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CHAPTER I
INTRODUCTION

1.1  Background

Nowadays, the electricity is commonly generated by burning natural fuel such

as petroleum and coal, nuclear generator, hydroelectric conventional and renewable.
The energy demand keeps goin 1’/

t
1 / crease of human population and the
igure world primary energy demand

rapid development of tec

and its extrapolation to th 0 [1] by y-axis is amount of energy compared with
million tons of oil equiv. is yea %mw organization for economic

co-operation and devel | cl is.developed country. Orange area is
China and India which h st o : at power. The problem results

from the natural ene . ar fimiteg: ir prices are uncontrollable and

LR B Chinaand Fudia

| Rest ofnon-OECD
— DECD

10000

3000

6000

L, 2119

2000

41980 1990 2000 2010 2020 2030

Figure 1.1 World primary energy demand [1].

Furthermore, a growing number of energy uses causes environmental impacts,
such as acid rain, air pollution and global warming. Increasing amount of CO, caused
by fossil fuel combustion is one reason for the global warming phenomenon. Figure



1.2 shows global CO, cycle. The number in figure is amount of carbon in carbon
compound term in billion of tons. Amount of carbon flux form anthropogenic flux
turn to atmosphere have higher than return to ground as a result carbon compound in
carbon dioxide or carbon monoxide accumulate as green house gas cause global
worming effect. Therefore, alternative energy sources those are friendly for

environment, such as biomass, solar cell, wind power and fuel cell, are in serious

consideration.

|Global Gross Primary \ Fossil Fuel
Production and * Combustion and
Respiration * Industrial
-~ 5_3“ Processes
*

o) ' wlg Flux ssssvmsnnns s

M

i

Figure 1.2 Global Carb‘qn cycles [2].
o o/

In this ﬂnﬁjl cgllnﬂm Yg.tlfé'j tr?lectrochemical device
that converts the;c al energ els to electricity. By-products of fuel cell are
A S A T A

. -
envir;ae tal i me t eat”' in green energy

sources. Types of fuel cell are classified by an operating temperature, a type of
electrolyte, a type of fuel, a type of chemical reaction and type of catalyst required.
Solid oxide fuel cells (SOFCs) contain a ceramic electrolyte and operate at
high temperature about 800 — 1000°C. SOFCs are considered as a promising device to
convert energy with high efficiency about 45 — 65 %. Moreover, various fuels, such as

alcohol, methane, hydrogen, could be used without purification. The most common

materials used for SOFC are an oxide ion conducting yttria-stabilized zirconia (YSZ)



as an electrolyte, strontium-doped lanthanum magnanite (LSM) as a cathode,
nickel/YSZ as an anode, and doped lanthanum chromite or refractory metals as
interconnect materials. Operating at high temperature presents some problems such as
thermal stability and chemical stability of electrode materials Therefore, it is
important to develop the electrode materials with higher thermal stability and
chemical stability. The aim of this thesis is to search for new cathode candidates by
investigating the changes of strug\dwg Eorphology related to the chemical
stability with the electrolytkoperatl ';ures. The desired properties of
cathode materials mcludemtroﬂc anﬂfcaiufenductivities, adequate porosity

TP ity Wal compatibilities with the

theseqequwements the mixed ionic—
¢ ).and \‘R|F4 -typed structure (A;BO,)

[3] have been widely i _ '_ ielr potential application as cathode materials

[4]

for gas transport, high’
electrolyte, and long=ter,

electronic conductors

;\

1.2 Literature reviews

_.. ’ J'A' -*
1.2.1 Literature rewe’v&.‘s:eeE per v

One d{ the maf S’OFC%eni

perovskite materlaI“Q' re welt known for their | more tha ! x
solid oxide fuel cell (ﬁ)FC) cathode ma ~do d LaMnO; (LSM) has been

widely studied as a cathode material, prlmarlly due to its relatively high
electrocatalyti ility but less chemical
compatibility @uzﬁf’iﬁﬂwﬁ gﬁﬂm’rﬁﬁ] Chemical reactivity
betwee véd 207 (LZO) that
reduce Lﬁﬁ aﬁﬁ ﬁomﬂmﬁﬁﬁﬂﬂﬂj ductivity than
LSM or YSZ at SOFC operating temperatures [6]. An additional problem of LSM is
its higher thermal expansion coefficient than YSZ, which could be solved by

e-typed oxides
a cathode. In particular,

dequate characteristics as

substituting some of the Mn ions by another cation. La;«SryMO3; (M = Co, Cr and Fe)
were reported by Yamamoto et al [7] on the electrical conductivity and chemical
compatibility with YSZ. Among these materials, La;.xSrxCoO3 (LSC) showed highest
electrical conductivity but the problem was their high thermal expansion coefficient.
Teraoka et al. [8] studied chemical compatibility of LSC when CeygSmg 019 (SDC)



was used as an interlayer to prevent the direct contact of cathode and electrolyte;
therefore, that the result showed good chemical compatibility. Kostogloudis et al. [9]
reported the chemical compatibility of La;-xSrxC0o2MnggO3.5 and YSZ by mixing the
two components in 1:1 mole ratio and firing at 1100°C that the result showed good
chemical compatibility when the content of strontium was up to x = 0.03. These
literatures indicated that LSC was a good candidate for cathode materials; however,

KX‘ Wd the need of using expensive SDC as

Several grau?—""aawle reporteﬁﬁect of Al doping on thermal

expansion coefﬁmenty . e| \ﬂﬂbstltutlon of Al into LaCoQs,
resulting in the decrease iCient of the perovskites with

increasing content Al

the problems still are high thermal

an interlayer.

[12] investigated eff iNg Al-en St /CebaMily AlOs. It was found that
increasing Al content ' voulc ermal expansion coefficient
from 11.8 X 10°%K to 10 jitani et al. [11] investigated the
effect of Al i e electrital, conductivity of LaGaogMgo10zs
(LaGaggxAlMgo102.65). This gﬁéf'o ' the symmetry of crystal increased as

# i ’?“':J-
the amount of Al mcSased resu1tmg lndhe ﬁ th?‘electrlcal conductivity.

s=Were prepared by several
methods such as Solid" eaction [ ],Eé:itrate Modified citrate [16]
etc. In 2007, Liu et al. [16] |nvest|gated the synthesis method for

s B S TN I L,
ok el bRV ﬁﬁ:ﬁﬁﬁﬁ’ﬂ:iﬁ -

mOdIerd water citrate (~0.26 um) and nitric citrate (~0.35 um) methods.




1.2.2 Literature reviews of K,;NiF,—typed oxides

Several groups have studied the preparation of lanthanum strontium
cobalt oxide. Vashook et al. [17] investigated the effect of substituting La ions by Sr
ions on La,CoQ, to improve its electrical property. The materials was synthesized via
solid state method and calcined at 1000°C. All single-phased K;NiF;-typed oxides
were observed when x = 0.5 up to 1.50. The maximum conductivity is 160 Scm®
when x = 1. Matsuura et al. [18] electronic conductivity of LSC series
and found that LagsSr15Co Etmwed go%mc conductivity about 500 S.cm™
(E=0.11eV) at 700°Cdmal 9] La,xSrCo0; via citric acid-
ethylene glycol sol-gW Icined H&J\C All single-phased K;NiF,
structure was achieved'wh : ‘\1:50

5, .. . .
stron aluminium oxide with

The
KoNiF,—typed struct st d d Ra; et al. [20] synthesized
La,xSrxAlOy via sol-ge 1 06“: Single phase was observed
when x = 1.0. It only ture but also possessed good

ATk
1.2.3 Literatisre reviews of chemi

smf compatibility of cathode

with electrolyte *("' J
One of "‘l’je problems thaZ!lq and K;NiF,-typed materials

suffered for being cathode materials in SOFC is their chemical compatibility with 8

mol% Y,03- Mﬁ? Qﬂ;szmhi andekar et al. [23]
reported the ﬁ a0.76 «O3-d, ?W 0.0 - 1.0) via a
conventio the Ce0.9Gdo 101,95
(Gchmeatmhim.mcﬁmm

rhombohedral. As the amount of Co content increased, the electrical conductivity

decreased and thermal expansion coefficient (TEC) increased. LSMCoy exhibited
good compatibility with GDC when samarium doped CeO, (SDC) was used as a
interlayer. Kamata et al. [24] investigated the compatibility between Lag7Cags
Cri,CoyO3 (y = 0.05, 0.1 and 0.2) with YSZ and found good compatibility up to
1000°C. Amesti et al. [25] observed the reactivity of Sr-doped LaFeOs (Sr-LSF) and
YSZ, with SDC interlayer by X-ray diffraction technique. It was found that LSF had



good compatibility with YSZ up to 825°C; however, a new phase was formed as Sr
doping content increased. The use of SDC as interlayer could help to prevent the
formation of the new phase up to 1150°C. Tarancon et al. [26] reported chemical
compatibility between GdBaCo,0s.x With various electrolytes (e.g. YSZ, GDC and
LSGM) by XRD. The XRD patterns showed that GdBaCo,0s:x had good
compatibility up to 700°C with YSZ, and 1000°C with GDC and LSGM.

From literatue the lanthanum strontium cobalt
oxides (LSCA) for botk structures have good mixed
ionic and electronic c , ) “ d- ct of doping Al ions could
reduce thermal exp some-ma rials. However, the partial

substituting Co ions a1xSrkCo0O4 have not been

reported.
balt aluminium oxide for both
perovskites and K;NiF4-t jated and the selected oxides of

1.3  The objecti

3 (perovskite structure) and

1. To prepare S-IE
Lay«SrxkCo1yAlyOs (K2 |F4-typed structure) with 0.0 < x, y < 1.0 and 0.0 < x < 2.0,

. yzS 1T: ﬁﬁﬂfg WM?ﬂme. compatibility of the
e DR 1l (1)



CHAPTER II
THEORY

2.1 Fuel cell
Fuel cells are electrochemical devices that convert the chemical energy of
fuels directly into electrical energy. Without combustion process involved, the by-

products of fuel cells are only w. e basic structure of fuel cells consists
of dense electrolyte, poro ‘ e and interconnects. The simple
configuration is shown ifasfiguie-2.1. e@s many types of fuel cells and

their characters. The type oL 2|1, is sifiec perating temperature, type of

electrolyte, type of fuel, typ shiical reaction and.type of catalyst required [27].

Interconnection

Cell
repeat
unit

Fuel

- Anode bus

Figure 2.1  (a) flat plate of SOFC [22]
(b) Cross section of tubular configuration for SOFC [27]
(c) Cell to cell connection among tubular SOFC [27].



Table 2.1 Summaries on the different characters in various types of fuel cells [27]

PEFC AFC PAFC MCFC ITSOFC  SOFC
Electrolyte : Mobilized/  Mobilized Mobilized
on
immobilized liquid liquid ) )
exchange Ceramic Ceramic

potassium phosphorlc molten
membranes indl
carbonate

Operating 80°C 600- 800-
temperature 800°C 1000°C
Charge o o
carrier
External
reformer No No
for CH,
Catalyst [ ‘ ttau ) Pla Nickel ~ Perovskite Perovskite
This thesis has focused"‘ tel cells (SOFC). The main benefits of

SOFC is its ability to com
and gives high efficien v-

¢

and other alternative em ; : Il

Table 2.2 Tzlﬂw;mfﬁemmm 7
A N TR nead:

els di ctly, without purification,

EJ

" T ¥ Efficiency, %

PAFC 50 kW -1 MW 40
SOFC 5kW -3 MW 45 - 65
PEM <l kW -1MW 34-36
Photovoltaic (PV) 1kwW-1MW NA
Wind turbines 150 kW - 500 kW NA

Hybrid renewable <1 kW - 1MW 40 -50




Solid Oxide
Fuel Cells

>

Electron Flow

v

Figure 2.2 SchematiC of ifie worki ‘in solid oxide fuel cell [28].

A schematic rep f SOE - eactant/product gases and the
ion conduction flow dire ifio ‘ 'f' u AN in figure 2.2. The mechanism
of SOFC could start with t ' ding of an oxidant (normally oxygen

from air) to the cathode where 0f an oxidant to oxide ions occurred at

the surface of porous catl *""j ‘” the Ox ons,diffuse though a dense oxide-
conducting electroly %gg__\:'ﬁ interface of an anode and
an electrolyte. The fu%h ¢ atal odﬂs oxidized by the oxide ions
from an electrolyte and %roduces water, heat and electrons. Of the produced electrons

flows from arﬂ lﬂﬂ]diﬂ EWTTW%‘ rﬂn?nd then react with an

oxidant at the eathode. In this process cycle, the oxidants and fuels are consumed.

RS mfﬂﬁ*ﬁwzn Ay

At an anode: 2H, + 20% 2H,0 +4e”  (2.1)
At a cathode: 0, + 4¢” > 20% (2.2)
Overall reaction: 2H,+ O, 2> 2H0 (2.3)
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2.2 SOFC components
2.2.1 Cathode and anode
In SOFC, the operation at high temperature requires the candidate
electrode materials having the following properties [29].
i.  Catalytic activity. The electrode should catalyze the electrochemical

and chemical reactions. Those are, for cathode, oxygen adsorption,

dissociation reacti ode, electrochemical oxidation of H,

or hydrocarb

an electrolyte. The material
ontact with an electrolyte at

Iv. the high operating
ive reaction sites of electrode
v electrolyte. Thermal expansion
Ohents may cause the breakdown of the

vi. Low

I
2.2.2 Electro?yte

o a/ | .
power efficierﬂ Hlaraﬂomrgewzjﬁmgzg;;ls:j Sa(iF:gi:
o AN TNT13 KR T} e

I. High oxide ion conductivity.

ii. Low electronic conductivity. In order to prevent a short circuit,
electrolyte must be low electronic conductive. The electronic
conductivity would cause voltage loss and oxygen leakage.

iii. Chemical stability. Not only thermodynamic stability in air and fuel,
but the stability under the oxygen potential gradient is also required.



11

iIv. Mechanical strength. Mechanical strength of an electrolyte depends on
the cell design and heating/cooling rates. The electrolyte materials
should withstand those stresses.

v. Low cost.

Yttria - stabilized zirconia (YSZ) has been the most popular electrolyte

in SOFC. Although other oxide ion conductors, such as CeO, or LaGaO3 based

i/} irconia but they could withstand the
7z,
T ——

oxides, show higher ionic cond

operation at lower temperatt

2.3 Cathode maty
Various noblé™m:

cathode materials. P!

estigated as candidates for
tandard electrodes for both

cathode and anode; h it has high-eost. Gold and silver are alternate materials

Perovskite ple formula of ABO3, A =

"3 5r*3 alkali, alkallne earth) and B = smaller cations (e.g.

blgger cations (e.g. La

n2 Co™ F ) drawing of perovskite
structure. A cﬂﬂﬁ?ﬂ gwmﬂ qn’jof B - site and twelve
oxide i te m ﬁ ﬁﬂgfltes and oxide
ions aﬁ ﬁﬁa&ﬁﬁ ﬁ ﬁ@pﬁw %Hﬁ occupying the

octahedral holes.
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The ideal perovs ibic-atrl ure NV ferials with perovskite structure
t). The telerance factor is related to the
ationi n\- itutions. Figure 2.4 shows the
6rovski Ly ich lead to the equation 2.7 in

relationship between i
relationship between ioni
order to calculate the tole _pfrci r._, alués should equal to 1 for an ideal
perovskitel however, from the 0b; & ation. es of perovskites are normally in the
range of 0.8-0.9. Qnée of s importa ance factor for predict cubic

“ihé B-site cation fills in the

perovskite is octah ‘
octahedral hole. In a cubic, the radii of oxide ion is abomlA A; therefore, the ratio of
the ionic radii rg/ro should e varied with thedimited range of 0.414 — 0.732 [31, 32].

AULINENINEING

a—_xz(.q 0)# V2 (1 +10 (2.4)
QRSN TULANINYAEY

2(rs 415 )= V2 (1 +15) (2.6)

Hence, ¢t = —atro) (2.7)

VZirgtrg)
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‘“‘ N
1
7/
3 o---9
a

— 5.9

Figure 2.4  Relationshi %n the perovskite relating to the

tolerance factor.

J0SSESS KoNiF,-typed structure.
Firstly found for KoNif, compe e Common a of the oxide series could be

written as A,BO4. The' st J ' \ bed as the alternate stacking of

0 ' figure 2.5.

Rock salt laver

g
‘ a?ﬂvskite laver

Figure 2.5 Simple drawing of K;NiF4 — typed structure.
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Chin et al [33] investigated the effect of tolerance factor towards K;NiF,-
typed oxides and reported that the t value rule could be applied for K;NiF4-typed
structure with t criteria range of 0.87 — 0.99. The group represent new model to
calculate more suitable tolerance factor (tf) using an equation 2.8. When ro, ra and rg
is radius of ions at O — site A — site, and B — site, respectively. The K;NiF,-typed
structure is possible when tf is more than 1.00.

I

(2.8)

2.4  Powder synthesi

There are many #Ouiés/tg - : erovskite and K,NiF,-typed
oxides. Commonly | nventional solid-state reaction,
co-precipitation, sol-g :

[34].

is, and combustion synthesis

AP
'

rnace for long periods.

mixed together of Bowider reactant the
ation of reactant but for the

Advantage of this hod is uncomp
desired product mustﬂ use | ndllonmtime period due to they are
very inhomogeneous on thgtom‘ic level [34],

conefiplilf) ) VI VI TWE D

Co-precﬂitation is the meth%d which separated ion or mo!ﬂeﬁule from solution.

e QAR TR A A

ge temperature
or pressure which decrease the solubility of ion or molecule. :%:\l/antage of this
method is the nanoparticle product. However the solubilities of reactants in the
solution have to proportional [35].
Sol-gel synthesis
Starting point is to prepare a homogeneous solution containing all the cationic
ingredients. The solution is gradually dried and transform to viscous sol containing

particles of colloidal dimensions and finally amorphous solid, know as a gel, were
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received then gel is fired at high temperatures to remove various volatile components
and crystallize is the final product. Advantage of this method is homogeneous of
cationic reactant on atomic level but reactant must be metal organic compounds which
are dissolved by water [34].

Solvothermal synthesis

and temperatures. The reactant and

Solvothermal or hydrothermal synthesis is the method which involves heating
ich is either sealed or connected to

the reactants in water/steam at_hig )
wessan o A
water are placed inside a T
e of this-method is require low temperature

about 100 — 500°C but licate be control pressure and trial

and error appropriate condimonter [34].

7
4

homogeneous solution of catioﬁ?e@e tomic level but must be required fuel

i e '

and oxidant for self meustlon‘[éﬁf. :
i ]

25  Thermal expai i0 ﬂ

Thermal expansig_n{i; an important p{(’)perty of materials used in consideration
of choosing electr ‘ . afa{(rI ally expand or shrink
upon heating @Eﬂﬁﬂ%jﬁuﬂral n;;. Different degrees of
therm 5ion cou u tiﬁ i Wh cﬁd onent and lead
to theag;;ﬁvsﬁ ﬂ}iﬁ:ﬁ eﬂa% il ﬁ g

Thermal expansion coefficient (a,) is the term that indicates the degree of
expansion in one direction. The unit of a; is K?or C™*. The a; value is calculated

according to figure 2.6 and equation 2.11 [36].
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Figure 2.6 Linear expansion.

(Lf = Lo)/Lo = ay (Ts—To) (2.9)
AL/Ly = alAT (2.10)
(2.11)
Where,
2.6 Characterizatig
X-ray diffraction . " )hysical methods normally used for

) of crystalline solids [37].

The most important theory i XF f" d be the Bragg equation:

s "
P
¥ §

s
where d is an interplane
wavelength of the X-Eys and ©
the same units, usually inrangstroms.

wren s B V3 HARTR e 550

the type of lattite is selected, the r%jatlonshlps of d spacing, m|IIer indices (hkl) and

atice ﬂ TR thn.c Cryg}r] W’?"ﬂmﬁm’ﬁ e type of latice

The genq

- v (2.12),
ané s, n is an integer, A is the
ion an@. A and d are measured in

dz Vz (‘Sllh + .s_zzk + 533{ + Esuhk-l'- 2523k1 + 2513.&0
(2.13)

Where,

V = abey 1 — cos’a — cos?f — cos?y + 2cos a cosf cosy (2.14)



511 = b ctsin‘a

(2.15)
Sy = a*c*sin’p (2.16)
S33 = a?b’sin’y (2.17)
512 = abc’(cosa cosf — cosy) (2.18)
5.3 = a’be (cosf cosy (2.19)
Sy =abc(co (2.20)

ation 2.14 is simplified to:

(2.21)

(2.22)

AUEINENINYINS
RN TUUMING AT
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CHAPTER Il
EXPERIMENTAL

3.1  Chemicals:
Table 3.1 Chemicals and reagents

Reagents Company
La(N03)3.6H20 Fluka
Sr(NOs)2 Acros organics
Co(NOs3),.6H,0 Univar
AI(N03)39H20 Unilab
Citric acid . Aldrich
Ammonia solution Merck
HNO3 Merck
8 mol %Zr0O,/Y,03 Aldrich

%, A A\N
3.2  Synthesis of pgrovgkite an& - iFs-type d owders by modified nitric
citrate method b - )
The perovskite L&j.,S Xcghﬁ!- 0.0 <%,y < 1.0) and the K;NiF,-typed

Lap«SrxCo1yAlyO4 (0.0 < X'< @ﬁidﬁ' =y & 1.0) (LSCA) were synthesized. The
stoichiometric amounts of - Sr(NO3),, Co(NO3),.6H,O and
Al(NO3)3.9H,0 w Eldlssolved in HNO ﬁ'volume ratio of 1:1. The
‘ ratio of 2:1 for perovskite
powders, and that ofjl for K; '| 4-type powdérs. @queous NH3 (~45 mL) was
slowly added into the mixtuge solution at thescontrolled rate of 2 — 3 ml/min. The pH

ot suiorfiild) wmw fol Hefcre solution wassied

for3-5h.

QYPGB B B psr oo

with a fine sieve to prevent the loss of fine powder during combustion. The

combustion was carried out on a hot plate with the heater temperature of 200 — 300°C.
Upon heating, water was evaporated until a sticky gel was obtained. Then it became a
sticky mass before self-ignition. The combustion lasted for about 10 — 20 seconds. At
the end, a sponge-like black solid expanded in the beaker. The products were grinded
by a mortar for 10 — 15 min until a fine powder was obtained. The obtained black
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powders were calcined at 900 — 1200°C with the increasing rate of 2°C/min for 5h to
yield the desired La;xSryCo1yAlyO3 and Lay.xSrxCo1.yAlyO4 samples.

La(NO)36H20 Sr(N03)2 CO(NOg)zGHzO AI(N03)39H20

MV/"//. in water and conc. HNO:s.

ad.Citme acid.
aq. NHs until pH ~8 - 10.

\

Y 0 C until dryness.

\

e at 900 — 1200°C for
t the heating rate of

_—

ey

- =
I , i

Scheme 3.1 The preparagl on procedure of kjﬂ «SrxkC01yAlyO3 and Lay.xSrxCo1.yAlyO4

(Lsen) ﬂuEI’J‘VIEJ'VliWEI’]ﬂi
QW’WNﬂ‘iﬂJ UNIINYAY



Table 3.2 A list of the experimental conditions and results for the s

f perovskite compounds by modified citrate method

20

vaterals | Colornd ppesrance cangliey | S [l | calonaton

—_— " appearance perature (°C)
La;.,SrxCo03 Red o ViOIGé;?kYS:L?Nn \ :\\&\ 407 black powder 900
La;.xSr«C00.95Al0.0503 Redto ViOIGé;?kyS:LW o %4 / / black powder 900
La1.xSrC00.6Al0.103 Redto violeé;cr)kyg:gw i 5-'9} / black powder 900
La;xSrxCopsAlp203 | Red to violet to orange to dar rtaw‘é : 55 / black powder 900
La;xSrxCop7Alp303 | Red to violet to orange to d b{;g;wg | ) 50 / black powder 900
La;xSrC0osAlo403 | Red to violet to oran%e‘: to dark-hd%ff*f‘.. 0.4 55 'Q,'ack powder 900
La;xSrkCoosAlos03 | Red to violet to orange i fblack powder 900
Lar,SrCopsAlys0s | e 10 pi“‘;;?k"é?m} 40/ black powder 900
Lar,Sr,CopsAlo0, | €4 0 pink fﬁ"g’%‘f‘g‘ ¢ 10 159 Lplagk powder 900
Lo, SrCoopAlps0; | Red 1o pinkt O'mt"d orénge N 45 / brown povce 900
e | TRARREER] 1A ) B R
La;xSrxAlO; Red topink t%r\g\(l)vlﬁt to orange to 9.25 45 [ white powder 900




Table 3.3 A list of the experimental conditions and results for the s 2sis of KaNiFs-structure compounds by modified citrate method

<O\ "
N otal combustion period

Materials Color and appearance changing in) and material Calcination
during addingp . appearance temperature (°C)
La,xSrxCoO3 Red to orange to dark M “% black powder 900
LayxSrxC0o.95Alp.0s04 Red to orange to ar 4 \\\\ black powder 900

/ black powder 900

LayxSrxCogoAlo 10,4 Red to orange to ar % _ f

A

[
LayxSrxCogsAlp 204 Dark pink to orange to d dWH'K 92 35 / black powder 900

al.l-r;! =

LaySrCog7Alg 304 Dark pink to orange to dark browa |
13.,_ - i

) / dark brown powder 900

LayxSrxCoosAlp 404 Dark pink to orange to dark Jatﬂw'}:., 45 [ brown powder 900
A

LayxSrxCoopsAlp 504 Pink to orang wn powder 900

LayxSrxCog4Alp 04 Light pink to oran@to brov 35/ @ht brown powder 900
LayxSrxCog3Alp 704 Light pink %foﬁ ; é(i L.l{'gﬁtp\gwn powder 900
LayxSrxCop2Alp 04 Light pllq,j to orla'r'{ge?o %é / I!glntlbrgwn powder 900

La2SrxC0o1Al0004 Ligh@nw GPF@.@ @ﬁ ] ’?dﬂu%' qﬁ\é" ;ﬂ/der 900

La,xSrxAlO, 9 Clear to clear 45 [ white powder 900
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3.3  Chemical compatibility

In general, a major problem in the use of cathode materials for SOFC is their
reactivity with electrolyte materials, which leads to the formation of undesirable new
phases along the cathode—electrolyte interface that can affect the electrical
conductivity. For this reason, the study of possible reactions between the LSCA
sample and YSZ was investigated by two approaches

_.J

powders with 8-YSZ -ﬁ:— J —

To stud?(’ eaCtivi \m phase of both of structure

samples with yttria st , compressed powder mixtures

of both materials w tures. The purpose of this

mixing compaction contact area between two

reactants. To prepare p e el samples and YSZ powder

the  screen—printed

332 The .'.:T

La;xSrxCos.yAl,O3 and Laz xSrxCos. yAIyO4 films

BN 10 1121 .3 s
e R e R

printed YSZ pellets were fired at selected temperatures. The cross section of the
pellets was monitored by SEM/EDS in order to characterize the microstructure and

investigate the atomic-diffusion across the interface of LSCA and YSZ.
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3.4  Thermal expansion coefficient

The physical compatibility between LSCA samples and 8-YSZ was
investigated in term of the thermal expansion coefficient (TEC). The selected LSCA
sample was made into a sample bar by the isostatic pressing of 3 g sample, and then
the pellet was sintered at 1200°C for 5h in air. After that, the sintered bar with the size
about 5X 14X 1.5 mm was obtained from sawing off the pellets by the precision saw.
The thermal expansion behavior 3\ f ned using dilatometer (NETZSCH DIL
402C) from the department @

aculty of Science, Chulalongkorn
Unlver5|ty The thermal mstaﬁ!d frem-mtemperature up to 800°C in air

-

Y i
3.6  Characterization of mé‘@eﬂ&ls

3.6.1 Powdlsr X-raydiffraction:

The XRD patterns of LSC, A-sampies-were ohtained by a Rigaku, Dmax
2200/Ultima* diﬁractﬂwet’er— :
The tube voltage and gprrent were set at 40 kV and 30 mA, respectively. The

diffraction paﬁruya? ‘VJ ﬂ tpe] gj(rw g]ge] ﬂmﬁzo to 70 degree. The

scattering slit, divergen recelvmg slit were fixed at 1 degree 1degree and

015"5 RIHNIUNRIINYIA Y

3 6.2 Scanning electron microscopy (SEM)

onochromator and Cu Ka radiation.

The atomic diffusion across the interface between LSCA samples and YSZ were
monitored by a JSM-5800 LV scanning electron microscopy, Oxford Instrument (link
ISIS series 300) at the Scientific and Technological Research Equipment center
(STREC), Chulalongkorn University. EDX analysis with the line-scan and ID-point
modes was used to determine the elements appeared on the cross-sectioned
LSCA/YSZ pellets.



CHAPTER IV
RESULTS AND DISCUSSION

In this thesis, the new materials, La;.xSrxCo1.,Al,O3 perovskites and
LayxSrxCo1yAlyO4 K:NiF4-typed oxides were synthesized by modified nitric citrate

method. The substitutions of Co a_by Sr were varied between 0.0 <y <
1.0 and 0.0 < x < 1.0 resp ' xides, and between 0.0 <y < 1.0
and 0.0 < x < 2.0 respegcii i q The obtained single-phased
samples of both struc( : chemical compatibility with YSZ

using XRD and SEM. rmal expansion coefficients

4.1  Synthesisand ¢

,.»J - .f:, v - . . -
which are the stmclgmetrlc cohtéh’ts of Sr anl espectively. At first, the doping
content of Al (y) in Lag5StosComyAdy Oz-with-the-ip amo unt of Sr (x), was varied
The calcination condition was at th of 900°C for 5 h. The XRD patterns

were shown in figure 4 1. Slngle phased perovskltes were found at the Al doping
contents up t nknown impurity was
observed. Atmyﬂ?lmﬂwlﬁsw mﬂ? skite phase, KoNiF,-
typed \Aﬁ 1:xS1xC01.yAlyO3
sample 1‘jp§\ ﬁﬁ’ﬁ mﬂ %\’J ﬂﬂié\% contained low

amounts of impurities.
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+ LaSrAI307
V SrLaAlO,
O Unknown

iw o9 Oy=10

‘ . =0.90
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A0 |
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Figure 4.1 XRD ffa{iems of LagsSrosCo1yAlyOs (v :;‘&6 —~ 1.0) calcined at 900°C

for 5 h. U i)

For the next step, tiie Al contents were fixed at 0,05, 0.1 and 0.2 and the Sr
contents were varigd:from 0:0 € x £1.0. [The cal¢ination temperature was increased to
1000°C for better diffusion efficiepicy of metallic elements. The, XRD patterns of
La1SCogesAld os®sh La: L StCondAl 104 and LaSrxCoo gAlsbOs | are shown in
figure. 42 (a), (b) and (c), respectively. The XRD patterns indicated that the desired
single-phased  perovskites were obtained for La;«xSrkCoogsAlposO3 and
La;-xSrxCoo.9Alp105 at all x values (0.1 < x <0.9). In the case of La;-xSrxCoogAlg 2053,
most samples, except for Sr contents of 0.5, 0.6 and 0.7, were single-phased
perovskites. The impurity phases of samples with x = 0.5 — 0.7 were identified as
LaSrAl;07 (JCPDS 50-1815) and SrLaAlO,4 (JCPDS 24-1125). All preparation results

were summarized in table 4.1.

EAl
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(a)
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Figure 4.2 XRD patterns of (a) Lal_xsrXC00,95A|olo5O3, (b) Lal_xsrXC00,9A|0.103

calcined at 1000°C for 5 h.
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(C) v LaSrAI307
V SrLaAlO,
M x=0.9 o
A N x=0.8 |
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g ’ X=0.6 Al
@
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Figure 4.2 (continued) XRD
calcined at 1000°C for5h.
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The LageSro4Co1yAlyOs series were chosen in order to investigate the effect
of Al doping towards lattice parameter a, unit cell volume and density because
Lao6S0.4C003 has been reported for its best performance as cathode materials in this
series [39]. The XRD patterns of LaggSro4CoO3z, LageSrosCoo.95Alp0503,
Lao 6Sr0.4C00.9Alp 103 and Lag gSro4C0osAlp 205 are shown in figure 4.3. The patterns
were indexed as the cubic perovskite structure (a=b =cand o = 3 =y =90°), and the

lattice parameter was calculated f. s of strong peaks (100), (110), (111)
(200), (211) and (220). The it cell volumes and densities were
calculated from the XRDxj Wer@ sumw‘n table 4.2. Flgure 4.4 reveals

depends on the cha it me and a formula weight.

Although the increasi tent-rest ase in a unit cell due to the
smaller cationic size of (0.545A), the decrease of a
formula weight as the Al tes the decrease of unit cell values
Therefore, the overall res enéity as Al content increases
i ! ) .
Furthermore, the relative densﬁmﬁi samples, as the ratio of Archimedes
method densr[y and ﬁculated dénérfy, w Ulated ang-presented in table 4.2. The

measurement of therl' | expa '-l‘ he results indicate that all

samples have the relatlve densmes more than 90% of the theoretical values.

HUEJ’WIEJWTWEJ']ﬂ‘i
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29

100

20 21 22 23 24 25 26 27 28 29 30

30 31 32 33 34 |\ 35 36 37 38 39 4ir

111 200

220

n
[—]
wn
—
*h
(=]
n
w
h
e
th
n
th
[—>
n
~
n
[= ]
n
=]

60

60 61 62 63 64 65 66 67 68 69 70

Figure 4.3 XRD patterns of perovskite series LagSro4Co1yAl,O3 (y = 0.0, 0.05, 0.1
and 0.2) calcined at 1100°C for 5 h.
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Table 4.2  Lattice parameters, unit cell volumes, densities, relative densities of
perovskite series Lag eSro4Co1.yAl,O3 (y = 0.05, 0.1 and 0.2)

) Unit cell Density  Relative
Materials Symmetry a (A) 5 ) _

volume (A%) (g/cm®)  density*

LapeSro4Co03 Cubic 3.8348 56.4 6.1242 92.32

Laolesro,4C00,g5A|o,o503 Cubic 56.1 6.1067 9222

Lao.6Sr0.4C00.0Alp103 6.1 6.0592 92.16

L&o,eSfo,4COo_gA|o,203 6.0020 91.96

* Relative density = (measure

3.8360 - =9
L , PRALY

) x100 [41]

Z 38310
2 38260 | ¢
= |
=
m 4
= 3.8210
1 +
3.8160 ' '
0.00 0.10 0.20
Y (b)
5 |'|'
6.12 I}
2
) i‘ - Y
AULINYNINYINS
U so4

, = 6.02 ¢ , e s
ARG IUNNINENAY
0.00 0.10 0.20
y (©
Figure 4.4  (a) Lattice parameters (b) unit cell volumes and (c) densities of
perovskite series LageSro4Co1.yAl,O3 (y = 0.05, 0.1 and 0.2).
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4.1.1.2 Morphology of perovskite
Figure 4.5 shows SEM images of perovskite particles with different Al
dopant levels. The decreasing tendency of particle size with the increase of Al content

is clearly seen. The particle sizes of LagSro4Coi.yAlyO3 (y = 0.0, 0.05, 0.1 and 0.2)

are 0.65 pm, 0.50 pm, 0.36 pm and 0.28 um respectively.

Figure 4.5 SEM images of (a) LaSyCoOs, (b) LaoeSro4CoogsAloosOs, (C)

Lao,GSro,4Coo,gﬁij1w nd @ %6%%@%‘3%@ ﬂ:@tion at 1000°C for 5h.
PRI AN

tructure
KoNiFs-typed samples were prepared in the similar procedure as
perovkite samples. At first, the doping content of Al (y) in Lai.oSr10Co1yAlyOs, with
the fixed amount of Sr (x = 1.0), was varied. The calcination condition was at the
temperature of 900°C for 5 h. The XRD patterns were shown in figure 4.6. Single-
phases were found for Al doping up to y = 0.6. At higher Al doping contents, the
mixture of K;NiF,-typed phase, perovskite phase, LaSrAl;O; was found. Aty > 0.9,
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LaAlO; with the trace of La,O3; were found. The single-phased La,.xSrxCoggAlp104

series were selected for the synthesis of various Sr contents.

v LaAlO;
V LaSrAl;0;
(0] La,Os

7y y=1.00
I!* i S =0.80
' " NS o A

\7 775
N | /=0.60
J\ ~0.50

Relative intensity

20 y: J 30 35 40 45 S 1 35 G0 65 70
2 Theta (degree)
Figure 4.6 XRD patterns of LaSrCos.,Al,O4 (y = 0.0 — 1.0) calcined at 900°C for

5h.

Next, the Al content was fixed at, 0.1 and the Sr contents were varied
from 0.0 < x < 2.0. The calcination temperature was increased to 1100°C for better
diffusion efficiency of metallic elements. The XRD patterns of La;xSrxC0o9Alo 104
are shown in figure 4.7 and 4.8. The XRD patterns indicated the desired single-phased
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KoNiF,-typed samples were obtained for x = 0.8, 0.9, 1.0 and 1.2. The impurity
phases of samples were identified as Sr3C0,0613 (JCPDS 83-0375), SrO(Al;03),
(JCPDS 72-1252), AlI203 (JCPDS 75-0785) and perovskite phase for 0.1 < x < 1.0
and Srqg(AlyO15) (JCPDS 79-1094), SrLa(AlO,) (JCPDS 89-0257), La,0O3 (JCPDS 74-
2430) and perovskite phase for 1.0 < x <1.9. All results of synthesis powder K;NiF,-

typed oxides were summarized in table 4.3.

i)y
\\\",// J + Sr3C0,06 13
— // V SrO(Al,0
s _ (Al205):
—— O Perovskite

x=0.3

x=0.4

Relative intensity

x=0.5

x=0.6

x=0.7

x=0.8

x=0.9

x=1.0
20 25 30 35 40 45 S50 55 60 65 70
2 Theta (degree)
Figure 4.7 XRD patterns of Lay«SrxCoggAlo104 (0.0 < x < 1.0) calcined at 1100°C
for 5 h.
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Tin

Figure 4.8 XRD patterns of Lay«SrxCog9Alo104 (1.0 < x < 2.0) calcined at 1100°C

for 5 h.



35

Table 4.3 The summary of single-phased K;NiFs-typed oxides (Laz-xSrxCo1-yAlyOa)
Al
1.0 09 08 07 06 05 04 03 02 01 005 00
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The LajgoSr10C01.yAlyOs (y = 0.0 — 0.6) series were chosen in order to
investigate the effect of Al doping towards lattice parameters a, b, and c, unit cell
volume and density. The XRD patterns of La; oSr10C01yAlyOs (y = 0.0 — 0.6) are
shown in figure 4.8. It is clearly seen the shifts of strong peaks, indicating the change
in unit cell parameters. Relationship of changing position of peak, that is changing 20,
and lattice parameter could be explained by Bragg’s law (equation 4.1) [34].

' in @ (4.1)

From equation 4.1, when
4.2)

For the tetragonal syste ttice parameters a and ¢ and

Miller indices (hkl) are s

(4.3)
Hence, (4.4)
and (4.5)
Therefore; (hk0) (4.6)

oF UL IRUMTHEINT o
RN IUNRINYIAY
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Figure 4,9 XRD patterns of KoNiFs-typed oxides'La; ¢SrroCo..yAl,©2 (y = 0.0 - 1.0)

calcined at 900°C for 5 h.

From figure 4.9, the increase of 20 of the (hkO) planes with Miller indices
(200) and (110) as a result of increasing Al content indicates the decrease in a
parameter a. The decrease of 20 of the (00l) planes at the Miller indices (004) and
(006) as a result of increasing Al content indicates the increase in parameter c.
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The patterns were indexed as the tetragonal structure (a=b#canda=p=y
= 90°), and the lattice parameters were calculated from d spacings of strong peaks
((101), (107), (110), (200), (114) and (200)). The lattice parameters, unit cell volumes
and densities calculated from the XRD patterns were summarized in table 4.4 and 4.5.
Figure 4.10 reveals the trends of lattice parameters and unit cell volume upon Al
contents. Lattice parameters calculated from the whole patterns have the same

XRD profile that a decreases with
increasing Al content. ThIS %e same way as the change of a in

LSCA perovskites that t%tlorﬂof tﬁi cationic size of AI** (0.535A)

tendencies of the shifts of |nd|v

compared to Co®*" (0.54 : fe, octe educes the lattice parameter a
in the perovskite layer of ‘ | se. ence, the increase in lattice
parameter ¢ with incr ntent educe the strain of the unit
cell. Because of the opp0si i eters, the change of unit cell
volume upon Al contg i of samples decreases with
increasing Al content becatise ofthietighte | atom compared to Co atom
similar to what was discusse Yo
i

Table 4.4 Lattice ﬁ;lrameters"aﬁa’ unct c aSrCo1.yAlyO4 (y = 0.0 -
0.6)

Materials '] S (i Unit cell volume (A%)
LaSrCoO, Tetragonal 3. 8070 12.4852 180.95

i EJ“EZ!"E;J NS =
AR A A N A e

LaSrCoo,eAIo_4O4 Tetragonal 3.7942  12.5699 180.96
LaSrCogsAlp504 Tetragonal 3.7854  12.6083 180.67
LaSrCog.4Alp 604 Tetragonal 3.7834  12.6152 180.58
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Table 4.5 Densities of LaSrCo;.,Al,O4 series (y = 0.0 — 0.6)

Materials Density (g/cm’)  Relative density
LaSrCoO, 5.574 86.94
LaSrCog.g5Alp 0504 5.655 88.70
LaSrCog Al 104 5.228 82.16
LaSrCopsAlg204 5.010 79.46

LaSTCOo,5A|0,4O4, ‘ 79.69

3.810
3.805 - .
3.800 -
3.795 -
3.790 -
3.785 -

a Parameter (ﬁ)

3.780 S 2460 —— —
0 01 02 03 047005 04 0 01 02 03 04 05 06

(
—
=
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=]
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1

179.500 -

—|

2 , ' - .
4 « N "] . . BALD §

:E 179.000 L q r, s ‘ [ ] ‘ Fo } T }% T T T T

- 0 01 02 03 04 05 06 0 0.2 0.3 0.4

PRI NNINGIAY

Figure 4.10 (a) Lattice parameters (b) unit cell volumes and (c) densities of K;NiF,
structure LaSrCo1.yAlyO3 (y = 0.0 — 1.0).
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4.1.2.2 Morphology of K;NiF, — typed oxide

Figure 4.11 shows SEM images of K,NiF,-typed particles with different Al
dopant levels. The decreasing tendency of particle size with increasing Al content of
samples with y = 0.0 to 0.6 was observed. This may be explained as Al dopants
introduce the strain to the structure, results to the discontinuous growth of particle.
The particle sizes of LaSrCo;.,Al,O4 (y = 0.0 - 0.6) are 0.26 pm, 0.21 pm, 0.17 pm,
0.16 um, 0.14 pm and 0.11 pm respécﬁi\’/{y.

Figure 4.11 SEM images of (a) LaSrCoO, (b) LaSrCopgsAlposO4, (C)
LaSrCogoAlp 104 (d) LaSrCoggAlp204, (€) LaSrCogsAlp 404, and (f) LaSrCog 4Alp 604
after calcination at 900°C for 5h.
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4.2  Compatibility of LSCA with 8-YSZ electrolyte
4.2.1 The mixture of LSCA with 8-YSZ
The major problem in the use of cathode materials for SOFC is their
reactivity with electrolyte materials, which leads to the formation of undesirable
phases along the cathode — electrolyte interface. Generally these undesired phases are
mixed metal oxides with less electrical conductivity and poor oxide permeability. For

W een synthesized LSCA and YSZ was

_ : e gle-phased perovskites was
investigated. The powder gaiXtures and 8-YSZ in 50:50 weight

this reason, the study of possibl

investigated.

ratios were ground an@d"pressed in fo. [ selected temperatures. The

fired pellets were chagaCtecized hy ', ,, ‘ identify the types of compounds
formed at high-temperatuFe | yAl,O3, y = 0.05, 0.1 and 0.2
were selected to observe their XRD patterns are shown

)4 %
La,Zr,0+ (JCPDS 73)444) did-at 950°C.

was zoomed between‘f- ‘- . T" peak appeared in this range

is the main peak of the unde5|red SrZrOs phase The results show that this phase was

e WWTJ"EF“J Wﬂﬂ“ﬁ WEINS
ﬂW’]i‘Nﬂ‘ﬁﬂJ UAIAINYAY
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© SrZrOs
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Figure 4.14 XRD paiterng of mlxed powder L-80.65r0.4C00 8Alp 203 and 8-YSZ after
firing at (a) 750°C, (b) 800°C (c) 850°£j’ (d) 900°C, (e) 950°C, (f) 1000°C, (9)
1100°C and (h) 1200°C for 5 h

I"*-\.,_ i\ln = :

Relativeintensity

2Theta (degree)

Figure 4.15 Relative intensities of the main peak of SrZrO; in the range of 30.6° —
31.2° 26 as appeared in the XRD pattern of Lag ¢Sro.4Co1.yAlyOs fired at 900°C for 5 h.
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4.2.1.2 KoNiF4-typed LSCA

K2NiFs-typed samples were prepared in the similar manner as
perovkite samples. The LaSrCo;yAlyO4, y = 0.05, 0.2, 0.4 and 0.6 were selected to
observe the effect of Al contents, and their XRD patterns are shown in figure 4.16 —
figure 4.19 respectively. It was found that the undesired phase of SrZrOs, LaAlO3 and
the trace of LaCoOs started to appear at the firing temperature of 900°C.

// ,ev v SrZrOs
- =
. — j
o AA JLA_I'\ A A1000°C
£ W A1/ 2
= A . o4 W AT\ 1950°C
3 ' '.v‘ = —
= N
‘; =4 \ +
LY, W o8 \ 900°C
= iy il
é -iJ F-"‘" 'f}-‘;“ ‘i
- AL, . 800°C
' ' F 2
e | LSCA
) et - ‘
) £
= ,"‘l — = A_A YSZ
ITJ T T T ‘ln.,'_J T T
200 25 30 7.35 40 45 50 55 60 65 70

2 theta (degree)
Figure 4.16 [XRD! patterns ‘of mixéd powden LLaSrCogosAly 0504 and 8-YSZ after

firing at severalggemperatures for 5 h.
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Figure 419 XRD patteris L xed—k 4Alos0O4 and 8-YSZ after firing at

several temperatures for 5 h.

The chemical gompatlbllltles from XRD results were confirmed by

SEM/EDX. Fﬂ ﬂ;tﬂ ﬁ?doﬂzﬁnwrﬁ Wq cﬂnﬂ%al cations, zirconium,

lanthanum, strogtium, cobalt and aIumlnum at the interface of LSCA/YSZ. Figure
4.20 i tﬁ region around
perovsk ﬂmﬂlﬁ ﬁﬂm mj?iﬁoﬂﬁ]: E‘lto observe the
diffusion of metals. The first point and second point are on the YSZ side and the other
metals, La, Sr, Co and Al from LSCA would not be found. Likewise, Y and Zr would
not be found at the third point in the LSCA region. For example, in figure 4.20 (a) y
axis is the amount of metals, x axis is the point position on the membrane, point

position 1, 2 on the YSZ side, and 3 on the LSCA side and each color of a bar

represent the type of metals. In the case of perovskite, no zirconium diffused from the
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electrolyte into the LSCA cathode. Similarly, the diffusion of lanthanum, strontium,
cobalt and aluminum was not detected in the electrolyte part.

Lag ¢St 4C0p 05k 005 830°C

?
? ‘
g BZr
Z
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\
Z
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Lag 657 4C 0 3Ly ,0, 850°C
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% R7p
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Z
é BSr
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é aco
Z DAl

pointl point2 point3

Figure 4.20 SEM images identified by Point EDX technique of (a)
Laolesro,4COo,95Alo_o503, Laolesro,4COo,gA|0.103 and Lao_ssr0.4C00_gA|o,203 after flrlng at
850°C for 5 h.



50

4.2.2.2 K;NiF,-typed oxides
In the case of K;NiF,-typed oxide materials, cations diffusion from electrolyte
into the cathode was found after firing at 850°C, shown in figure 4.21. Metals from
LSCA were not found at the 1 point inside YSZ pellet, but appeared significantly at
YSZ side near the interface (point 2). Zr atoms from YSZ diffused into LSCA side
significantly, but the diffused amount was less as the Al content in LSCA increase,

indicating the role of Al in preven \W%/ of Zr.

:‘ = g ar —dSrC009aA]00qO4 8“0 C
‘:-:? _ . ( "i) R

ol

-

60
71

A0 M 7 OLa
] ‘Q

‘é A ; BSr
VTN i 8o
YY) S | i o

p0111t1 point2 point3

J

al\i "'“‘"

- 'Tb) o

LaSrCoq Al 0, 850°C

R7r
OLa
8 St
8Co
OAl

.lf

i GO TIRE IR

Figure q4.21 SEM images identified by Point EDX technique of (a)
LaSrCog.g5Alo.0504 and (b) LaSrCog 1Al 104 after firing at 850°C for 5 h.
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Figure 4.21 (contin?'_ agds ideﬁﬁﬁ_fé‘d*by Point EDX technique of (c)
LaSrCop gAlg .04 afteri A0 Tor Sih. e

coe :e sof LSCﬁ
Thermal gxpansi r'r"oﬂ_'lgﬂ a d".,YSZ should be matched because
SOFCs operate at high te ;yrgaivh_f‘ : st Hé'rtgr‘i\als expand significantly. The
b akdom}ﬁ.ofj& sh d%)wn process. Results of thermal
expansion coefficient were ecé&_@y th’@meter model NETZSCH DIL 402C.
The _Lao_GSro,ﬁbf;Etyog"'?@%&kite) series and LaSrCo;.,Al,O4
(K2NiFy structure) s{e\ = ' \;d to study on the effect of
4

Al to thermal expan’s‘mn"‘ coefficients. Figur’ 4.
behaviors of perovskitje series LageSro4Co1.yAlyO3 a% KoNiF4-type oxide series
LaSrCos.yAlyOagr eﬁ/a, ‘ ﬁ" t e thermal expansion
coefficient (T% ﬁs Ic aﬁrgjarﬁ S pﬁtﬂﬂﬁ)ﬁture. The TEC values
from room temperature up to 800°C®f all materials.are summarizedsin table 4.6.

VU7V B %o embkitedorils. e ickease Bt increasing

content ecause at high temperature Co ions change their magnetic state, Co™ (and

show thermal expansion

Co*?), from low spin state to intermediate spin state. One electron of 3d° of three full-
occupied tyg levels (3d° (tz° €,’)) moves to eq levels (3d° (tzy° €4")). In octahedral hole
of cubic perovskites, oxygen and Co are overlapped by using o bond and = bond as
shown in figure 4.23. The o bond results from the overlap between occupied p; (O)
and unoccupied eq (B). In the case of Co ions in B-site, the electron that is promoted
to ey at high temperature would resides in the ¢ — antibonding level, and reduce the



52

strength of ¢ bond, leading to an expansion of the octahedral holes and therefore the
crystal lattice. In other words, the electron in ey repulses with the electrons in p, of
oxygen atoms as shown in figure 4.23. Because Al has no d electron, the substitution
of Co with Al reduces the number of coulombic repulsion at high temperature and
then reduces the expansion [42]. The ideal graph should be linear but the experimental
graph represents a nonlinear phenomenon that the change of slope is observed around

600°C. This phenomenon is resulte Vy lag (the slow thermal transfer) within
the sample pellets under t:;;fj_-.} | ,//
= . — :

—
1.80

L o
E e (T A . T SRR NN W [ e y=10
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§ ] —y=0.2
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Figure 4.22 Thermal expansione giseries LﬂSrOACol-yAIyOg and YSZ.
ﬂ o Y o
U
oViat A

Figure 4.23 Covalent bond between oxygen ion and B-cations [21].
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YSZ. .

For K;NiF4-type . es line case with increasing Al content.
Although K;NiF,-typ : 15 perayskite fayer in its structure but it also
contains rock salt layer©in soth o TE of this system could not be
explained as in the case of LSCA Gvel 2 in |rease of TECs with increasing Al
content may relate to the smatfer-parti \,.-' 512 he samples with higher Al contents.
The sample pellet ray_be denserwhen it has smalier pai i - e size, and the expansion

could be more evident.-

H@YSZ

Table 4.6 Thermal expansion coefficients of LSCA a

q RARIDAR UNRFINYISY

Lao 6Sro.4C008Alp 203 19.8 This thesis
LaSrCoO4 18.2 This thesis
14.3 [44]
LaSrCog.g5Al0,0504 18.4 This thesis
LaSrCoggAlg204 19.5 This thesis
YSzZ 12.3 This thesis

105 [45]




CHAPTER V
CONCLUSION AND SUGGESTION

5.1 Conclusion
Perovskite structure
The single phaseck i

o

l,O3 perovskites with x = 0.0 — 1.0

ified nitric citrate method with the
, Q_—-minor phases were found in
.4 \g{structure of all obtained single

t
/'3."53'» ing was investigated using the

and y = 0.0 - 0.2 were sy
calcination temperaturc?l
three samples when x =0.

Lao,GSro_4C01.yAIy03
cell volume, a lattic

a representative. The unit
ticle size decrease with the

increase of Al content bg€a ationic size of AI** (0.535A) substituted in
Co>* (0.545A) sites.
K:NiF;-typed structtire |
The single phas'éj:?-ui—;ézd yped Lay.,Sr«Co,Al,O4 were obtained
when x = 0.8 — 1.2kacept x":z"'if’}ijé‘ ©ahd wh = 1.0,y =0.0 - 0.6 by the
modified nitric citrafé-method=The-calcination-was-at: 100°C for 5h. The crystal

structure of all singleBhé’ KoNiF cture iS tetragonal. The effect of Al

doping was investigateg, using the LaSr%gl.yAlym (y = 0.0 — 0.6) series as a
F=

representative T;ta n‘;r%ﬂ ﬁnwgﬂrn arameter a decreases,
ceyparameter partic

while the latti increases. The density and e size also decreases as
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Chemical compatibility of both structures with 8-YSZ
The chemical compatibilities of LagSro4Co1yAl,O3 (y = 0.05, 0.1 and
0.2) and LaSrCo;.yAlyO4 (y = 0.05, 0.2, 0.4 and 0.6) with 8-YSZ were investigated by
observing the XRD patterns of their powder mixtures at the temperatures of 750°C to
1200°C and 800°C to 1000°C respectively.
a. Perovskites showed the good compatibility with 8-YSZ from room

temperature up to 850°C. The undesired phases of SrZrO; and
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La,Zr,O; were found since the temperatures of 900°C and 950°C
respectively. The amount of SrZrO; decreases with increases Al
content.

b. K;NiF4-typed oxides showed the good compatibility with 8-YSZ from
room temperature up to 850°C The undesired La,Zr,0; was found at
higher temperature.

The powder XRD results e
membrane interface between.oxides
the interface were not feuRe-ior pere @ter fired at 850°C but it was
detected for KoNiF4/Y

The thermal

01yAlyO3 (y = 0.0, 0.05 and
0.2) decrease with 7 le the thermal expansion
coefficients of LaSrC = 0:0, 2) Increase with the increase of Al

content.

5.2  Suggestion

In order to regard the A oIC003; and Al doped Lay«SrxCoO4
series as the candid S e electronic conductivities
must be measure ﬂ' onic conductivity of the
materials. Although Am may de : nicm:onductivity but Al doped

La; «xSrxCoO3 has much e.nggh electronic c&gductivity to be the cathode for SOFC.
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The calculations for synthesis by the combustion method

The molecular weights of starting materials

Chemicals Molecular weight | Metal | Molecular weight of metal
La(NO3)3.6H,0 433.02 La 138.91

Sr(NO3), 211.63 Sr 87.62
Co(NO3)2.6H,0 291.03 Co 58.933
Al(NOs)3.9H,0 3875 Al 26.98

Citric acid 16.00
1. Perovskite struc

Example Preparation oGl ag 4Sro2C0pgAly 103 (LSCAG491)
Molecular weight e :
g
10 mol

LSCAG491
LSCAG491

a 0.6 mol
0.6 X 4.5012 X 10" mol
D07 % 107 % 433.03 g

T i —eeee— g

’vf._— a".\' g 0

Calculation o}Sr(NOs,)z

N INYN TW i)

LSCA6491 45012)(10 mol = 4 X 4.5012 X 107 mol
qmmmwmamﬁé’

Calculation of Co(NO3),.6H,0
LSCA6491 1 mol = Co 0.9 mol
LSCAB491  4.5012 x 10° mol 0.9 X 4.5012 %X 10 mol
= 4.0511 X 10° x 291.03 g
Co = 1.1790 g
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Calculation of AI(NO3)3.9H,0

LSCA6491 1 mol = Al 0.1 mol
LSCA6491  4.5012 x 10 mol = 0.1 X 4.5012 x 10 mol
= 45012x 10™ % 387.5g
Al = 0.1744 g

Citric acid

General formula of perovskite ased on 4.5012 X 10 mole
LSCA 6491

To form the complex,
In La(NO3)3.6H,0, the
For 2.7007 x 107°mo)g®t 3 mole X 2.7007 X 10°mole
1 mole

'\n X 107 mole

In Sr(NO3),, the amount of | 2156 2 mole

For 1.800 X 10°mole of SHNQ3)z. 2 mole X 1.800 X 10”°mole
- 1 mole
6000 X 10 mole
£ i‘"
In Co(NO3),.6H,0, thg'amou e

For 4.0511 X 10°mole oj Sr(NOs), 2 mole X 4.0511 X 10°mole

ﬂummmwmm‘*

mole
In AI(NQ W%é&ﬂﬁﬁt&%q %P8 Y
For 4.5012 X 10**mole of Sr(NOs), 3 mole X 4.5012 X 10™*mole
1 mole

= 1.3504 X 10° mole

Total amount of [NOs] (8.1021 +3.6000+8.1022 +1.3504) X 10 mole

0.0212 mole
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2n X MW
2 X 0.0212 X 192.13
8.1463 g

Weight of citric acid

2. K2NiF,-typed structure
Example Preparation of 1 g LaSrCog Al 1045

2.8880 X 102 x 433.03 g
1.2505 g

Sr 1 mol
1 X 2.8880 X 107 mol
2.8880 x 107 x 211.63 g

suiSnuninm

ARG SR e

= 25092 x 102 X 291.03 g

Co = 0.7564 g
Calculation of AI(NO3)3.9H,0
LaSrCoo_gAIo_104-5 1 mol = Al 0.1 mol
LaSrCogoAlp 1045 2.8880 X 10° mol = 0.1 X 2.8880 X 107 mol

= 2.8880 X 10™ x 387.5¢
Al = 0.1119 g
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Citric acid

General formula of K;NiF4-typed structure is A,BOy, calculation base on 2.8880 X
10 mole LaSrCogoAl104.5

To form the complex, moles of metal : moles of citric acid = 1:1

In La(NO3)3.6H,0, the amount of metal [NOs] = 3 mole

For 2.8880 X 107 mole of La(NO3)3.6H,0 3 mole X 2.8880 X 10°mole
' W 1 mole
/ ¢8.6639 X 10° mole
In Sr(NOs),, the amou Wle
For 2.8880 X 10 m A\ fole X 2.8880 X 10°mole
\ N 1 mole

7759 X 10”° mole

In CO(N03)2.6H20, the )
For 2.5992 X 10°mole o ole X 2.5992 X 10°mole
1 mole

5.1984 X 10° mole

In AI(NO3)3.9H0, V#d
For 2.8880 X 10° molmn : nEe' X 2.8880 X 10™“mole

1 mole

AUt InenIwerrr
T°“'“W°‘fﬁ"’]\1ﬂ‘i Ay

Weight of citric acid n X MW
0.0205 X 192.13 = 3.9395¢
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The calculate lattice parameters

Bragg’s Law nA=2d sin 6

Cubic

Tetragonal

Orthorhombie -

3 e

Ha*be(cos feosy - cosa)
“ClCOS D }’—Cﬂﬂﬁ)

- aidieos e - o+ 2cosacos psy)”
l fl
AULINENINYINT
AMIAINTAUUNIINYAY

pretsint @+ k'a’c’ sin® B+ I*a’h? sin’ }’J
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