 | 42670| 280 o] 0| 6] 105074 94204| 24| 3| 1] 6
S.G.: 14/mmm (139) Volume [CD] =  186.11 i . i :
Dx= 6.84 206005 | 43916 | 309 1] 1| 4| 104373 95127 17| 3| o] 7
Dm= 1.01340 | 47.479| 326| 2| o| o] 102054 o6.869| 58| 3| 2| 3
INcor = 6.690 183214 | 40724 3| 2| of 2] 102954 s6:8e0| s8] 2| 2] &
a= 3.82680 alpha = - - - -
= = 1.69600 | 54.022| 57| 2| 1] 1 102.71
b= beta= 0.98621 8 3| 1| 1]12
c= 1270860 Jgamma= 166790 | s5.012| 88| 1] 1] ®
103.71
~ 0.87940 ol 15| 3| 2| 5
ab 40000 1= 2 164028 | s56.019 136 2| of 4 —
ob 1564028 | s6.019] 136 1| of 7| %% 7] [ 3] | &
= 332095 158680 | 58.083] 286 | 2| 1| a|osszes| 711 63| 2| 1|1
158680 | 58083 285 of o] 8[ o007 mssg O 5l ol
141959 | 65.725| 146| 2| 1| 5
1950 | 65725 | 15| 2] O] 6L 108.83 o
ANX: AB2X4 : : —
Analysis: La1.67 Ni1 04 Sr0.33 1.36995 | 68.428| 53| 1| 1] 8] 092630 3| 7| 2| 2|10
Formula fron'! original source: (La1.67 Sr0.33) Ni 04 135008 | 69.408] 75| 2| 2| 0)oszean] 22| +| 2| ol 2
ICSD Collection Code: 88632 3
Temperature of Data Collection: 298 K 1saare ) a07) 1) 1] 0] 9 oocer| 11264 of 4] 4] 4
Minor Warning: No e.s.d reported/abstracted on the cell dimension. |132331| 71.197] 1] 2] 2] 2 !
No R factors reported/abstracted pysev s pay s e gy REITS ”4-4§ 31| 4| ol &
Wyckoff Sequence: e2 ¢ a(l4/MMM) .
Unit Cell Data Source: Powder Diffraction 126022 | 7733 10| 3| of 1|oseas| "44Z) 1] 3] 2| 7
124532 | 76.422| 81| 2| 2| 4 g0 11511 21 ol ol
1.24532 | 76.422| 81| 2| 1] 7
ogose3| 1183 Az 4f 1] 3
122224 | 78135| 69| 3| o] 3
117.30
1.22224 | 78.135| 69| 2| o] 8| 090198 of 12| 3| 3| ©
121014 | 70.068| 68| 3| 1] 0|o.s9303 ”925 1| 3| 3| 2
118877 | so.77a| 1| 3| 1] 2
oareas| P03 45| 3f 1]10
115031 | sa.079| 17| 1] 1] 10
Structure : os718a | 12414 o1 4] 1] 5
Publication: J. Solid State Chem. 1.14021 | 84.998| 40| 3| © . 6
Detail: volume 145, page 401 (1989) os71aa| 12413 1] 4] ol &
Authors: Millburn, J.E., Green, M.A., Neumann, D.A., Rosseinsky, _ 6
M.J. ogerro| 518 43l 3f 3] 4
Primary Reference
Publication: Calculated from ICSD using POWD-12++ ossosz| 703 qal qf 1)14
osseat | 2820 28 3f of 1
\?vadlarm: CuKat 'I:ilter.d Not specified 0.85570 128.33 a1l &l 2] o
'avelength -spacing:
| 1.54060 g
SS/FOM: 117.2 (0.0069,37)




Pattern: PDF 33-0711 Radiation: 1.54060 Quality: Indexed
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Formula La Ni O3 d 28
Name Lanthanum Nickel Oxide 3.84000 23.144 35 1 0 1
Name (mineral) 2.73200 32754 100 1 1 0
Name (common) 2.70100 33.140 85 0 1 2
2.22300 40.548 25 0 2 1
2.18900 41.207 11 0 0 3
1.92000 47.306 70 2 0 2
1.72400 53.078 8 2 1 1
Lattice: Rhombo.H.axes Mol. weight = 245.6
S.G. R-3m (166) Volume [CD]=  169.49 1.70800 53.615 7 1 1 3
Dx= 1.57650 58.499 25 3 0 0
Dm= 1.57020 58.757 35 1 2 2
o= 575700 Taphas Wlcor = -1.000 1.55150 59.536 16 1 of 4
b= = 1.36400 68.768 14 2 2 0
c= 6.57200 gamma = 1.34840 69.678 12 0 2 4
ab 4 n0000 = 3 1.28490 73.668 2 1 3 1
;Jb 1.27860 74.092 6 3 0 3
= 120432 1.21780 78.475 15 3 1 2
1.20900 79.157 15 2 1 4
1.15770 83.422 7 2 2 3
Sample Preparation: Sample was spray-dried from aqueous 1.14870 84.224 S 2 0 5
solution and annealed at 1000 C in an oxygen flow 1.11200 87.691 9 0 4 2
General Comments: Increase of temperature causes a decrease of 1.068940 92.160 3 3 2 1
the rhombohedral
General Comments: Room temperature form 1.05850 93.392 5 1 2 5
Additional Pattern: To replace 00-010-0341 1.03070 96.724 4 2 3 2
Unit Cell: Rhombohedral cell data: a=3.8375, a=90.44
General Comments: distortion leading to cubic cell parameters at 1.03070 96.724 4 4 1 0
abc_)ut 1020 C ) ‘ 1.02480 97.469 17 1 3 4
Unit Cell: Space group R-3c¢ and doubling of the c-axis has been 101680 08 501 14 P 1 6

reported by Megaw and Darlington [Acta Crystallogr., Sec. A, 31
161 (1975)] for related compounds

General Comments: Form Il

General Comments: Above 825 C, Ni O3lowly decomposes into
NiO and an "unidentified phase” of Ni O2PDF 00-012-0751), which
changes irreversibly into 2 Ni 04t 1166 C

General Comments: The doubling of the c-axis could not be
confirmed by

Primary Reference

Publication: ICDD Grant-in-Aid

Authors: Wustenberg, H., Hahn, Inst. fur Kristallogr., Technische
Hochschule, Aachen, Germany.

Radiation: CuKal Filter: M
Y\i‘avelengtl'l 154060 d-spacing:

SS/FOM: 26.7 (0.032,29)




Pattern: PDF 01-071-1179 Radiation: 1.54060 Quality: Star (*)
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Formula Ni O d 28 | h
Name Nickel Oxide 2.41217 37.246 669 1 1 1
Name (mineral) Bunsenite 2.08900 43276 999 2 0 0
Name (common) 1.47715 62.863| 475 2 2 0
1.25971 75.395 170 3 1 1
1.20608 79.387 121 2 2 2
1.04450 95.035 46 4 0 0
0.95850 106.961 53 3 3 1
Lattice: Cubic Mol. weight = 74.7
S.G. Fm-3m (225) Volume [CD] =  72.93 093423| 111082] 14| 4] 2] O
Dx= 6.8 0.85283 129.171 99 4 2 2
Dm= 0.80406 146.678 46 5 1 1
ficor = 5.050
a= 4.17800 |alpha=
b= =
c= gamma =
ab 00000 [%* 4
f" 1.00000
ANX: AX

Analysis: Ni1 O1

Formula from original source: Ni O

ICSD Collection Code: 9866

Calculated Pattern Original Remarks: Stable above 523 K (2nd ref.,
Tomszewski), below R3-m

Wyckoff Sequence: b a(FM3-M)

Unit Cell Data Source: Single Crystal

Structure

Publication: Proc. Jpn. Acad.

Detail: volume 55, page 43 (1979)

Authors: Sasaki, S., Fujino, K., Takeuchi, Y.

Primary Reference

Publication: Calculated from ICSD using POWD-12++
Publication: Golden Book of Phase Transitions, Wroclaw
Detail: volume 1, page 1 (2002)

Authors: Sasaki, S., Fujino, K., Takeuchi, Y.

Radiation: CuKal Filter:
}Navelengm 154060 d-spacing:

Not specified

SS/FOM:  999.9 (0.0003,10)




Pattern: PDF 03-065-3185 Radiation: 1.54060 Quality: Indexed
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Formula La2 O3 d 20 |1 [h|k|[I] d | 28 [1]|[h|[Kk]I
Name Lanthanum Oxide 571000 15506 2| 2| o| o]1.28113| 75295 8| 8| 3| 3
Name (mineral) 466220 19.020| 110] 2| 1| 1]1.24602| 76371 7| 2| 4| 8
Name (common) 403758 [ 21997 1| 2| 2| o|1.23145| 77.4a1| 18] 6| 5| 5
320667 | 27.025( 999| 2| 2| 2|1.21738| 78507 1| 6| 6| 4
3.05212| 29237 13| 1| 2| 3|1.20377| 79570 17| 1| 5| 8
285500 31306 | 306 | 4| o] o]1.17788| s1683| 15| 7| | 3
269172 33258 46| 4| 1| 1]|1.16555]| 82736 | 46| 8| 4| 4
Lattice: Cubic Mol. weight = 325.81
S.G: a-3 (206) Volume [CD]=  1489.36 255359 [ as.11a| 7| 4| 2| o|1.15359) 83786| 18| 8| 5| 3
Dx= 5.81 243475 | 36.888| 3z| 3| 3| 2|1.14200| 8ag3a| 8| 8| s| 0
Dm= 233110 38se2| 6| 4| 2| 2|1.13075] 85880 &) 10| 1| 1
o= 1142000 Tapha= IMcor = 13.480 223965 | 40234 66 1| 3| 2] 1.11082] s6025] 18] 10| 2| o
b= beta = 208500 [ 43363 15| 1| 2| 5|1.10021| 87968 5| 3| 4| o
c= gamma = 201879 | 44861 375| 4| 4| o] 1.00889| 8s011| 37] 10| 2| 2
ab 0000 |27 16 195851 | 46.321| 18| 4| 3| 3| 1.08s85| s00s5| 18] 7| 6| 5
:Ib 190333 | 47746 3| 6| o] o] 1.06958] 92140| 15| 1| 7| 8
= 1.00000 185257 [ 49140 38| 6| 1] 1]1.06032] s3.184| 13| 10| 4| o
180566 [ 50504 8| o] 2| 6]1.05130] 94228 11] 10| 3| 3
176214 51843 30| 1| 4| 5| 104250| 95275 12| 10| 4| 2
NIST M&A collection code: N AL4319 5411 172163 | 53157 | 274| 6| 2| 2|103392| 96323| 11| 8| 7| 3
Temperature Factor: IB=La,O 168379 | 54449 48| 1| 3| 6] 1.01737| 8427 13| 10| 5| 1
Minor Warning: No e.s.d reported/abstracted on the cell dimension. 164333 | 55921] 51| 4| 2| 2| 1009a0| 99481 10| 8| 8| o
No Rfactor reported/abstracted PP epeyy B ) B Y B T 53 T
1583758209 8] 0] 4] 6 o 10255 sl =l
155407 | 59427 22| 1| 2] 7
152606 | 60.631| 10| 6| 4] 2] %9796 1% 71 4110 8] @
145034 [ 64162 21| 1| 5| 6]o097214 1043; a| 8| 7| s
142750 65315| 38| 8| 0] of,qeeiy 10532 5| 2| sl 0
140570 | 66458 | 28| 8| 1] 1 PR T R R
138488 | 67500 13| 8| 2] o 5
136495 | 68713 15| 3| 5] 6] 099167 1080; o8| 8| 4
134586 | 69828 | 9| 8| 2| 2]oo04513] 109 ‘; 13| 1| &] e
Structure 132755 70935 26| 8| 3| 1[ " T gg el 12| 2| o
Publi.c.:ation: Z. Anorg. Allg. Chem. 130096 | 72.035| 88| 6| s| 2 —
Rﬁtuﬁg,r::og{g;f;;page 273 (1939) T20m08 | 732z 11 71 sl 20932 5| o] 1] 7|0
Primary Reference 127679 | 74215 45| o 4| 8|oezsas| 1290 1] 12| 2f 2
Publication: Calculated from NIST using POWD-12++ 113.66
0.92025 il 9] 9| 8] 3
osossa| 11395 qof 11| 6| 4
Radiation: CuKafl Filter: Not specified osoz2s3| 72| 45( 12| 4] o
y\favelength 1.54060 d-spacing:
SS/FOM: 999.9 (0,30)




Pattern: PDF 74-2430 Radiation: 1.54060 Quality: Calculated
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Formula La2 03 d 26 I h

Name Lanthanum Oxide 3.40980 26.113| 310 1 0 0

Name (mineral) 3.06495 29.112| 268 0 0 2

Name (common) Lanthanum oxide - A 2.97981 29.963 999 1 0 1
2.27945 39.502 227 1 0 2
1.96865 46.069 296 1 1 0
1.75270 52.143 212 1 0 3
1.70490 53.720 32 2 0 0

Lattice: Hexagonal Mol. weight = 325.81

s.G.: P63/mmc (194) Volume [CD] =  82.3 1.65640 55426 200 1 1 2

Dx = 1.64255 55.934 137 2 0 1
Dm= 1.53247 60.351 21 0 0 4

o= 393730 Japhac Wcor = 11.330 1.48991 62.264 43 2 of =2

b= = 1.39779 66.883 15 1 0 4

c= 6.12990 gamma = 1.30906 72.092 63 2 0 3

ab 4 60000 = 1 1.28878 73.410 20 2 1 0

b 1.26121 75.289 93 2 1 1

= 155688 1.20927 79.136 47 1 1] 4
1.18803 80.840 33 2 1 2
1.15368 83.778 34 1 0 5

ICSD Collection Code: 028555 1.13972 85.043 7l 2] 0] 4

Test From ICSD: At least one TF missing 1.13660 85.332 32 3 0 0

Article Title: Strukturuntersuchungen an La2 O3

Wyckoff Sequence: f2 a (P63/MMC) 1.09007 89.926 58 2 1 3

ANX: A2X3

Structure

Publication: Z. Anorg. Allg. Chem.

Detail: volume 340, page 232 (1965)

Authors: Mueller-Buschbaum, Hk., von Schnering, H.G.

Primary Reference

Publication: Calculated from ICSD using POWD-12++

Radiation: CuKal Filter: Not specified

Wavelength 1 54060 d-spacing:

SS/FOM: 998.9 (0,22)
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{ a I o
Citrate gel taziHHnNgavgl 1000 osusaidod Wunar 3 57T

Q

Temperature Current Voltage a b L Conductivity
(°C) (mA) (mV) (cm) (cm) (cm) (S/cm)
30 160.525 7.010 0.642 0.254 1 140.43
50 162.237 8.608 0.642 0.254 1 115.58
55 163.623 8.818 0.642 0.254 1 113.79
60 163.623 8.935 0.642 0.254 1 112.30
65 171.833 9.437 0.642 0.254 1 111.66
70 173.731 9.660 0.642 0.254 1 110.29
75 175.499 9.877 0.642 0.254 1 108.96
80 176.796 10.048 0.642 0.254 1 107.90
85 178.091 10.220 0.642 0.254 1 106.86
90 179.274 10.385 0.642 0.254 1 105.86
95 180.321 10.549 0.642 0.254 1 104.83
100 180.698 10.682 0.642 0.254 1 103.74
105 180.679 10.804 0.642 0.254 1 102.55
110 191.245 11.493 0.642 0.254 1 102.04
115 192.775 11.665 0.642 0.254 1 101.34
120 194.447 11.860 0.642 0.254 1 100.54
125 195.771 12.013 0.642 0.254 1 99.94
130 197.396 12.185 0.642 0.254 1 99.34
135 199.122 12.361 0.642 0.254 1 98.79
140 200.519 12.485 0.642 0.254 1 98.49
145 202.227 12.631 0.642 0.254 1 98.18
150 202.227 12.656 0.642 0.254 1 97.99
155 205.057 12.848 0.642 0.254 1 97.87
160 207.069 12.982 0.642 0.254 1 97.81
165 207.069 12.998 0.642 0.254 1 97.69
170 209.987 13.137 0.642 0.254 1 98.02
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msun vl dedrdeyan ldninmsiamanuaednd ldihuaznszua i ngungd

30 - 800 BFITAITU VOITUL La,,, St Ni,O,,., NFuAT #1073
Citrate gel uammwﬁﬂﬁqquﬁ 1000 pesuaEFod (Hunat 3 52114 (40)
Temperature Current Voltage a b L Conductivity
(°O) (mA) (mV) (cm) (cm) (cm) (S/cm)
175 211.870 13219 0.642 0.254 1 98.29
180 213.375 13.284 0.642 0.254 1 98.50
185 214.508 13.324 0.642 0.254 1 98.73
190 215.828 13.381 0.642 0.254 1 98.91
195 217.144 13.442 0.642 0.254 1 99.06
200 218.392 13.505 0.642 0.254 1 99.17
205 219.162 13.547 0.642 0.254 1 99.21
210 219.100 13.558 0.642 0.254 1 99.10
215 217.115 13.458 0.642 0.254 1 98.93
220 229.674 14257 0.642 0.254 1 98.79
225 230.530 14.348 0.642 0.254 1 98.53
230 231.364 14.444 0.642 0.254 1 98.23
235 231.316 14.499 0.642 0.254 1 97.84
240 229.964 14.478 0.642 0.254 1 97.41
245 225.078 14.245 0.642 0.254 1 96.90
250 225.529 14.347 0.642 0.254 1 96.40
255 225.228 14.415 0.642 0.254 1 95.82
260 224.319 14.454 0.642 0.254 1 95.17
265 240.507 15579 0.642 0.254 1 94.67
270 232.953 15.166 0.642 0.254 1 94.20
275 235.006 15.415 0.642 0.254 1 93.49
280 235.082 15519 0.642 0.254 1 92.89
285 232.421 15.431 0.642 0.254 1 92.37
290 253.284 16916 0.642 0.254 1 91.82
295 252.363 16.925 0.642 0.254 1 91.44
300 255.601 17.305 0.642 0.254 1 90.58
305 251.613 17.062 0.642 0.254 1 90.43
310 257.981 17.687 0.642 0.254 1 89.45
315 254.782 17.590 0.642 0.254 1 88.82
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msun vl dedrdeyan ldninmsiamanuaednd ldihuaznszua i ngungd

30 - 800 BFITAITU VOITUL La,,, St Ni,O,,., NFuAT #1073
Citrate gel uammwﬁﬂﬁqquﬁ 1000 pesuaEFod (Hunat 3 52114 (40)
Temperature Current Voltage a b L Conductivity
(°O) (mA) (mV) (cm) (cm) (cm) (S/cm)
320 258.052 17.911 0.642 0.254 1 88.35
325 255.469 17.842 0.642 0.254 1 87.81
330 261.556 18.381 0.642 0.254 1 87.26
335 253.931 18.018 0.642 0.254 1 86.43
340 257.201 18.304 0.642 0.254 1 86.17
345 260.474 18.651 0.642 0.254 1 85.64
350 258.397 18.620 0.642 0.254 1 85.10
355 262.340 19.020 0.642 0.254 1 84.58
360 258.682 18.833 0.642 0.254 1 84.23
365 258.923 18.999 0.642 0.254 1 83.57
370 276.669 20.486 0.642 0.254 | 82.82
375 285.168 21.123 0.642 0.254 1 82.79
380 283.007 21.097 0.642 0.254 1 82.26
385 280.156 20.884 0.642 0.254 1 82.27
390 272.077 20.495 0.642 0.254 1 81.41
395 281.067 21.199 0.642 0.254 1 81.31
400 280.834 21.407 0.642 0.254 1 80.45
405 282.301 21.530 0.642 0.254 | 80.41
410 275.209 21.150 0.642 0.254 1 79.80
415 274.470 21.228 0.642 0.254 1 79.29
420 273472 21.237 0.642 0.254 1 78.97
425 282.140 22.033 0.642 0.254 1 78.53
430 281.056 22.052 0.642 0.254 1 78.16
435 280.503 22.110 0.642 0.254 1 77.80
440 271.087 21.474 0.642 0.254 1 77.42
445 277.528 22.017 0.642 0.254 1 77.30
450 274.267 21.958 0.642 0.254 1 76.60
455 276.391 22.189 0.642 0.254 1 76.39
460 275.153 22172 0.642 0.254 1 76.10
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msun vl dedrdeyan ldninmsiamanuaednd ldihuaznszua i ngungd

30 - 800 BFITAITU VOITUL La,,, St Ni,O,,., NFuAT #1073
Citrate gel uammwﬁﬂﬁqquﬁ 1000 pesuaEFod (Hunat 3 52114 (40)
Temperature Current Voltage a b L Conductivity
(°O) (mA) (mV) (cm) (cm) (cm) (S/cm)
465 272.819 22.088 0.642 0.254 1 75.74
470 269.443 21.899 0.642 0.254 1 75.45
475 275.634 22.505 0.642 0.254 1 75.11
480 270.552 22.178 0.642 0.254 1 74.81
485 273773 22.450 0.642 0.254 1 74.78
490 275.750 22.837 0.642 0.254 1 74.05
495 272.685 22.673 0.642 0.254 1 73.75
500 271.585 22.654 0.642 0.254 1 73.52
505 285.119 23.935 0.642 0.254 1 73.05
510 292.876 24.639 0.642 0.254 1 72.89
515 292.523 24.710 0.642 0.254 1 72.60
520 290.340 24.632 0.642 0.254 1 72.28
525 287.481 24.496 0.642 0.254 1 71.97
530 288.796 24.684 0.642 0.254 1 71.75
535 285.969 24.562 0.642 0.254 1 71.40
540 293.191 25.253 0.642 0.254 1 71.20
545 290.171 25.081 0.642 0.254 1 70.95
550 290.970 25.264 0.642 0.254 1 70.63
555 292.159 25.461 0.642 0.254 1 70.37
560 290.197 25.406 0.642 0.254 1 70.05
565 289.308 25.433 0.642 0.254 1 69.76
570 287.607 25372 0.642 0.254 1 69.51
575 288.887 25.565 0.642 0.254 1 69.30
580 288.100 25.580 0.642 0.254 1 69.07
585 288.358 25.709 0.642 0.254 1 68.78
590 289.472 25.890 0.642 0.254 1 68.57
595 286.837 25.749 0.642 0.254 1 68.31
600 287.284 25.898 0.642 0.254 1 68.03
605 286.736 25.928 0.642 0.254 1 67.82
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Temperature Current Voltage a b L Conductivity
(°O) (mA) (mV) (cm) (cm) (cm) (S/cm)
610 286.075 25.969 0.642 0.254 1 67.55
615 287.413 26.170 0.642 0.254 1 67.35
620 286.521 26.181 0.642 0.254 1 67.11
625 286.320 26.242 0.642 0.254 1 66.91
630 285.896 26.321 0.642 0.254 1 66.61
635 285.559 26.360 0.642 0.254 1 66.43
640 284.689 26.388 0.642 0.254 1 66.16
645 285.388 26.539 0.642 0.254 1 65.95
650 284.555 26.540 0.642 0.254 1 65.75
655 284.603 26.621 0.642 0.254 1 65.56
660 285.901 26.801 0.642 0.254 1 65.42
665 284.944 26.825 0.642 0.254 1 65.14
670 283.685 26.787 0.642 0.254 1 64.94
675 284.704 26.984 0.642 0.254 1 64.70
680 283.410 26.930 0.642 0.254 1 64.54
685 283.300 26.990 0.642 0.254 1 64.37
690 283.268 27.102 0.642 0.254 1 64.10
695 283.033 27.165 0.642 0.254 1 63.89
700 282.279 27.168 0.642 0.254 1 63.72
705 282.719 27.288 0.642 0.254 1 63.54
710 283.109 27.429 0.642 0.254 1 63.30
715 282.039 27.391 0.642 0.254 1 63.14
720 281.603 27.439 0.642 0.254 1 62.94
725 281.994 27.541 0.642 0.254 1 62.79
730 281.319 27.562 0.642 0.254 1 62.59
735 281.136 27.637 0.642 0.254 1 62.38
740 282.196 27.824 0.642 0.254 1 62.20
745 280.701 27.773 0.642 0.254 1 61.98
750 281.752 27.939 0.642 0.254 1 61.84
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msun vl dedrdeyan ldninmsiamanuaednd ldihuaznszua i ngungd

30 - 800 DIAUBAIFIF VDIFUIY La, . Sr

Citrate gel Lo NHNNIUNA

Q

U

3.95~70.05

a

4 1000 D3 aLey

) A
N13OlOiS N

=
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N ERIAT

ax

¥
AYID

oa 15 uan 3 52103 (79)

Temperature Current Voltage a b L Conductivity
(°O) (mA) (mV) (cm) (cm) (cm) (S/cm)
755 281.447 28.004 0.642 0.254 1 61.63
760 280.309 27.973 0.642 0.254 1 61.45
765 279.996 28.006 0.642 0.254 1 61.31
770 279.741 28.069 0.642 0.254 1 61.12
775 280.145 28.197 0.642 0.254 1 60.93
780 279.791 28.223 0.642 0.254 1 60.79
785 279.687 28.308 0.642 0.254 1 60.59
790 278.926 28.296 0.642 0.254 1 60.45
795 278.674 28.359 0.642 0.254 1 60.26
800 278.442 28.405 0.642 0.254 1 60.11
;];’“H 111

Ji

g 74

a9 LManiy

Amp meter

A

e

a

Volt meter

DC Power supply

H Y
gﬂ‘ﬁ 2.1 29953ammsh Idhuoy e 4-point measurement UOI¥UIIU La, ,.Sr, .Ni,O,
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@ oA 3 ' o 9 L
AIDYWNN V1 mimmmmmsm"l‘vhhmawmm La,,.Sr,

3.95 0405Ni3010i6
d' a9y =
NYUNYUYIDI (30 DIAUYDLHYT)
) Ay v o o 2 a
doyan ldnInmsda  ANNNINVRITUIIY 0.642 EEUALIAT
9
ANNGIVDITUIIY 0.254 EEUALIAT
9
srgzrIzriaa i 1.00 CEUALIAT
Aa A 4
Aszua i 160.525  Naausuuils
] [ Aa a 4
AMuaedng Wi 7.010 faaliad
e o r
IFMIMUIN NAUNTN 3.1
c = (IXL)/(VXA) 3.1

(Y

Y ' Y
unuamanuaadluaumsn 3.1 Tawadail

c ((160.525 X 107) X (1 X 107)) / ((7.010 X 107) X (0.642 X 0.254 X 10™))

o 140.43 S/cm

aariu mmai lWfhves La, . Sr, Ni,0,,.. Ngamigil 30 oarisaided NN 140.43 S/cm

0.05 31048
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° U Y Y . o 4o o
a1 mamamanumumu il (Electrical resistivity)
@ ° ' Y 9 ) ¢ 4 o 1
dregrmadamanudumu i ldngueslesin nazitesainlumsiaa
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Trace Retrace Average
%qﬂ‘ﬁ Voltage | Current | Resistance | Voltage | Current | Resistance | Resistance
V) (nA) (Ohm) v) (nA) (Ohm) (Ohm)
1 5.979 12.856 0.465 5.979 11.817 0.506 0.486
2 5.886 12.532 0.470 5.886 9.285 0.634 0.552
3 5.979 27.141 0.220 5.886 19.285 0.305 0.263
4 5.768 26.881 0.215 5.878 | 29.865 0.197 0.206
5 5.818 22.130 0.263 5.841 24.470 0.239 0.251
6 5.885 20.095 0.293 5.937 19.978 0.297 0.295
7 5.818 20.644 0.282 5.841 6.438 0.907 0.282
8 5.839 18.116 0.322 5.869 7.723 0.760 0.322
9 5.862 22.077 0.266 5.843 7.505 0.779 0.266
10 5.979 12.856 0.465 5.979 11.817 0.506 0.486
Average 0.326
STD 0.102
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Abstract. La, Sr Ni;O,,.; (x=0,0.05,0.1,0.2, 0.3, 0.5 and 1) compositions synthesized via citrate
gel method have been investigated as a candidate cathode for intermediate temperature SOFC. The
n =3 RP single phase of La, Sr Ni,O,,.; (x =0, 0.05, 0.1 and 0.2) can be achieved after calcined at

1000°C for 4 hrs in air. The further addition of Sr with x > 0.3 leads to obtain La, Sr NiO,,; and
NiO as the second phase. La,Ni,O,,.; based material shows the highest electrical conductivity with
a value of 124 S/cm at room temperature. With Sr dopant, both of transition temperature and the
electrical conductivity of La,Ni;O,,.; decrease and further decrease with increasing the amount
of Sr. The electrical conductivity at 250°C of La,_ Sr Ni,O,,; (x =0, 0.05 and 0.1) is 100, 94 and

75 S/cm respectively. For x=0.3, 0.5 and 1, it reduces to the values of 28, 7 and 4 S/cm, respectively

because of the lower conductivity phase of La, Sr NiO, .

Introduction

Solid oxide fuel cell (SOFC) is an alternative energy source because it can produce electricity
directly from the electrochemical reaction within a unit cell. However, SOFC is required to operate
at high temperature range of 850 - 1000°C. Therefore, the coefficient of thermal expansion
mismatch between the cell components, high temperature corrosion, and degradation problem are
concerned. To solve these problems, many researchers have developed SOFC electrolyte and
electrode materials to reduce the operating temperature into 400 - 700°C [1, 2].

The recent trend in SOFC cathode research has been focused on La,, \Ni O,,., (n =1, 2 and 3)
compounds with a Ruddlesden-Popper (RP) structure as shown in Fig. 1. The electrical conductivity
of RP structure depends on the n value. It increases as » increases [3-5]. However, this material
system is less stable with the higher value of s, and it is hard to obtain a single phase. Most studies
are concentrated on n = 1 and 2 with the dopants of Ca, Sr on La site [6-8] and Fe, Cu, Co on
Ni site [9-12]. Only a few works have been published on n = 3. Amow, et al. [13] synthesized
La,Ni,O, ,, powder system by Pechini method and found the orthorhombic structure (Fmmm) from
XRD. Its conductivity is metallic and decreases as the temperature increases. In addition, the
conductivity of n = 3 is higher than that of » = 1 and 2, although the density value of La,Ni,O, .5
(~58%) is lower than La,NiO,  (~85%). Klande, et al. [14, 15] studied on La,Ni, Fe O, ;
(x = 0.3, 0.9) synthesized via the sol-gel route and found the highest metallic conductivity in
La,Ni, .Fe,,0,, ; compound. However, the electrical conductivity decreases with increasing
amount of Fe dopant. The density of all compositions was only about 70% of theoretical density.
Prado, et al. [16] investigated the effects of Ga substitution on LaSr;Fe, ;_,Co s »Ga O, ; system.
The electrical conductivity of this system decreases with increasing amount of Ga dopant.

In this work, the effects of strontium doped on La site of La,Ni;O . were studied. These all
compositions were synthesized via citrate gel method. The reaction temperature, structural phase,
microstructure and electrical conductivity of all compositions have been investigated using the
Differential Thermal Analyzer (DTA), X-ray diffractometer (XRD), Scanning electron microscope
(SEM) and four-probe DC method, respectively.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 153.167.241.47-16/08/14,10:44:37)
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Materials and Experimental procedures

Sr doped La,Ni,O,,; was synthesized by citrate gel method. The starting materials using
La(NO,),.6H,0 (99.99% purity), Ni(NO,),.6H,0 (99.5% purity), citric acid (99% purity) and
Sr(NO;), (99.5% purity) were dissolved in 50 mL of deionized water. The total metal concentration
was 0.7 mol/l. 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 transparent green mixed solution was heated on a hot
plate. After the water evaporated, the solution became viscous and changed to green gel. During
continuous heating, the gel slowly foamed at 150°C, bloated and finally started the auto-combustion
at 200°C until the reaction completed and appeared to be dark residue.

After grinding, the residue powders were calcined at 1000°C for 4 hrs 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
D2 Advance with CuKa in the 2-theta range of 20° - 60°. The disk specimens were formed by cold-
isostatic press at 300 MPa and sintered at 1100°C for 3 hrs in air using a microwave furnace
(Cabolite, MRF 16/22). The porosity of all compositions was determined using Archimedes'
method.

The microstructures of sintered specimens were recorded on the fractured surface by using
Scanning Electron Microscope (SEM, Jeol ISM6010LV).

The electrical conductivity of sintered samples was collected from 50°C to 800°C by a four-
probe DC method. All data were measured in air with a heating rate of 4°C/min.

Results and Discussion

The DTA result of La,Ni,O,,, . powder synthesized via citrate gel method is shown in Fig. 2.
The derivative curve presents the reaction temperatures in a form that is more visually accessible
than DTA. From its result, the reactions occur at 420°C, 570°C, 710°C and 800°C, respectively.
Therefore, these powders were calcined and soaked at each reaction temperature. Although the
reactions of all compositions complete at 800°C, the actual calcined temperature at 1000°C with a
soaking period for 4 hrs in air is employed to obtain a single phase for La,Ni,O,,.; and La, Sr Ni,O, .
with x = 0.05, 0.1 and 0.2. However, other phases appear with an increasing amount of x (0.3, 0.5
and 1), although prolonged soaking period for higher firing temperature is used.

X-ray diffraction patterns of calcined La, Sr Ni,O, . powders are shown in Fig. 3. The result of
XRD pattern for La,Ni,O,,; powder shows a single phase in good agreement with JCPDS
50-0243 as an orthorhombic structure. For Sr dopant, the single phase of La, 455t 0sNi;O 0.5,
La, ¢S, |Ni;O,,,; and La, ¢St ,Ni;O,,.; compositions can be obtained by using an identical calcined
condition of La,Ni O, .. The peak of 020 for x < 0.2 moves to the higher 20 and closes to 200 as
the amount of Sr increases, indicating that a tendency of a lattice parameter of b decreases toward a
value. However, a single phase of n = 3 for x = 0.3, 0.5 and 1 cannot be achieved. The phases of
La, Sr NiO,., (n = 1 RP phase) and NiO appear in those compositions as indicated by arrow (¥)
and star (*), respectively. Although the powder systems of x = 0.3, 0.5 and 1 were calcined at
1200°C, two phases still exist in those compositions. These results indicated that the solubility limit
of Sr doped on La-site is x < 0.2.

Figs. 4(a) - 4(f) represent the SEM micrographs of all sintered compositions with the
magnification of 5,000x. All compositions show porous microstructures with the value of 51 - 59%
porosity. The average grain size of all compositions was in a range of 0.6 - 1.5 um. Further
increasing amount of Sr slightly changes the average grain size and porosity between grains.

The electrical conductivity of La, Sr Ni,O,,,. specimens is shown in Fig. 5. The conductivity of
La,Ni,O, ., based material decreases from room temperature to 170°C and then increases from
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170°C to 250°C. This result shows the metallic conducting behavior below 170°C and changes to
semiconducting behavior at higher 170°C. However, above 250°C the conductivity decreases with
an increasing temperature. The electrical transitions (T; and T,) for this work are defined as the
transition temperatures from metallic to semiconducting behavior for T and from semiconducting
to metallic behavior for T,. With Sr dopant, the conductivity of La, Sr Ni,O, .. decreases. In
addition, both of T, and T, shift toward lower temperatures. The result also shows the
semiconducting behavior is suppressed with the amount of Sr. The electrical conductivity of
La,Ni,0,,.; is higher than that of all compositions and it shows the highest value of conductivity is
124 S/cm at room temperature. In addition, the electrical conductivity values at T> of
La, SrNi;O,,.. with x =0, 0.05 and 0.1 are 101, 95 and 83 S/cm respectively. For x > 0.3, the
conductivity is much lower than La,Ni,O, ... This is because of the appearance of n = 1 RP which
its conductivity is lower than n = 3 RP. In this work, the conductivity values of x = 0.3, 0.5 and 1 at
250°C is 28, 7 and 4 S/cm, respectively. The electrical transition temperatures of T, and T,
including their conductivity values are given in Table 1.

Arrhenius plots of La, SrNi,O,..; (x =0, 0.05, 0.1, 0.3, 0.5 and 1) are shown in Fig. 6. The
activation energy of all specimens determined from the slope of In(cT) and 1000/T in a temperature
range of 300 - 700°C is also summarized in Table 1. The electrical conductivity of La,Ni,O,,.; is
higher than that of other compositions at all measurement temperatures. From the result in Table 1,
the activation energy of all specimens depends on the phase of RP and the amount of Sr.

Conclusions

Sr doped La, SrNi,O, .. (x =0, 0.05, 0.1, 0.2, 0.3, 0.5 and 1) was synthesized by citrate gel
method. The calcined La, Sr Ni,O, .. (x = 0, 0.05, 0.1 and 0.2) powders show a single phase of
orthorhombic n = 3 RP structure. This structure tends to be more symmetry with the amount of Sr.
For x = 0.3, the phases of » = 1 RP and NiO appeared. The compositions sintered at 1100°C for 3
hrs show porous microstructures. La,Ni O, . exhibits the highest electrical conductivity. Sr
reduces the electrical conductivity of based compositions and further decreases with an increasing

the amount of Sr. The lower electrical conductivity of x = 0.3 compositions is attributed to the phase
ofn=1RP.
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Table 1. The electrical conductivity and activation energy of La, Sr Ni,O,, . system

Porosity Average T,(°C) T»(°C) Electrical conductivity (S/cm) Ey(eV)
(%) Grain size (300-700°C)
compositions (1m) T o T T 300°C
30 C 1 2

x=0 52 L5 170 250 124 89 101 96 0.029
x=0.05 51 0.9 150 220 115 91 95 88 0.023
x=0.1 52 0.7 130 170 99 83 83 70 0.022
x=03 54 0.8 - - 13 - - 26 0.030
x=05 59 0.7 - - 2 - - 7 0.062
x=1 58 0.6 - - 2 - - 4 0.074

Fig. 1 The Ruddlesden-Popper structure of La

n+l

Ni O, ., (n=1,2,3,..).
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Abstract The effect of Sr doped La, SrNi,O,,.;(x = 0, 0.05, 0.1, 0.2 and 0.3) has been
investigated as an intermediate temperature SOFC cathode material. The Ruddlesden-Popper (RP)
compositions of n = 3 were successfully synthesized via citrate gel method. The single phase of
sintered La, Sr Ni;O,,.; (x = 0, 0.05, 0.1 and 0.2) powders was confirmed as an orthorhombic
structure. However, this structure changes to more symmetry with an increasing amount of Sr
dopant. With x = 0.3, the phases of La, .Sr,;NiO, as n = 1 RP and NiO appear without n = 3 RP.
La, 4551, (sNi;0,,.; shows the highest electrical conductivity with a value of 140 S/cm at room
temperature. Nevertheless, the electrical conductivity of La, Sr Ni,O,,.. decreases and further
decreases with increasing amount of Sr. The conductivity values at 200°C of La, Sr Ni,O,,.; (x =0,
0.05 and 0.1) are 89, 113 and 101 S/cm, respectively. For x = 0.3, the conductivity decreases lower
than x < 0.1 with its value of 36 S/cm because of the low conductivity phase of n = 1 RP.

Introduction

Recently, the Ruddlesden Popper (RP) structure is a candidate cathode for intermediate
temperature SOFC due to its low operating temperature of 400 - 700°C [1]. The most studies of this
system have been focused on La,, Ni O, ., (m =1, 2 and 3) RP. It consists of n-LaNiO; perovskite
layers with an alternating LaO rock salt layer along the c-axis. The electrical conductivity of RP
structure depends on the n value. It increases as n increases [2-4]. However, with the higher value of
n, this RP system is less stable and it is hard to obtain a single phase. Many reports were
concentrated on n = 1 and 2 RP systems with the Ca, Sr doped on La-site [5-7] and Fe, Cu, Co
doped on Ni-site [8-11]. The disadvantage of this material is unstable phase in air after prolonged
heating. Only a few works have been published on n = 3 RP structure as shown in Fig. 1. Amow, et
al. [12] synthesized La,Ni O, ., and achieved a single phase of orthorhombic (Fmmm) at room
temperature. The phase transformation of La,Ni;O, ., can be observed at 758 K by using high
temperature XRD. From this result, the doublet peaks of 020 and 200 tend to close to a nearly
singlet peak, indicating the structure changes to a tetragonal phase at high temperature. The
conductivity of La,Ni,O, ., is metallic and it decreases as the temperature increases. Its conductivity
is higher than that of n = 1 and 2, although the density value of n = 3 is ~58%, and less than that of
n = 1 (~85%). Klande, et al. [13] synthesized La,Ni, Fe O, ; (x = 0.3, 0.9) via the sol-gel route
and obtained the orthorhombic phase of n = 3. Their lattice parameters increase with increasing
amount of iron. La,Ni, Fe,;0,, ; can preserve the highest metallic conductivity. However, the
electrical conductivity decreases with increasing amount of Fe dopant. The densities of all
compositions were only about 70% of theoretical density. Armstrong, et al. [14] studied on
LaSr,Fe,_Co O,,; (x = 0, 0.5, 1.0 and 1.5) compositions. The transition temperature can be
observed at 400°C and it slightly decreases with increasing Co content. In additions, the
conductivity of this system increases with the amount of Co and shows the highest conductivity for
the composition of x = 1.5. The total expansion coefficient of x = 1.5 was higher than those of
Ce, ,Gd O, ; (GDC) or La,_Sr .Ga, Mg O, ; (LSGM) electrolytes. Prado, et al. [15] studied the effects
of Ga substitution on LaSr,Fe, _MCQI j;ﬁGaxO]Hto develop a lower expansion of this composition.
The thermal expansion and the electrical conductivity of this composition decrease with an
increasing amount of Ga dopant.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.tip.net. (ID: 153.167.241.47-16/08/14,10:48:31)




164

Advanced Materials Research Vols. 931-932 117

Fig. 1 The Ruddlesden-Popper structure of LasNi3O1¢s.

In this work, Strontium doped on La-site of La,Ni,0,,., composition was investigated. These all
compositions were synthesized by gel combustion method. The reaction temperature, structural
phase at room temperature, microstructure and electrical conductivity of all compositions have been
studied using the Differential Thermal Analyzer (DTA), X-ray diffractometer (XRD), Scanning
electron microscope (SEM) and four-probe DC method, respectively.

Materials and Experimental procedures

La, SrNi,O,,.; powders with x = 0, 0.05, 0.1, 0.2 and 0.3 were synthesized by citrate gel
method. The starting materials required to stoichiometric amount of La(NO,),.6H,0 (99.99%
purity), Ni(NO,),.6H,0 (99.5% purity) and Sr(NO;), (99.5% purity) were dissolved in minimal
amount of deionized water. After mixing with a magnetic stirrer, the citric acid solution was added
to the mixture using the 1:2 mole ratios of metal ions to citric acid. After water evaporation at
100°C on the hot plate, the transparent green mixed solution changed to green gel. During
continuous heating, the gel slowly foamed, bloated and finally started the auto-combustion at 200°C
until the reaction completed and appeared to be dark residue.

After grinding, the residue powders were calcined at 1000°C for 4 hrs 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 D2 Advance with CuKy in
the 2-theta range of 20° - 60°. The disk specimens were formed by cold-isostatic press at 300 MPa and
sintered at 1000°C for 3 hrs in air using a microwave furnace (Cabolite, MRF 16/22).

The microstructures of sintered specimens were recorded on the fractured cross-section by using
Scanning Electron Microscope (SEM, Jeol ISM6010LV).

The electrical conductivity of sintered samples was collected from 50°C to 800°C by a four-
probe DC method. All data were measured in air with a heating rate of 4°C/min.

Results and Discussion

La,Ni,O,,.; powder synthesized via citrate gel method was examined by using Differential
Thermal Analyzer (DTA). The reactions of DTA and its derivative curve are presented in Fig. 2.
From its derivative result, the reactions occur at 420°C, 570°C, 710°C and 800°C, respectively.
Therefore, the powders were calcined and soaked at each reaction temperature. Although no more
reaction peaks appear above 800°C, the single phase of La, Sr Ni,O,,,; with x =0, 0.05, 0.1 and
0.2 can be obtained after calcined at 1000°C for 4 hrs in air. With x = 0.3, other phases occur
although the prolonged soaking period or higher calcined temperature were used.

Fig. 3 shows the structural phase of all sintered compositions characterized by X-ray diffraction.
The n = 3 RP single phase of sintered La, Sr Ni,O,,.; (x = 0, 0.05, 0.1 and 0.2) compositions
confirmed the orthorhombic structure as similar with JCPDS no. 50-0243. With an increasing
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amount of Sr, the 020 diffraction peak moves to near 200 peak at the higher 2-theta, indicating that
the lattice parameter of b tends to decrease toward to a value. In other words, the structure tends to
change from orthorhombic to more symmetry structure. With x = 0.3, the single phase of » =3 RP
cannot be achieved due to an appearance of La, .St ;NiO, (n = 1 RP phase) along with the second
phase of NiO as indicated by arrow (1) and star (*), in Fig. 3. The solubility limit of Sr doped on
La-site in this work is x = 0.2.

Figs. 4a-4d show the SEM micrographs of undoped and Sr doped La,Ni,O,,; sintered at
1000°C. All specimens show a porous microstructure with 52 - 54% porosity. The average grain
size of all compositions was in a range of 0.5 - 1 um. However, it was slightly changed with further
increasing Sr content.

Fig. 5 shows the electrical conductivity of La, SrNi,O,,,; (x =0, 0.05, 0.1 and 0.3) compositions.
From this result, the electrical conductivity of La,Ni,O ... specimen after sintered at 1100°C is
higher than the sample sintered at 1000°C. It exhibits the metallic conducting behavior above room
temperature to 170°C and changes to semiconducting behavior at 170°C. However, above 250°C
the conductivity decreases with an increasing temperature, indicating the metallic conducting
behavior. The electrical transitions for this work were defined as T, and T, represented by the
transition temperatures from metallic to semiconducting behavior and from semiconducting to
metallic behavior, respectively. For Sr doped compositions sintered at 1000°C, La, 4551, 4sNi;0,4.5
shows the highest conductivity at all measurement temperatures. In addition, both of T; and T,
move toward to lower temperatures and the semiconducting behavior is suppressed with an
increasing amount of Sr. A temperature range for semiconducting behavior between T, and T» of
La, sSr; (sNi,O ,,; decreases as compared to that range of undoped composition. For
La, ¢Sr; Ni;O,.;, the semiconducting behavior disappears since the T, and T, cannot be observed.
The highest conductivity for this work can be obtained from Lay 4;Sr; ,sNi;O,,.; with a value of 140 S/cm
at room temperature. Further increasing amount of Sr, the electrical conductivity of La, SrNi,O,,.s
decreases. However, the conductivity of x = 0.3 decreases lower than other compositions because
the phase of » = 1 RP exists instead of n = 3 RP. The electrical conductivities at T, of
La, SrNi,O,, . with x = 0 after sintered at 1000°C, 1100°C and x = 0.05 are 81, 101 and 113 S/cm,
respectively. The electrical transition temperatures of T; and T, including their conductivity values
are given in Table 1.

Arrhenius plots for La, Sr Ni,O, .. (x =0, 0.05, 0.1 and 0.3) are shown in Fig. 6. The electrical
conductivity of La, o Sr, ,:Ni,O,,,: is higher than that of other compositions at all measurement
temperatures. The activation energy of all specimens determined from the slope of In(cT) and
1000/T in a temperature range of 300 - 700°C is also summarized in Table 1.

Table 1. T; and T> and their conductivity values including the activation energy of Las..Sr:Ni3Oo5

system
T:(°C) T2(°C) Electrical conductivity (S/cm) Eu(eV)
Compositions oo T, T 00°C (300-700°C)
x=0(1000°C) 170 250 90 67 81 78 0.028
x=0(1100°C) 170 250 124 89 101 96 0.029
x=0.05 160 205 140 111 113 102 0.021
x=0.1 - - 130 86 0.022

x=03(n=1RP) - - 49 - - 32 0.028
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Fig. 2 DTA result of La,Ni,O,,,; composition.

T T T T
I's —La]_.I,STmNiO4 #=NIO

=03~
S AL

AN

Relative Intensity (a.u)

% 40 45 a0 55 6 =
2-Theta (degree)

Fig. 3 X-ray diffraction patterns of sintered La,_SrNi,O,,,; samples.

&t ka
] a
5
!ﬁs! 20KV M‘rD‘ﬁnmS‘Si(\ B x7,5008 "Zim
- Y x Sl 0 g Apt2ERE013

X7,500 ¢ Zp

Apr 25 2013° B

Fig. 4c Fig. 4d

Fig.4 SEM micrographs of La, Sr Ni,O,,.. compositions sintered at 1000°C (a) x =0, (b) x=0.05,
(c)x=0.1and(d)x=0.3
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Fig. 5 Electrical conductivity vs. temperature for La, SrNi,O, . (x=0,0.05,0.1 and 0.3)
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Fig. 6 Arrhenius plots of electrical conductivity for Lay.,Sr,NizOjps5 (x = 0, 0.05, 0.1 and 0.3)

Conclusions

La, SrNi,O,,.; with x =0, 0.05, 0.1, 0.2 and 0.3 were synthesized by a citrate gel method. The
orthorhombic n = 3 RP single phase of La, Sr Ni;O,,.; (x = 0, 0.05, 0.1 and 0.2) powders can be
achieved after calcined at 1000°C and it tends to be more symmetric structure with an increasing
amount of Sr. However, the n = 1 RP phase and NiO appear for x = 0.3. All compositions show the
porous microstructures. The electrical conductivity value of La, 4581, ,sNi; 0. is 140 S/cm at room
temperature and higher than those of all compositions at all measurement temperatures. Sr impedes
the semiconducting behavior and decreases the conductivity with an increasing Sr content. For x = 0.3, the
conductivity of La, .Sr,;NiO, as n = 1 RP is much lower than that of n =3 RP.
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