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ABSTRACT

This research was aimed to study the feasibility to select alumina (ALO,) or nickel-nickel
spinel composite (Ni-NiAl,0,) as an external support for solid oxide fuel cell (SOFC) because
both materials had high mechanical properties and low cost, when it was compared with Ni-8YSZ
support.

ALO, support was prepared by mixing using high speed mill method. After sintering at
1400-1500°C, ALQO, phase with a rhombohedral structure was detected in all supports. The
sintered Al,O, supports showed sufficient porosity (> 30 %) and flexural strength (> 60 MPa) for
using as an external SOFC support. However, a formation of dense secondary phase layer of
nickel spinel was also observed at the interface between AlO, support and Ni-YSZ layer,
resulting in suppressed gas flow toward the Ni-YSZ anode layer. The Al O, support thus was not
suitably selected to use as the external support for SOFC.

NiO-NiAlLO, supports containing 50/50, 55/45 and 60/40 w/w ratio were prepared from
ALO, and excess NiO powder through a mixed-oxide method. The supports were coded as
S0NOSONS, 55NO45NS and 60NO40NS respectively. After sintered at 1350-1600°C NiALO,

phase as result of NiO-AlLO, forming solid solution were obtained while NiO phase remained

(8)



from solid solution reaction still observed in all sintered NiO-NiAl,O, supports. After reduction at
800°C for 1 h in hydrogen atmosphere, coarsening of Ni particles and some large pores were
observed in the NiO-NiAlLO, supports with higher NiO content. An increase in gas flow ability
was also obtained, although the porosity tended to decrease with increasing NiO ratio. An
improvement of gas flow ability in NiO-NiALO, supports was likely influenced by an
enhancement of a number of large pores than an increase of porosity. Increase of NiO ratio
resulted in an enhancement of the electrical conductivity but decrease in the flexural strength of
Ni-NiAl O, supports. This was due to an increase in metallic conducting phase of Ni but decrease
in NiAl O, phase after reduction.

Ni-8YSZ anode slurries containing 60, 70 and 80% solid content were prepared by
dispersing Ni-8YSZ powder in terpineol and adding polyvinylbutyral (PVB) as a binder. The
slurry was then coated on one side of the SONOSONS, 55NO45NS and 60NO40NS supports by
screen printing technique. After co-sintering at 1400°C and then reduction at 800°C in hydrogen
atmosphere, Ni-8YSZ layer (< 5 pm thick) with a -smooth and uniform surface was observed
when using the Ni-8YSZ slurry with 70 % solid content. The porosity in the range of 29.96-30.02
% was obtained for the sintered Ni-8YSZ layer on the supports with different NiO contents.

Yttia-stabilized zirconia (8YSZ) electrolyte layer was subsequently coated onto sintered
Ni-8YSZ layer on the SONOS5ONS, 55NO45NS and 60NO40NS supports using electrophoretic
deposition technique (EPD). The optimal applied voltage and coating time for fabricating 8YSZ
electrolyte layer were investigated. Use of the applied voltage of 20 V for 30 sec introduced a thin
8YSZ layer (~5 pum). The firing rate at 3°C/min could fabricate well-attached 8YSZ layer with
the Ni-8YSZ anode and high densification of 8YSZ layer on the SONO5SONS and 55NO45NS
support. In contrast, the 8YSZ layer with pores and cracks were obtained on the 60NO40NS
support due to the difference in shrinkage and thermal expansion coefficient (TEC) between
8YSZ layer and 60NO40NS support. However, the reduction of firing rate to 1°C/min could
produce the high densification of 8YSZ electrolyte on all Ni-NiAl,O, supports and could get rid
of cracks on 8YSZ layer for 60NO40NS support.

The performance of single cells with 8YSZ electrolyte, Ni-8YSZ anode and platinum

layer as a cathode on the SONOSONS, 55NO45NS and 60NO40NS support with firing rate of
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3°C/min was subsequently investigated. Pores and cracks on 8YSZ electrolyte layer were
observed for single cell with 60NO40NS support. This resulted in the reduction of open circuit
voltage (OCV) of cell down to 0.82 volt and poor power density (43.3 mW-cm” at 800°C). The
power density for single cells with SONOSONS and 55NO45NS supports were 70.2 and 94.5
mW-cm” at 800°C due to the better 8YSZ densification. Densification of 8YSZ layers on all Ni-
NiALQO, supports was improved after lower firing rate to 1°C/min. Besides, this rate could solve
the problem of crack generation on 8YSZ electrolyte layer for 60NO40NS support. Thus, the
power density of single cells with 50NO50NS and 55NO45NS supports were increased (76.9 and
95.6 mW-cm~ at 800°C), while the maximum power density (105.9 mW-cm~ at 800°C) in this
research was achieved in the single cell with 60NO40NS support. However, the low gas
permeability caused of high activation polarization loss, while the ohmic polarization loss was

due to the higher total resistivity of cell from support addition.

Keywords: Solid oxide fuel cell/Nickel spinel/External support
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VITOIMATANTUYDIUNA 181AT10% (Zhu & Deevi, 2003) 1N1331091U71 tioIa3 ouTaqHaL
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aananlusasauiinnasen lua 50 (a3 iud lagimiin uazininaatluma 50 wlodigud
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A a ¢ A a
2.1 ﬂizammwuﬂﬁuaawam%mm

s & a = 74 { o I~ o
iraaFomas (fuel cell) 1 ugunsainamnsonlasunilasmasnuwa i undsan I
% [l ] J a a o I P
1aTaoass galulimsduanluionsen TidvouFomasloasa vi Il ugunsal dTi@oann
(] a oA 4 ¥ a [ o [ { 1 1
az linenanyaed WAdoN AdIFNAIN A NNITTINUASIEA VULAAST LAAIULANAI
o Z}J 4 1 a AaAaa [
yoagilnsainedosfe wadiemasdmiaas wnszua lihonlgasen Wil uadivewna
(7] a a
laTasiou (hydrogen gas [H,]) Hazinaoon 319 (oxygen gas [0,]) Veansonaanszud 1w 14
L] 1 d‘ "9 4 ] d'd 1 [ Z a 9J
pganoiiiodlas ludeas aasruminimsogunanaae s amn 11145211 (Bansal, 2007)
A a 9 % ) ~ &y ya v
IFaIRINANgNAUNDAT TN Ine William R. Grove Tuil f.4. 1839 &1 latinsnaaesls
v AaAa . . < adg J a o
asazaensagsanain (sulfuric acid [H,S0,)]) Humsazaiedianing ag uazalaumaaniiy
. d I == A o Y ¥ 0y A o
(platinum [Pt]) 1 U780 Tnsa adaunaaiingniumenoud M msussqund la Tasnuuaz
[ a v W [ ~ ad 4 I Y Y a A ~
uAAeRNFRUAI NN Aaaadlunni 2.1 Tasansaan Ing ladeziludinanalwinanmsinaoun
+. J gj; adc ?1}1 ] [ 1 =\ = [
voalalasnuleseu (H) szrngioan Insanaasd lugianaaananinsanyludayae
=) [ .. . . : R A A A o = ~ o
(A8INUUBY Christian Friedrich Schoenbein Ha3n15aNUW L a.a. 1841 tay 1842 Tagiin1s1i
a 9 a o 5 ! 1T a 9
noaaz iU 1Funuunanfiiy (Singhal & Kendall, 2003) w1 linanszua I lussuy
= [ 1 Y a =< ) 9 v 1 aan
NNHANMSANEIAINE IdMTeFieneaawIsoved 1t IWihuazadns s e (catalyst)
A o ] Ao &R A Y ~ o Y Y =
nadmsS U IuNann iy FaaannneatazRunitvzdanuainsa lunsi i 1ae uad
I v o 1 aan ANo 1 s’dy a 9 Yo ]
anuansalumsiuaaaui s e dennsadasemasnoudielasuanuanlvedis
] A = [ [ a :'4 I Y 14 dy A Aa a A
aptiiod TaslimsiivilysTaguannateyiia e 1d laadiFomasniilsz@nsamgagea

(Singhal & Kendall, 2003)



Oxygen Hydrogen
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Sulfuric acid (H,SO,)

M 2.1 1UVTIA09ARIFOINAIVDI William R. Grove 1141) 1839 (Hoogers, 2003)

@ {ay a (] 1 d' o Y Y] dxg a 1 9 [
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Tagiouutiaanidanlshaaning lagd ldun

q

d &’ a a a v d .
2.1.1 e IrHarHaoan1lall (Alkaline fuel cell [AFC])
!dy a a dy 9 = J . .
wadamadriall l¥asazaelnunaimenlaasen loa (potassium hydroxide [KOH])
I v ad 4 ' I @ aan a ] ]
udvaning lad ImsldTans lifiaszpadluainszquilinser guugiimsldaueglugae
~ = A a o A qu o o A A
100-250 eer AT Hiszantnmmsiinugs welyszuuundls lasnuiazunaeondinui
'd v
vigns Imsviauni U 1Fnuneaua1ueana (Gouerec, Poletto, Denizot, Coryezon & Miners,

2004)
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2.1.2 wraaweaswHatieadning lanneamesrisawananasullsnen (Polymer
electrolyte fuel cell or Proton exchange membrane [PEM])
r{dy a a dyd a < I Z; ad 4 9 1 14 A
raayemasstatiineawes ususian Ins lad vaglfunsms vounauniinnumg u

<3| ?zJ/ : a A o d (L aaa { a
W i sdims@uumwaaiiud ud s s on Iauiiguyg s 80-120 essaaboa
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U

4
TAMINZNUN AU UEUA (Vasquez, 2007)

2.1.3 adiyernasriiansarleanaSn (Phosphoric fuel cell [PAFC])
{Ay a a a A 9 ~ a = Y
sraaiomasyiansaneales nimy Iy nungunigIe 150-220 eeruxaiee Tagly

a a3 g‘/ Aac o ] 4 {
nsaeaesn (H,P0,) A udu 100% iusudianIns lad waz ldunsmsveunauniinam

a

9 v H g
wyudud llihdadumaaiiudludans wfisen seiniudedduialelasnuiuignigs

q

o Yy o :(21’ a a dy a a Jd o v 1 a o .
ﬂi}iguu"lﬂumiun%am%m‘wawmu"lﬂ“l%’“lugmwm611&1 A298191% U 15 HN ONSI Corporation,

151N Mitsubishi company 1182 U3 ¥ Fuji electric company i (Mench, 2008)

d X a a d
2.1.4 adieIva I tiamasnSUalUATiaaNItiad (Molten carbonate fuel cell [MCFC])
4 dy a a A o A I 4 dy a A o F ~
Al aAIr L anasn1sUeluaasraln ol visaayoinasyuanlgaun
a 1 =\ dﬂf o Y [ dy a
guUYNgIuINn11650 osruzadeadu kil vldagnlsuldjenunimdemanielu
{ ¥ a 1 () 4 I 4 a a £

(internal reformer) Tagulasuisomaslunauuiale lasasvouliiluunaeendnuuigns 3
1o & o @ { a @ { o Aad 4
Tisuiludealdinnfuljinunnidomwasnienusn (external reformer) Yaghl5vhomn Ins lag

= A 14 ] a 4 = Aa A 4 .
v INADMTVOIUANABNIHAILTT 08 1 LINAT NFURIATeNegiisupn loe (LIAIO,) Tuams

-d' ?z}/ a Y- a a =\ a a o W
nvuve luatazun Inaton ]y lavginina-Iasiouuay lavnziinina mua19d (Shekhawat,

2011) m3th ¥R sugdnsaivienseualivinalve (Marra & Basio, 2007)

¢ & a ¢
2.1.5 msam%mawﬁﬂaan‘lmmmwﬁa (Solid oxide fuel cell [SOFC])
4 dy a a 4 3 Aa Y o a g o 4
raaINariiaoon lva vestston 4 igaoan Ins lanvesasisznovoon lua

2 L a sl & .
wyad Iadiedari v ianuadesaemseoams olul ua 8 1Wesidud Ing Tua (8 mol% yttia-

a

stabilized zirconia [8YSZ]) &9z InA1msii Iihimunzay Tusisguugiigealszana 1000
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11UNA14 (intermediate temperature) TU%91/523184 500-800 DIFUFATOA (FASIFOINAIFIIATL
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o [ o I a { ' §
mangdwmsumani ) 1iugunsaindanszualuiihi linadoudo (stationary power generator)

a

4 ] y 1<) 1
iiesnndvuialvguaznslFnungamngiige (Sammes, Smirnova & Vasylyew, 2005) 941177

U
v

r{;l} a 1 A A 1 =\ v A o Y a = Y
maagﬂfagwammaz%uﬂwﬂanmuﬂmsmwmﬂwaw”lumiu1"11]°lﬂmmiq %Qﬁ1h1iﬂﬁ'§ﬂﬂl@ﬂ

Y o w g a Y o ~
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M9199 2.1 700 90

[

#1na wag math hillsegnd ¥ veusadiFornasyiind1ag (Vasquez, 2007; Shekhawat, Spivey & Berry, 2011)

PEMFC AFC PAFC MCFC SOFC
aidnInglad woawef asazawdanlay  asevleadlesn  wdemsuemavasumal  ansdszneulavzesn lud
Uszanme H' OH H' co,” 0"
uolua Pt/C Pt/C Pt/C Ni+10wt%Cr Ni-8YSZ
ua lna PY/C C C Ni LSM-based
Qmﬂﬂ“ﬁi%}\ﬂu 50-100°C 90-100°C 150-200°C 600-700°C 600-1000°C
Mlfunua i aouen Meuon Menon ey ey
Yszanimmgaga 60% 80% 80% 85% 85%
maalihgega 200 kW 100 kW 200 kW 500 kW 100 kW

24 Ay a
UNTIBDINAN
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[
-UNEYININ

unelalasou
UAABITUIA

[
“UNTAYININ

une'lalasou
UAABTITUIA
SMmuea

[
-UNEYININ
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PEMFC AFC PAFC MCFC SOFC
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d ¢ A a
2.2 °nq‘uqumﬁwamammmwam%mm

¢ o a o - a y
nypgunwamaasgniunlilumsesinemshauveusadiFonas iHeanszuy
J dy a o A A a [ a g v Y R o o o Y A
aaemasiluszuuninmsndsumlamasouaiidunasau Wi ssduwusnungdon
=& ~ Jd A [ s o & 1 IR o ] Y
WHINBH QUM NAmM AN HI N oUT NE NG 1Y Fana1d 1371 “wadsa luansaadi

dﬂf oA o 9, . [ A
VN lniviseriaela” (Hayre, Cha, Colella & Prinz, 2009) fauaaa luaumsa 2-1
dU =4dO - dw (2-1)

{ < 1 { ] [ 1
nauNIsN 2-1 uaaalimiud msnlasuutaanasnumely (dU) veeszuumisunasnig
[ ' Y
sevinmslasulasnnudouluszuu (dO) funuiinatu (dW) Seuyddniiunaumg
[ ?zl/ { o 3 (% v o { 4
naminiunnszriluszuy uaativzduiusAumslasunlasvealSues (dV) Wielinw

& (P) asznluszuy sauanaluaumsi 2-2
dU = dQ = PdV (2-2)

{ y Jd a % { o a a
TuymzngdeNdoswoingufgurnamaasesviondualsnivuaismuenismna
aana ?1}/ =\ (Y o 1 = 1 ~ < o A A
Ugnseniamenvuazind Tagauilsananizondi o 1nst (Entopy) FuiluaulsneTue
u - ] A2 Y o
anwaselunsnanistlasunlasaoiuanuesscun auen Insm vvuazuaas lmy
= ] [IR=~{ = . A A 49! E) ~ ~
faszaunNy Ll useiien (degree of disorder) IS TRVETEYR SYEEAIEY NNNRUONTADIVDINOH
4 { < 1
gauvwarmanas aunsonaadliuannisn 2-3 (Hayre, Cha, Colella & Prinz, 2009) Tagaziiiulaqn
{ [ Y 1

msnlasuualasveasuInstl (dS) szuinianudunussumsn)asulasnnuioulussuy

iWoguugiiaei (d0)

ds = @ (2-3)
T

BT INANMTN 2-1 2-2 1A 2-3 9 18

dU =T -dS - PdV (2-4)
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{ v da

A A a 49! =3 1 @ . . = Y
AUNITN 2-4 MNAVULTINI ANYLFIYUNNAIN (thermodynamic potentials, [U 1) Fuaag i

a

< 1 = ] a 4? = [ a

wu mMslasunlasveanasanumeluaszmavuanmsasunlasvesaeaanalsoasy
1 =Y X J 1

Taun wuInstuazl5u1as Fanavives 7-dS uaasnmisois louveinnuiou uag PdV
= ﬁl o Y o a @ d[ d' 0:1 A o Y Aa
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dounuaunsn 2-4 luaunsh 2-9 2214

dG =-8dT +VdP (2-10)
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fauyAilizadinaniesianasous 1a
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[

A

Anode Electrolyte Cathode

4 o o { a a <
mwﬁ 2.2 mrumammamammmwaﬁﬁmwawuﬂaaﬂ"lcuﬁsummm

Anode reaction: H, + lol — HO+2e (2-19)

Cathode reaction: 120,+2¢ ——» ol (2-20)
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‘ Lanthanium ions

‘ Manganesium ion

Oxygen ions
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auANINAvs mildnnmsmaaen
azgin 8YSZ
YOAAAUDIANBANEY (Modulus of clasticity) 403 GPa *171 GPa
WOATAVOWITUNOU (Shear modulus) 163 GPa -
ANUATUUITIAA (Flexural strength) 269 MPa 150 MPa
AU (Hardness) 29420 MPa 11700 MPa
AN (Toughness) 3 MPam'” 1.3 MPam"”

Yy a
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Shackelford

etal., 2008

Ghatee et al., 2010;

*Wang et al., 2012
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MW 2.16 Taseadenanvestininaailima (Kingery, Bowen&Uhlmann, 1991)
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(¥IQUNYNNAADY) (%) (BFINUANDIBUAINAST)
Ni 16.5x10° K 40.0 1.43x10
25-1000 DI AT E (397 20 BIAUFATOA LA Cho et al., 2009
Pimnmgnyudosndi 5%)
ALO, 8.30x10° K - 1.15
- o 4 - Kwak et al., 2009
25-1000 DIF UK ALTFE (399 800 DIFUTAITE)
8YSZ 10.5x10° K 0.5 0.13 Rajeswari et al.,
30-800 9F AT (3971 800 DIRUBALHE) 2011
Ni-8YSZ 11.6x10° K 39.0 40.0 Aruna,
25-900 DIANBAITE (399 900 DIRUTAIHA) Muthuraman &
Patil, 1998
Ni-NiALO, (1:1) 9.9x10° K - 2000
- o 4 - Kwak et al., 2009
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(397 800 DR UBALHE)

Datta et al., 2009
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ohmic drop

|

activation polarization

Voltage (V(i_,,)

diffusion overpotential

\_Y_J\ - /Hg_/

v

Current density (i_,, )

i 221 @una i Twan 5 (-V curve) Uasaaionad (EG & G Technical Services, 2004)
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[ a 2 (] v (] ] Y] 1 { I []
dnd IRy 3 Fr9vesmianurumunseua Iinarady Tugen 1 Wusieaiu
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uaInanuunTendy e lioanasouansnmasunaIunaInTzau lusudidn Insa

=S A 1 = ' @ 9 o Y . . . .
UTYNN ﬂﬁg’tllum’ilﬂ’ﬂlmNﬁﬂEﬂV\I‘V\I1%1ﬂiwml’li!ﬁ]ﬁ]ﬂlﬂﬁﬂi$@u (activation polarization loss
Y
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g’; ad 4 4 1 { 2’1 Aa g
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[ 1 { I~ [ H 1 I
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E® =V()+ 1, (2-23)
EO r V(j) + nacl + nohm + nconc (2-24)
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1 ] 9 Aann A A [ Y [ a Aaaa =\ Y o Y a
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. . a,nkFn,, -anFn,,
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iedagluuvaunisi 224 Timsgapdenavarednd e Inar lswsunisnseduil
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A < ' 1 9, % o = 1
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= 9 [ ?xl/ =< A a 1A J = @
Lﬂaﬂuuﬂaﬂumamwmmm ANUUIITIWTOLADNWITTUUUALNIINQULIA YT ﬂﬂ!l,t’fﬂﬂu

aumsi 2-27

r . aanFnac
Jeen = Jolexp( Tt)] (2-28)

A o o v J ' = v o kY v
LiJEJi]ﬂg‘]JLL‘U'Uﬂ’JHJﬁSJWH‘ﬁﬂIENﬁllﬂﬁig‘ﬂ’JNﬂ15E‘TﬂJLE‘TfJﬂ’J11I§5]Nﬁﬂﬁﬂﬂﬂ'ﬁnﬂiwa'l]li!c]ﬁ)'u

Y U

J v 1 {
msnszqululasduvesanumuiunsgua Tih aansonaasluaunisf 2-28 (Hayre et

al., 2006)

Iyt = (L (2-29)

o nkF a,n o nkF Jo

Noer =~

~ 1

aumsi 2-27 WNQNiEenI1 aunsvesnua (Tafel equation) Tastonldlunmsmea j, 1o
aSunsmanuduiussende n, uae In /.,
2.3.6.2 Tnan Jsissunnuiun11ue 1 10¥4 (ohmic polarization)
Twanlsmdun e Teduie nsgauievesnnudednginannuas

[ 4 4 a 1 Z ?z‘;
voan NN uMuveIdIulszneuluanaomas laus Fauelua (R, ), 9ualna

ohm,a

adg o ! =
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hm,int
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gatifil 800 DIFIFAITEE V0901aN 1N lan (8YSZ) Uszua 50 Tenuaosuamas Tuvazai
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Y. J VY A
mmmumumaﬂawmmm"l@mﬂanmi‘n 2-29

770hm = jcell Rohm Jtot (2-30)

2.3.6.3 Twan lsssunanus ud (concentration polarization)
@ 1 4
Twan lsduanududuio Mg dousinIuaNdngINNAvTeIAINAINITD
1 [+ [ ?1// ad i A 1 [2) o Z}J
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PR
¢ —ch = jpT”‘Sﬁ (2-32)
WFD °
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R nFD off (2'33)
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RT . 1 RT 1 RT . ¢,
=(E,-—Ih—)—(E, ——In—)=—In & (2-36)
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dounuaumsn 2-34 luaumsn 3-35 12l
Dee = Ly 1 (2-37)
nk J1 = Jeen
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et al., 2006)
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3.1 MIAENITOISUNNANNNGY

= U U =)
3.1.1 MIAIYNAITVIS VDL
3.1.1.1 MSANEININTZNEAIVDIVUINOYNIATARAL
) a a £ a o da a 4 o o
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3.1.1.4 TUADUMTIAT SUA0E 1AL MTANEITUTAVDIT U
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Name and formula

Reference code: 01-089-7716
Mineral name: Corundum

ICSD name: Aluminum Oxide
Empirical formula: AlHO3

Chemical formula: AlHO3

Crystallographic parameters

Crystal system: Rhombohedral
Space group: R-3c

Space group number: 167

a (A): 4.7585

b (A): 4.7585

c (A): 12.9900
Alpha (°): 90.0000

Beta (°): 90.0000
Gamma (°): 120.0000

Calculated density (g/cmS): 3.99
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Name and formula

Reference code: 01-089-3080
Mineral name: Bunsenite, syn
ICSD name: Nickel Oxide
Empirical formula: NiO

Chemical formula: NiO

Crystallographic parameters

Crystal system: Rhombohedral
Space group: R-3m

Space group number: 166

a (A) 5.9108

b (A): 59108

c (A): 7.2259

Alpha (°): 90.0000

Beta (°): 90.0000
Gamma (°): 120.0000

Calculated density (g/cmS): 6.81
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Name and formula

Reference code: 01-073-0239

ICSD name: Nickel Aluminum Oxide
Empirical formula: AlHNiOyg

Chemical formula: NiAl,Oy4

Crystallographic parameters

Crystal system: Cubic
Space group: Fd-3m
Space group number: 227

a (A): 8.0450
b (A): 8.0450
c (A): 8.0450
Alpha (°): 90.0000
Beta (°): 90.0000
Gamma (°): 90.0000

Calculated density (g/cmS): 451
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