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Abstract

Abstract

Solid oxide fuel cells (SOFCs) for low/intermediate temperature (500-800 °C) operation have
been developed to produce electrical energy and heat. Lanthanum strontium manganite (LSM)
and lanthanum strontium cobalt ferrite (LSCF) based perovskites are used as cathodes for yttria-
stabilized zirconia (YSZ) and doped ceria electrolyte. LSM-YSZ is used as the composite
cathode showing better adherence between cathode and electrolyte layer. The addition of
electrolyte in the cathode enhances the oxygen ion conductivity at the cathode electrolyte
interface. The LSM electrode reacts with the YSZ electrolyte at high temperature (1200 °C)
sintering and forms insulating phases such as lanthanum zirconate (La2Zr.O;, LZ) and
strontium zirconate (SrZrOs, SZ) at the electrode-electrolyte interface which induce high ohmic
and polarization losses. These losses have a large impact on the electrochemical performance
of SOFC and have been avoided by using mixed ionic and electronic conductors (MIECS). The
MIECs are used as cathode materials for SOFCs and enhances the electrochemical efficiency
of SOFCs at low and intermediate temperatures. Single perovskite, strontium-doped lanthanum
cobaltite (LaosSrosCo03; LSCO) cathodes have been synthesized by the different synthesis
routes i.e., sol-gel method, glycine-nitrate method, solid-state route, and impregnation method.
A comparative study has been done for ionic conductivity and to assess the electrochemical
performance of SOFC. It has been found that the electrochemical performance of single
perovskite LagsSrosCo0s3 cathode is low at higher temperatures hence the brownmillerite-type
perovskites Co and/or Mo, as well as Co-Mo co-doping in calcium ferrite cathodes have been
carried out to enhance the electrochemical performance of the intermediate temperature SOFC.
LSCO cathodes synthesized by different methods have been tested with yttria doped ceria
(YDC) and yttria-stabilized zirconia (YSZ) electrolytes in half cells and full cells. Composite
anode (NiO-electrolyte) has been used in full cell testing. LSCO synthesized by the sol-gel
method provided the highest ionic conductivity of 0.42 S/cm at 700 °C and the lowest activation

iv
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energy of 0.32 eV between 500 to 700 °C among all other synthesis methods. LSCO
synthesized by the sol-gel method shows the lowest area specific resistance (ASR) of 3.52 Q
cm? at 800 °C for electrolyte supported half-cell (LSCO-YDC/YDC). Electrolyte supported
SOFC (LSCO-YSZ/YSZINIO-YSZ) with LSCO cathode synthesized by glycine nitrate method
provided maximum power density 80.10 mW/cm? (172.83 mA/cm?) at 800 °C (IR-corrected)
and ohmic resistance decreases from 5.62 Q cm? at 700 °C to 2.25 Q cm? at 800 °C.

LSCO impregnated porous YSZ performed better than other synthesis routes even though low
loading of impregnated active material. 5, 7, and 10 wt% LSCO impregnated porous YSZ
cathodes have been electrochemically characterized using a 2-probe AC conductivity method.
Maximum ionic conductivity of 0.27 S/cm at 800 °C and activation energy of 0.15 eV between
600-800 °C have been observed for 10 wt% LSCO-YSZ cathode. ASR of 1.01 Q cm? at 800
°C is estimated for the electrolyte supported half cell (10 wt% LSCO-YSZ/YSZ). The
electrolyte supported full cell (10 wt% LSCO-YSZ/YSZ/NiO-YSZ) has been tested, and
maximum power density 95 mW/cm? (IR-corrected) (189.75 mA/cm?) at 800 °C is observed.
The electrolyte supported full cell exhibited 6 Q cm? electrode polarization at 800 °C in Hy,
which is on the higher side leading to low performance.

The performance and stability of cathode materials can be improved by reducing the A-site
cation radius, for example, Ca?* substitution at Sr?* or by structure modification to A2B20s.s
structure. A2B20s:+5 can be crystallized in layered structures (brownmillerite). The
brownmillerite structure lattice has perovskite layers of corner-sharing BOs octahedra and BO4
tetrahedra. The oxide ion in the tetrahedral migrates through a unidimensional diffusive passage
formed during the ordering of oxygen vacancies along (110) planes. The lattice of these
materials can accommodate large oxygen vacancies, which improve the ionic conductivity.
These materials provide high MIEC, promising oxygen permeability, and compatible TEC with

other cell components. To assess the electrochemical performance of SOFC, brownmillerite-
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type structured perovskite such as CazxFe2Os (CFO), CazFe1.8M0o.20s (CFMO), CazFe18C00.20s
(CFCO), and CazFe18M00.1C0010s (CFMCO) cathodes have been synthesized and tested in
SOFC. Fe site of parent CazFe,Os structure has been partially substituted by Co and/or Mo, as
well as Co-Mo co-doping and tested as cathodes in SOFC. Physical characterization tools such
as X-ray diffractometer (XRD), scanning electron microscope (SEM), energy-dispersive X-ray
spectroscopy (EDX), transmission electron microscope (TEM), and Brunauer—Emmett-Teller
(BET) surface analyzer have been used to assess the phase formation, microstructure, presence
of constituent elements, particle size, and surface area of the cathode, respectively. The Co-doped
CFO cathodes have better percolation, large surface area, and extended triple phase boundary.
Further, the doped CFO cathodes have exhibited chemical compatibility with other cell
components during fabrication and cell testing, as evident from SEM micrographs. The effect
of porosity in cathode on electrical conductivity has been studied between 600-800 °C. The best
electrical conductivity, 0.47 S/cm at 800 °C and the corresponding activation energy of 0.17 eV
has been exhibited by CFCO, whereas CFMO and CFMCO cathode shown electrical
conductivity 0.11 S/cm and 0.15 S/cm at 800 °C, respectively. Synthesized cathodes have been
tested with samarium doped ceria (SDC) and YSZ electrolytes in half cells (such as CFCO-
SDC/SDC; CFCO-YSz/YSZ) and full cells (such as CFCO-SDC/SDC/NiO-SDC; CFCO-
YSZ/YSZ/NiO-YSZ). Composite anode (NiO-electrolyte) has been used in full cell testing.
CFMO performed better with SDC than YSZ electrolyte between 600-700 °C although the
lowest area specific resistance (ASR) of 1.28 Q cm? at 800 °C has been observed for CFMO
with YSZ electrolyte. Similarly, CFMCO provided low ASR at a lower temperature with SDC
than that with YSZ electrolyte but exhibited the lowest ASR of 0.41 Q cm? at 800 °C with YSZ.
The CFCO cathode shows lower ASR with YSZ than that with SDC for all the temperatures
and provided the lowest value of ASR 0.21 Q cm? at 800 °C. CFCO cathode has been tested in

900 um thick electrolyte (SDC/YSZ) supported solid oxide fuel cell (SOFC) CFCO-
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SDC/SDC/NiO-SDC and CFCO-YSZ/YSZ/NiO-YSZ provided maximum power densities of
171 and 506 mW/cm? (IR-corrected) at 800 °C, respectively. It is inferred that the CFO based

brownmillerite-type structure perovskite cathodes performed better than that of LSCO in the

SOFC test condition.

Keywords: SOFC, perovskite cathode, mixed ionic electronic conductor
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an

ToreTa STt 3R SoHT Sa S o oTT W / Teaadt aTa|T (500-800 °C) HifeTS sHTaTss
WA A (SOFC) T Torehd foRaT 1o 81 Samw Wit-ora #H18e (LSM) T Sead
TI-IEH FidTee WIge (LSCF) TUTRA UIaEehised ol ITANT A aT-Reaciges
R (YSz) 3R Site Hifwn seadiange & foe Sheie & wu o foram Smar 81 LSM-
YSZ T IUART HIUTSA helle o &9 | fhaT A1t 7 AT Hhollg iR seiaeieise Uid o
AZAT UTAT T 8| HATE W TAFSICITSE T THTT, ShollS-TAaeIcTEe S W AATedIe
AT TATAHRAT T TETAT 8l LSM TAFEIE o dTTHT (1200 °C) W YSZ TAFEIATSE h
AT, TAFLIE-TAFEIATSE TSTRT U AT ShEaT & 3R dAoqw e (La,Zr,0,, LZ)
3R W9 RR&HE (SrZr0;, SZ) S8 ST Whetet T (HHTur TEaT &, ATk 3=
3MEfireRh 3R TNEEHIE AT oY ARG Hd & 3T ATHE BT SOFC hY TeIaeiehHehel
TEviH WX TRRTcHeR THTS U § 3R e srmafies it seraeifies shgaed (MIEC) T
YR THleh 31 ATEE T T ATAT 81 MIECs ST IUATT SOFCs % foTT Shelts wef@ed &
EY Y TeRaT ATAT § 3T SOFC i SeTare oh (HehoT GRTAT Shi il ST WEAT! aTaHT U SgTaT
21 RiTTer WisenTze, RIIEm-Site ST ®IaTeerse (La, S, C00;; LSCO) heils st
fafee dguor Tafemt ar, ata-sre fate, wmefrm-argee fate, se-srawen fafer o
zrvE fafer grr w@gfva fomar mam 21 emafies =meeRar & foTo ok SOFC &t
FOIFE IR (HeheT TETI ST SATehReT i o foTT Teh qerTereh eteara ferarm mram 21 arg uran
T & R feTet URieRTEe La, St .CoO, Shellg T SHAFS IR el US9I Io7 dTUHH UT
W BT B, JATAY Hegadt aa SOFC 1 Ioragihiiehel Wav &l a8 & fo1g,
FTATHANTZE-ThRR o USERTZCH hicITaH HTge helle H, Co AT Mo, 3R Co-Mo Hi-
gifuw forar man 21 ot fafia & @fm LSCO efie &1 31w a0 9 et 9 §
Hdifear-giee H#ifET (YDC) 3R Afgar-weanigse Rt (YSZ) Tagiaiged & arel
TErETuT TohaT T ) Tel BeT TRIeTUT § T TS (NiO-STTargIelTse) ShT SUANT fohart TaT
71 e Teft wywor fafern o fter, wre-rer farfer gmr wsyfsa LSCO 700 °C W 0.42
S/cm Y STEAH ATATE ATAHAT 3T 500 T 700 °C & < 0.32 eV hT T8 HH FThA0T
Fott UeH N d@ie-ae ot g @gfva LSCo, seaeiage auiée g% A (LSCO-

YDC/YDC) & f&15, 800 °C WX 3.52 Q ¢m’ T ad A TRAT Wikfhes IRTET (ASR)

@ 31 seaeieTse @UIés SOFC (LSCO-YSZ/YSZ/NiO-YSZ), Tarstad argee fafer
TR WYIT LSCO holle & AT, 31Terehan dia) ST 800 °C W 80.10 mW/cm? (172.82
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mA/cm?) (IR-GINTA), AR TgHes TREEH 700 °C WX 5.62 Q cm’ & W B 800 °C WX

2.25 Q cm’® B T &I

LSCO TS URH YSZ, -0 TNt fafer & aga¥ Uesia forar, wet g grtnaes ufdea
HREer hl NS HA BN 5, 7, AW 10 wt% LSCO TFIHEE URE YSZ FellS &l 2-Ma T
Y STeTeRaT fIfer T SUTT ich SeTaeIchfHehel TG9 hl STl <hl T3 21 800 °C WX 0.27
S/cm bt 3fereRan mafAeR TTeTeRaT 31X 600-800 °C o sfier 0.15 eV <ht @fshaor 5=, 10

wt% LSCO-YSZ %eng & foru 2@t 72 71 800 °C W 1.01 Q cm®HT ASR SHFIATSE
HUIEE B A (10 wt% LSCO-YSZ/YSZ) % ToTT SITHTHa 3| Seiareieiise adiee Hel
[T (10 wt% LSCO-YSZ/YSZ/NiO-YSZ) ST Trerut feram 14T 2, 21X 800 °C W 31ferehaw
uTeR SR 95 mW/em? (189.75 mA/em?) (IR-HITITER) ITH §3) SelagIATge OUIeS el
A T H, ¥ 800 °C W 6 Q cm’ THAFIE NIeRTSHAIA kT Ug9i feram, it for Ssar 8 i v

T Ioh (HeheT TGYIH <hT SHIRUT &
Sholte wefmes & Uevi AR wefaferd @t A-arge Shera fHar @l wH &eh Jgav a=maT

AT kT &, IETEX0T o foTU, Sr** WX Ca?* Ufeemu= at A,B,0,,5 HTEAT H TEHT HIeA

T A,B,0,.5 T ©bS TaR (FEAUCREe) o Fhteemewe fovam o1 wemer 2
FRAMHANIEE FFR Afed H HIH-ATSTRUT BO, AT@TEST JR BO, CTRET i
YIRS T 2| SRS T ATHATSS T, ATaRiaT Rfwwat (110) 3 @rer e
et o AT o SR TTST Ueh TASTIHIA FSTINTS T8 T[T 3| 3 HeRaed &
AfeH T ATt Rl st ARTATNTG R Tehd! &, ST ATATeh aTerehdT § YR FHIAT
B A gefEew 3= MIEC, SRR sfferd i UrareaaT, 3R 31+ Aot Heehi o |l §rd
TEC Y& &d 8l SOFC % S [h{WeheT TSTI hT ATeheI ohid oh o1, SIS RIEe-
YRR & TFaE UUGERTSE AW Ca,Fe,0; (CFO), Ca,Fe ,Mo,,0, (CFMO),
Ca,Fe, ,Co,,0, (CFCO), 3R Ca,Fe, ;Mo, ,Co, 05 (CFMCO) &I Efua ferar mam & eiX
SOFC % g9 o feru udierur foram 7t 81 0iE Ca,Fe,0, GTEHT 6l Fe AT3E & iR &9
¥ Co 3R / AT Mo, 3R Co-Mo HI-SITUT gRT fawerie feram mam &, 3tk SOFC o hens
&% T W ydterur feram = B wifaer w1e1ur Juie SushuT S8 v fethere it ie (XRD),
THIT TAFE ATSHITRIT (SEM), T T-Ferufdia ta-x et (EDX), Ziafasm
AL UISHHIERT (TEM), 3R SER-THE-LER (BET) FH TATATSSR i SHAI: Tt
WTHYM, HIZshIECaeR, Ueeh dcdl shi SURRYTd, ST ATHR, R Helg hl Tdg & &
ATHAT A o ToTT ST=T R T 31 @8-219 fohT U CFO helte # Jga’ Ueh v, 98
gag 87 iR fararfa Ruer et o it 81 3@k oTeTa, 2 CFO % 3§ SEM
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HTSSHITTEH | TIE € H AT 3TR Tt TR0 o SR 3T U geehl o AT TET™HE
TTAAT R it 21 forera Sershar W Shelie § WRITHET ST I 600-800 °C % Fwr
Frea foram Tt 71 wataw forga =rerendr, 800 °C WX 0.47 S/em 3R 0.17 eV Y Afshaor
FA1 @ CFCO 3T Wehia foram mam &, Siafeh CFMO 3R CFMCO e # forega
ITARAT 800 °C WX 0.11 S/cm 3R 0.15 S/cm sHH9T: R@mam mw 21 @yfva sene =t
TafEw-gre @if@T (SDC) R YSZ SoaIaged & |1 g o (39 & CFCO-
SDC/SDC; CFCO-YSZ/YSZ) AR & & (W& fof CFCO-SDC/SDC/NiO-SDC; CFCO-
YSZ/YSZ/NiO-YSZ) ¥ wierur foram Tam 31 %l ¥t wfteror ® w@fufsa v (Nio-
TEFEIATSE) T SUART fRAT AT Bl CFMO T 600-700 °C & o YSZ THFIATSE <hi

TeT | SDC o AT A8 TEviA foha, Frerifer 800 °C W 1.28 Q em’ &1 T« & TRt
wfafres IR (ASR) YSZ seiaeielise & |1 CFMO & foru 2@t mm 31 3¢t @,
CFMCO 7 YSZ &Y o1 § SDC SHALIATIE o AL HH qT90 W FHA ASR T fomarr

AfRT YSZ & T 800 °C W 0.41 Q cm’* & T8 &7 ASR &T TS9H fohaTl CFCO Hure
Tt ATIAET % fT SDC it Tt § YSZ & |rer ASR U W faamar § e 800 °C W

ASR 0.21 Q cm* ST FATH I TS HAT gl CFCO HeATS T THerur 900 ATSshIA Wit
FAFEIATIE (SDC/YSZ) AUIES AifeTs ATFTSS TS ¥t (SOFC) H forat Tt &, CFCO-
SDC/SDC/NiO-SDC 3R CFCO-YSZ/YSZ/NiO-YSZ = 800 °C UX shHIT: 171 3TR 506
mW/cm? (IR-Gomnfere) it stfereran ater efFadist yem sl SOFC wdrerur Y Rafa o, oz
AT AT T foh CFO smemfia SeAtieige-ThR & oS UNEaEhise Hadle
LSCO 1 o1 § SEat I9i hid ol
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