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CHAPTER |

INTRODUCTION
1.1. FUEL CELLS: OVERVIEW

1.1.1. Fuel cell

A fuel cell is a device which directly converts afieal energy into electrical
energy without any intermediate steps. As londhaduel and oxidant are continuously
supplied, it can continue to generate heat andiradiég. A fuel cell consists of an
exclusive ion-conducting electrolyte between andan(negatively charged electrode
where electrochemical oxidation occurs) and a ch@ positively charged electrode
where electrochemical reduction occurs). At thedandhe electrochemical oxidation
reaction occurs generating electrons and ions amzk ghe electrolyte permits only
ionic transport and blocks electronic transporg #ectrons flow through the outer
circuit towards the cathode, where it is consunmedugh an electrochemical reduction

reaction. A schematic of a hydrogen fuel cell iswh in Fig.1.1

" Current

Fuel: Hydrogen

Fig.1.1 A Schematic of a Fuel Cell

1.1.2. Types of fuel cells

Fuel cells are categorized based on the type cfrelgte i.e., the nature of the
ionic conductor. The various types of fuel celle @ompared in Table 1.1. Several
differences exist between the various fuel cellapplication, design, size, costs and
operating range. The nature of electrolyte deteemitne nature of fuel and operating
temperature, which has consequences for the debigmrfficiency of the fuel cell and,

indirectly, for the choice of other materials negdi@ the assembly of the fuel cell.



Table 1.1 Comparison of different types of fuel@Vielstich et al, 2003]

PEFC AFC PAFC MCFC ITSOFC TSOFC
Gadolinia
, doped
Electrolvte P,\cl)?ﬂﬁ]r(]ar NaOH+KOH | Phosphoric | Li,COs+ ceria, (Y,04)Z10
y y bath acid K,CO;bath| doped 293)41L%
membrane
lanthanum
gallate
Operating 80°C 65-220°C 205°C 650°C | 600-806C | 600-1006C
Temperature
Charge carrie H OH H* CO” o~ o~
External
reformer for Yes Yes Yes No No No
CH, (below)
Primary Cell | . )0 based  Carbon based CraPnite - | Stainless- |~ o i Ceramic
Components based based
Catalyst Platinum Platinum Platinum Nickel Peroteskil Perovskites
Product Water Evaporative Evaporative Evaporative Gaseous Gaseous Gaseous
Management P b P Product Product Product
Process Gast Process Internal Internal
Process Gas+t Gas+ ; ; Internal
Product heat| Independent Reforming | Reforming :
: Electrolyte | Independent Reforming+
Management Cooling . ; + Process | + Process
. Calculation Cooling Process gas
Medium Medium gas gas

The temperature also imposes an additional resimicin the nature of fuel that
may be used. For high temperature fuel cells siscktha molten carbonate fuel cell
(MCFC) and the Solid Oxide Fuel Cell (SOFC), itngorinciple possible to use a wide
range of hydrocarbons such as natural gas, bimgaeal-gas which can be reformed
internally to hydrogen and carbon-monoxide. Upricogerating temperature of 6D
(such as in MCFC), a catalyst is required espsacfall the oxygen reduction reaction.
However, at operating temperatures of 900 to 1WCsuch as in SOFC), catalysts are
not required either to promote the anode and cathedctions or for the reforming of
the hydrocarbons. The high operating temperaturddGFC and SOFC make various
applications possible, including co-generation décticity and Fiscer-Tropsch
synthesis of chemicals [Vayenas et al, 1991], mlgdis to produce hydrogen or
production of high purity oxygen (reversed fuell eebde). Low temperature fuel cells
[proton membrane fuel cells (PEFC), alkaline fudlsc(AFC) and phosphoric acid fuel
cells (PAFC) operate at temperatures insufficienenable either reforming or direct
oxidation of hydrocarbon fuels. For these fuels;dhe usual choice of fuel is hydrogen

or methanol. Because of their low temperature @rafon, these fuel cells are the best



candidates for small scale applications such agdnsportation. A detailed description
of the different types of fuel cells can be fourldewhere [Steele, 1990; Kordesch,
1990; Bossel, 1993, Vielstich et al, 2003].

1.1.3. History of SOFC

The history of the fuel cell dates back to 1839 i William Grove first
described its principle and demonstrated a fudlataloom temperature using a liquid
electrolyte. In 1899, Nernst discovered the oxioledlectrolyte when using stabilized
zirconia in making filaments for electric gloweisdrnst, 1899]. Exclusive oxygen ion
conductivity in stabilized cubic zirconia was edigtied by Wagner and Schottky. In
1935, Schottky suggested the use of oxygen ionwaimd) ceramics as electrolyte in
solid oxide fuel cells [Schottky, 1935]. Two yedaser, the first working SOFC was
demonstrated by Baur and Preis using stabilizexbaia as electrolyte [Baur and Preis,
1937]. A current density somewhat less than 1 mAivas obtained at a cell voltage of
650 mV. Even today, stabilized zirconia is the miastoured electrolyte for SOFC
applications.

The theory describing oxygen ion transport in cecamnides was developed by
Wagner [Wagner, 1943]. He pointed out that ioniadwetion in stabilized zirconia
proceeds through the oxygen ion vacancies. Theseneas are introduced by adding
dopants such as calcium or yttrium having a lowsdence than the cation of the host
lattice. It took another twenty five years befaaege R&D programs in the early sixties,
inspired by the energy needs of military, space @adsport applications accelerated

SOFC developments.
1.1.4. Solid Oxide Fuel Cell (SOFC)
1.1.4.1. The principle and operation

The principle of an SOFC is illustrated in Fig.1E22ectrodes are placed at either
sides of the electrolyte (stabilized zirconia) plat tube wall. The electrodes are porous
to enable gas phase transport and made from migeducting (high electronic and
ionic conductivity) ceramics to promote a largel&i phase junction area where the
electrochemical reaction occurs. At the cathodgger molecules from the gas phase

are reduced to oxygen ions according to the remctio

0, +4e - 20% [1.1]



The oxygen ions are incorporated into the electeolyhere they diffuse across the
electrolyte under an oxygen chemical potential igratcto the anode. At the anode, the
electrochemical oxidation of the fuel occurs getiegeelectrons:

2H, » 4H" +4e” [1.2]
The electrons generated flow through the outeruttirathereas the hydrogen ions
generated at the anode either diffuses throughetietrolyte (in case of protonic
conductors) and combines with the oxygen at thel@arm combines with the oxygen
ions transported through the electrolyte (in cdsexggen ion conductors):

20" +4H* - 2H,0 [1.3]

If there is no passage of electronic current thihotlge electrolyte, the oxygen partial
pressure or chemical potential on either sideb@#&lectrolyte is fixed by the respective
equilibrium chemical potentialgi’o, andpu‘o,. The SOFC under equilibrium conditions
can thus be regarded as an oxygen concentratibrnrbel electromotive force (emf) or

reversible (thermodynamic) cell voltade, is given by
: 1 “ 02
Er - _E E[tion dluo2 [14]

"
02

The ionic transference numbesn (ratio of ionic to total conductivity) of stabilized
zirconia in a wide range of temperature and oxyggnial pressure is unity. Using the
relationship,po>= p° + RT In pO2, Eq.[1.4] can be transformed into the well known
Nernst equation,

O
E, =_E|n P9 [1.5]
pOZ(a)

Solid Oxide
Fuel Cells

—»

Electron Flow
T | Load |l
o
o

Hydrogen |. GT o o g I-ng.rg&n
2% |, of = |18 o PP
—> |of" ° S o’ p

®o o | © Oxyaen © I CP
Water o 4T & . o®
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o
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Fig.1.2 The Principle of SOFC



At equilibrium, the potential measured in open wircondition (no flow of current)
should agree with the Nernstian emf. Deviationsnfithe Nernstian emf may be due to
electrochemical semi-permeability, non-attainmehtequilibrium at the electrode-
electrolyte interface, physical permeation of gastwieen the electrodes or side
reactions at the electrodes or electrode-electoherfaces.

The fuel cell produces electrical energy when coteteto an external load. In
such a case when there is a finite flow of currém, cell voltage is lower than the
thermodynamic Nernstian emf because of polarizaiisses. The polarization losses
are a function of current density. These can beioHosses, which show a linear
dependence on the current density (follows ohmig),lar non-ohmic, which show a
non-linear dependence. The cell voltage,under load is given by
E =E -iR-p [1.6]
where,i is the currentRi the total internal cell resistance amds the polarization loss at
the electrodes. Ohmic losses are determined by ethetronic resistance of the
electrodes, ionic resistance of the electrolyte @mact resistances. Polarization losses
occurring at the electrodes are in general non-ohitliey can be charge transfer or
activation polarizationna, diffusion or concentration polarizatiomp, and reaction

polarizationng

N=1x*1p +1r [1.7]
The losses), andnr are also often called mass transport losses. Egqufti7] applies
for losses at both the cathode and the anode. énsatic of a polarization plot (afV
curve) is shown in Fig. 1.3.

Charge transfer or activation polarization is duehte energy barrier that must
be surpassed before an electrochemical reactiortat@nplace and dominates at low
current density. Because the reaction rate incseasth increasing temperature, the
activation polarization decreases with increasiegperature. At the high operating
temperature of SOFC'’s, the charge transfer or aittimn loss is usually small. Diffusion
or concentration polarization occurs, for instangben reaction products are removed
slower than the formation of these products, orwthe reactant feed is lower than that
consumed by the reaction. Concentration polarimasopredominant at higher current
densities. A detailed treatment of polarizationfurel cells can be found elsewhere
[Minh and Takahashi, 1995; Bard and Faulkner, 188@kris and Reddy, 1977].



Solid oxide fuel cells can have different typescohfiguration. These include
tubular configuration, planar configuration, motiokt and segmented-cell-in series.

Voltage

/ Theoretical open circuit voltage (OCV)

A ik
\\ Activation

T losses
e )

2 Ohmic
T losses
[
—
-

Measured current voltage
characteristic (i-V)

Mass
transport
losses

— (Current

Fig. 1.3 A schematic representation of an I-V curve

These are described in detail in the review papdviinh [1993] and Vielstich
and co-workers [2003]. The more common types are pieanar and tubular
configuration as given in Fig. 1.4. In the plananfiguration, the current paths are
short and therefore result in lower polarizatiosskes and yield high power densities.
However, the main drawback of the planar architects the use of sealants at high
temperatures to isolate the cathode and anode comgads. The tubular configuration
does not require sealing. The tubular configuraliesds to long current paths and
results in a lower power density. Recent designshefstack aim at improving the
power density of the cell [Ding and Liu, 2009].

Current flow Cathode interconnection
Interconnect p)

FV *Electrolyte
Cathode
Cell =, = Ajir

Repeat =" |Interconnect
unit i

Air flow Ahode

Fig.1.4 Configuration for a) Planar and b) tubwasign SOFC



1.1.4.2. Cell Components

The main cell components of a solid oxide fuel @l electrolyte, cathode,

anode and interconnect. Their essential requiresraetdiscussed below:
1.1.4.2.1. Cathode

Cathode (also called as air electrode) materiadald oxide fuel cell should
satisfy the requirements of high electronic (haiehductivity to transport electrons,
good ionic conductivity to increase the electroclvain reaction surface area,
chemically compatibility with the other cell componis (electrolyte and interconnect),
similar thermal expansion coefficient as the etdgte and high catalytic activity with
respect to the oxygen reduction reaction (Eq. IT'hg cathode should have a porous
structure to enable gas phase transport of reactartt products as well as to provide
large reaction interfacial area. The electrochehrieaction takes place at the triple
phase boundary (TPB) of the cathode-electrolytegery For catalyzed reactions, the
availability of the active catalyst at the triplagse boundary is also a requirement for
the electrochemical reaction to occur. The possiblction paths at the TPB are
discussed in the literature [Fleig et al, 2001; ZJ0&s mentioned, the cathode should
be a good hole conductor as well as a good oxygenconductor. Conductivity is
directly related to the charge carrier concentretisuch as oxygen ion vacancies (for
lonic conductivity) and/or holes, their charge amdobility. Charge carrier
concentrations can be enhanced by doping of akowvatations to the oxide cathode
material. Transition metal elements are useful the creation of electronic defects
because of the stability of multiple valence states

The performance of a cathode depends on the iomicdhale conductivities, the
rates of interfacial reactions such as oxygen diason, atomic oxygen diffusion to the
TPB, charge-transfer and gas diffusion. Cathodearpation is one of the most
important factors determining the cell performameSOFCs [Kenjo and Kanehira,
2002]. The oxygen charge-transfer reaction is repoto have the slowest kinetics
among all the steps. One of the most important gnt@s for a SOFC cathode is the
steady-state polarization, which depends mainlytren current density [Fleig et al,
2002]. Because of the large cathode polarizatidovatemperatures, there is a need for
considerable improvement in cathode materials aiedostructures for improvement in
the power density of fuel cells. Proper controltieé microstructure of the cathode

material is also important to obtain good electrpddormance [Inagaki et al, 2000].

7



Perovskite oxides based on LaSrMn@anthanum strontium manganite i.e.,

LSM) [Charojrochkul et al, 1999; Boehm et al, 2002n Herle et al, 2001; De Souza
et al, 1997; Tsai and Barnett, 1997], (LaSr)G@@nthanum strontium cobalitite i.e.,

LSC) [Charojrochkul et al, 1999; Wang and Barn&f95; Uchida et al, 2000] and
(LaSr)FeQ (lanthanum strontium ferrite i.e., LSF) [Simner &t 2003] have been

extensively used as cathode materials for SOFCatipgr with YSZ electrolyte.
Additionally, Ag — YSZ [Wang and Barnett, 1992] aRtl— YSZ [Wang and Barnett,
1995] cermet cathodes, mixed ionic-electronic catidg oxides (MIEC) such as
SrFeCoQ, SrCoFeQ, and La(Sr)Fe(Co)Pbased oxides [Shizhong et al, 1999] have

been investigated for YSZ — electrolyte SOFCs.
La(Sr)Co(Fe)Q [Livermore et al, 2000; Sahibzada et al 1997,199891 Bae

and Steele, 1998; Maguire et al, 2000] based catmoaterial is the most studied air
electrode for SOFCs operating with ceria-basedelgtes. (LaSr)CoQ[Uchida et al,

2000], strontium-doped gadolinium manganite [Yobalg2001], and some composites
[Figueiredo et al, 2000; Hart et al, 2002] are otteeghode materials investigated for the
ceria-based electrolytes.

La(Sr)CoQ [Inagaki et al, 2000; Huang et al, 1998; Horita adf 2001;

Kostogloudis et al, 2000] has been reported toheentost suitable cathode material
operating with the strontium and magnesium-dopedhnum gallate electrolytes.
There are also studies on other mixed conductinmgvgkite-oxides as the cathode

material [Ullmann et al, 2000].
1.1.4.2.2. Electrolyte

The solid electrolyte is the most critical companehSOFC. The requirements
of the SOFC electrolyte in the operating tempeetund oxygen partial pressure range
are:

(i) High ionic conductivity, (i) chemical stabilit (iii) negligible electronic or hole
conductivity, (iv) mechanical stability, (v) theriatability and thermal expansion
compatibility with electrodes and interconnect) fhickness, (vii) gas — tightness, (viii)
compatibility with other SOFC components includithg sealants and (ix) processing
cost.

Oxygen ion conductivity in oxygen solid electrolyteccurs through diffusion

along the oxygen ion vacancies [Kilner, 2000]. tidition to the crystal structure, the



oxygen vacancy concentration and its mobility amgpodrtant parameters for the
electrolyte. Almost all the oxygen ion conductaeparted in the literature have a close
packed cubic structure. The oxygen vacancy coragor depends on the extent of
aliovalent doping without a change in crystal stuoe and the mobility of the oxygen
ions depend on temperature. Diffusion rate increasgonentially with increasing
temperature (Arrhenius behavior). Further, there saveral other advantages of high
temperature operation such as low interfacial tasce, faster kinetics, internal
reforming of the hydrocarbons and the possibilify co-generation. However, the
higher temperature of operation of solid oxide faells results in several material
problems, requirement of high temperature sealmjtherefore a high cost. From the
materials and cost point of view, it is advantagedo operate the fuel cells at
intermediate temperatures of 600-88D, which retains the advantages of internal
reforming and co-generation but imposes less &nhgequirements on the materials.
At lower temperatures, one can use less expensiyevall-established ferritic stainless
steel, which has a reasonable thermal expansiopatioiity with the cell materials for
interconnect and cell construction. Further, atdowemperatures, because of lower
thermal stresses and slower kinetics, the thernral ahemical compatibility
requirements are much less stringent. Thereforerelgte material with high oxygen
ion conductivity at low temperatures (< 8t) is essential.

The thickness of the electrolyte is another impurfsmrameter in terms of ionic
conductivity and SOFC operation temperature. Initeddto lower cell resistance, in
thinner electrolytes, oxygen ion travels more gaaild at lower temperatures, same (or
higher) ionic conductivities can be obtained, coradato thicker electrolytes
[Huijsmans, 2001]. However, the minimum thicknesshe electrolyte to be employed
depends on whether the electrolyte supports tHetbel limitations of the processing
technique, density achievable to limit physical rpeability of gases and
electrochemical semi-permeability of the electrelyt

Electronic and hole conductivity of the electrolytaterial should be as low as
possible in order to minimize short circuiting andximize the cell voltage. In addition
to the intrinsic (band gap) and extrinsic properixé the material, electronic and hole
conductivity depends on the oxygen partial presanetemperature range of operation
of the cell. Lower band gaps readily lead to etetdrand holes at higher temperatures.
Further extrinsic aliovalent doping of transitionetal oxides leads to charge

compensation through the generation of electronfiades. At high oxygen partial

9



pressures, hole conductivity predominates wher¢adsva oxygen partial pressures,
electronic conductivity predominates.

In fuel cells, anode and cathode are exposed tafhgoxidant respectively. In
case of hydrocarbon fuel usage, O® also present at the anode. The electrolyte

material must be stable in both the oxidizing asatlicing atmospheres.

The effect of grain boundaries on ionic conducyivaf solid electrolytes have
also been investigated [Fleig et al, 2001]. Theest@o schools of thought on the effect
of grain boundaries. One school of thought is thatgrain boundaries provide an easy
path for oxygen ion diffusion and therefore theicoconductivity will increase as grain
boundary area increases. Another school of thowsgihiat the disordered regions of the
grain boundaries will enhance the resistance [Fhigal, 2001]. Additionally, the
insulating impurity phases tend to segregate atgthén boundaries. Highly resistive
grain boundaries lead to an additional semicinal¢hie complex impedance plane and
impedance spectroscopy can be used to separatelgrandary and bulk resistances.
Different models are discussed to explain grainndawy resistances, such as i)
complete wetting, highly resistive grain boundatyage, ii) space charge depletion
layers, or iii) current restriction due to partyalvetting, ionically blocking grain
boundary phase. Generally, experimental evidencenlynhavith stabilized zirconia
electrolytes indicates a decrease in bulk ionicdootivity as grain size decreases.
However, stabilized zirconia invariably has silaan impurity which segregates to the
grain boundaries and impedes oxygen ion transfionould be interesting to see the
effect of grain size in pure ionic conductors fof@ny impurity phase.

In general, three types of electrolyte materialabitized zirconia, doped ceria
(GDC or CGO), and strontium and magnesium-dopethéamum gallate (LSGM) are

being considered for Solid Oxide Fuel Cells.
1.1.4.2.3. Anode

The function of an anode (also called as fuel ebelef) in a solid oxide fuel cell
is to promote the oxidation reaction and provideeebns to the external circuit. Similar
to the cathode, the anode should have large tpplase boundary areas (anode-
electrolyte-fuel gas boundary) where the electrotbal oxidation occurs. The TPB
area is defined as the product of the TPB lengtth e active anode thickness.
Development of mixed conducting oxides as elecsodean attractive approach. In

these oxides, both electrons and oxide ions exhiggh mobility, so that the
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electrochemical reaction can occur at the electgadeinterface as opposed to only at
the TPBs [Irvine et al, 1997]. A porous anode males desired for the gas phase
transport and to provide high surface area foraihedic reactions to take place. High
catalytic activity to CO and Hoxidation, and good stability under reducing

atmospheres are the other necessary paramete®&@F@ anode material.
The most effective anode material in terms of gétaproperties with respect to

H, oxidation is nickel [Irvine et al, 1997]. Sinteriremnd coarsening of Ni particles at

high temperatures leads to a reduction of the piyrasd TPB length. Adding YSZ
particles and forming Ni/YSZ cermet can eliminat# anly the sintering problem but
also enhance the ionic conductivity of the anode Eder et al, 2000]. However, the
amount of Ni and stabilized zirconia in the anosleaiso determined by the thermal
expansion coefficient, which should be close td tidahe electrolyte. A porous cermet
of nickel and yttria-stabilized zirconia (Ni/YSZ generally used as the anode material
in solid oxide fuel cells with YSZ electrolyte [Ci®oer et al, 2000; Li et al, 2001].
Mixture of NiO and YSZ powders are used such thi&@ N reduced to metallic nickel
when the SOFC is exposed to the fuel. By this veapprous anode structure can be
obtained. The performance of Ni/YSZ anode depetrdagy on its nickel content and
its microstructure [Li, 2001]. Studies have beemdiated to determine the optimal
morphology, porosity and thickness of such cernmeidas [Fleig et al, 2001]. The
major disadvantage of Ni/YSZ cermet anode is tlmmation of competitive catalytic
cracking of hydrocarbon reactions [Irvine et al9TPand soot deposition at the anode
surfaces. With the use of natural gas as fuel ateiinet anodes, presence of sulfur in
fuel results in the deposition of deleterious nickelphide at the anode [Irvine et al,
1997].

Several alternate anode materials have been repiortine literature for YSZ-
electrolyte based SOFCs. Copper-stabilized zircfidamgare et al, 2002], Cu-Ni-YSZ
cermet [Zhe et al, 2002], lanthanum-doped strontiitanate [Marina et al, 2002],
doped lanthanum chromites [Sauvet et al, 2001; P@d2] mixed ionic-electronic
conducting oxides [Shizhong et al, 1999] are soihéhe anode materials for YSZ-
electrolyte SOFCs.

Different anode materials have to be used deperwhnipe electrolyte used for
the SOFC. The anodes should have chemical and #&hezompatibility with the
electrolyte. Ni/CGO cermet [Livermore et al, 2008teele, 2000], Ni/YSZ cermet
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[Sahibzada et al, 1997, 1999, 2000], and Sr anddped LaCoQ[Hartley et al, 2000]

anodes are the main candidates for gadolinium-dopmia electrolytes.
Ni-Ce, ,SmO, ; cermet Huangand Goodenougl?000;Kuroda et al, 2000; Inagaki et

al, 2000] is reported to be the most suitable anodserial for strontium and

magnesium-doped lanthanum gallate electrolyte.
1.1.4.2.4. I nterconnect

Interconnects are necessary to combine singles dell form a stack by
connecting the cathode of the one cell to the anoflehe adjacent one. The

requirements of interconnect are as follows:

* High electronic conductivity (>1 S/cm) in the oxygeartial pressure
range (from air to fuel gas) of operation of th#.ce

* Chemical and phase stability in both air and fuehaspheres during
fabrication and operation of the cell.

* Thermal expansion coefficient close to that of éhectrolyte and the
other cell components.

* Resistance to thermal shock.

* Physical and electrochemical gas tightness.

At present, Sr-doped LaCgQvhich has a perovskite structure is the common
interconnect material [Tietz et al, 2002]. The twajor problems with this material are:
1) thermal expansion mismatch with stabilized zweoand 2) poor sinterability in
oxidizing conditions. The volatilization of chronmuoxides at higher temperatures is
also a serious problem.

Metallic interconnects can be used, but their cleafrand thermal compatibility
has to be established and further, these tend éxjpensive. Inconel and stainless steels
have been proposed particularly for stacks thatogsmate at 80T [Tietz et al, 2002].
Conventional steels also have a mismatch in theerphnsion coefficient with the
YSZ electrolyte. In the case of intermediate terapee solid oxide fuel cells,
austenitic steels free of chromium can be usedtasconnect. Metal interconnects also
tend to form oxide coatings, which can limit thelectrical conductivity and acts as a

barrier to mass transport.
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1.1.4.2.5. Sealants

A key issue with SOFCs, particularly with plana®FCs, is the method of
sealing the anode and cathode compartments tonolg@s tightness. The usual
approach is to use glasses that have transitiopdeatures close to the operating
temperature of the cell. These materials softeihe@sells are heated up and form a seal
all around the cell. A particular problem is thegnation of silica from such glasses,
especially onto the anodes causing degradatiorelinperformance. Recently, some
metallic seals (Au and Ag) have also been tried both high temperature and

intermediate temperature SOFCs respectively.

1.1.4.2.6. Advantages and disadvantages of SOFCs
Advantages

* The use of expensive catalysts such as platinumutbienium is not
necessary because of the high temperature of operat

« The high quality of exhaust heat (800-80pis useful for cogeneration
application in industry.

* High efficiency for electricity production can behgeved in combined
cycles.

« Internal reforming of natural gas may considerabbjuce costs.

» Electrolyte losses as well as electrode corrosiereaminated.

* The cell life is increased due to higher tolerateempurities such as
sulfur in fuel.

* Chemical cogeneration is possible in producingtat@ty and chemical
compounds when appropriate electro-catalytic anadesised.

e SOFCs can be used as high temperature water djeeir® without
major modification.

* Finally, SOFCs offer flexibility in the planning dnsitting of power
generation capacity as a result of their modul&unea

Disadvantages

» Electrolyte resistivity and electrode polarizateme still too high.
« The formation of low conducting phases by solidest@actions at the

electrode/electrolyte interfaces result in the ddgtion of the cell.
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e The brittleness of the ceramic components makdsgfitult to use cell
sizes larger than 0.2 his limitation is a major problem for scaling up
SOFC power plants to megawatt size.

» SOFC's for large scale power generation presentiolves a high

capital cost to performance ratio.
1.1.5. Intermediate Temperature Solid Oxide Fuel Ae(ITSOFC)

By lowering the temperature of operation, a widegeof materials can be used
that allow cheaper fabrication, particularly inat®n to interconnect and balance-of-
plant (BoP) components. Lower temperature operadlsa affords more rapid start-up
and shut-down, reduced corrosion rate of metalimmonents, improved durability
(sintering and component inter-diffusion is accatied at higher temperatures), more
robust construction through the use of compresseads and metallic interconnects.
There are two main routes by which SOFCs can beatgek at lower temperatures,
while still attaining performance comparable to thigher temperature cells. The
thickness of the electrolyte can be reduced, tbdaaing the area specific resistance of
the fuel cell, and/or materials development camdrabout the same result by
improving the ionic conductivity of the electrolytd lower temperatures and bring
about improvements in the performance of electro8exe metallic interconnects and
non-ceramic seals can be used at lower temperati¥OFCs are more conducive to
the planar stack architecture than HT-SOFCs.

1.1.6. Synthesis of SOFC Components

Synthesis of the cell materials is one of the miagportant steps in the
realization of SOFC performance and service. Furttwey decrease in the cost of the
oxide synthesis will result in a decrease of theral SOFC production cost. The
compositions of the anode, cathode, electrolyteiatatconnect is designed to exhibit
the best performance under SOFC operating conditiBmen a small deviation in the
material composition results in a poorer perforneaot SOFC. For example, the best
lonic conductivity values for the electrolyte cane bachieved with

La, ;S ,Ga, ;. Mg, O, composition. Small deviations from that compositioostly

result in decrease in the ionic conductivity. There, to be able to operate the SOFC at

a desired efficiency, pure single-phase synthe$iSO@FC components in desired
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compositions is extremely important. Several teghes for multi-cation oxide material

synthesis are described in the following sections.
1.1.6.1. Solid-State Reaction Technique

Solid-state reaction technique is the most commathad for synthesizing
SOFC materials. In this synthesis method, constitwxides and/or carbonates are
mixed in the desired stoichiometry. After a longt\gending operation, which results
in a homogeneously mixed powder it is calcinedcSithe desired phase formation in
this technique is based on solid-state diffusiomtoins, high calcination temperatures
and long holding times at that temperature areireduo obtain single-phase oxide
material. Thus, laborious and time consuming powgleparation, high calcination
temperatures and long holding times at high tentpesa increase the cost of the
powder synthesis. Moreover, in case of impropergmvpreparation, undesired phases

may appear in the final powder.
1.1.6.2. Co-precipitation Technique

Co-precipitation method is another technique teatised to synthesize SOFC
components. This method involves “co-precipitatiaf’ a precursor salt, and then
thermal decomposition (or called calcination) te thesired oxide composition. The
advantage of co-precipitation technique in the Isgsis of oxide powders is mixing at a
molecular level, unlike the solid-state reactiochtgque which involves long diffusion
distances.

A solution of metal salts, i.e. nitrates, sulfagés. are mixed with a precipitation
agent such as oxalic, citric, or other organic agigdmmonium hydroxide. The reason
for using these precipitation agents is the lowuisiity of metal oxalates, citrates, or
hydroxides. During precipitation, there are gergitalo possibilities; i) precipitation of
a mixed metal precursor crystal with a specifiactometric ratio of the metals, or ii)
segregative precipitation of individual particlesich as precipitation of different metal
oxalates that are colloidally unstable and heteagalation into a mixed aggregate
particle.

In order to achieve precipitation, decrease ingbkebility limit of the desired
phase has to be achieved. Generally, temperatwessyre, pH of the solution, and
chemical precipitant (redox potential) are the destaffecting the solubility of the
phase to be precipitated.
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During precipitation, the pH of the solution mayywanarkedly and the powder
composition and homogeneity may be affected. Furthe powders must be separated
from their supernatants, dried, and calcined todiénsgired composition. The drying and
calcination steps often lead to aggregates. Sppahutions such as calcination in dry
atmospheres must be used to prevent formation gfeggtes. Moreover, extremely
rapid precipitation may result in trapping of f@eiions in the particles.

There are several more recent powder synthesisitpads for the synthesis of
homogeneous, pure, and single-phase mixed oxidég idesired composition.

1.1.6.3. Organic Precursor Technique

Organic precursor technique has been more recentptoyed widely in mixed
oxide powder synthesis. In this method, the symshetages are i) dissolution of
stoichiometric amounts of cation salts in a progelvent, ii) dissolution of desired
amount of organic carrier material(s), where mdl@cratio of cation to organic carrier
material is important, iii) proper mixing of thergdituents in the solution and solvent
evaporation, and iv) calcination of the formed prsor powder to obtain the oxide
powder in desired composition.

The predicted mechanism in organic precursor metbodchieving a stable
precursor is chelating/complexing the metal catibgsthe functional groups of the
organic carrier materials in the solution. Thislating/complexing action is believed to
be due to columbic attraction forces between thibasg/lic and/or hydroxyl groups of
the carrier materials and metal cations. The mddecgeometry of the functional
groups is also believed to play an important roléhie chelating/complexing action. As
a result of this action, metal cations are belietedhave a perfect-homogeneous
distribution in the solution and in the precursdieiasolvent removal. This cation
distribution results in an amorphous powder at rdaemperature. In the calcination
stage, crystallization of the desired compositakes place. Due to the homogeneity at
molecular level, lower diffusion distances than foe solid-state reaction process is
required to obtain the desired crystal phase. Thiturn may result in much lower
calcination temperatures compared to the soligstatiction technique. Moreover,
combustion of the organic materials result in aldemperature increase, which helps
the diffusion process and final crystallization.

Different types of the organic carrier materials ¢ used in oxide synthesis,

but one of the most successful techniques for sippbase mixed oxide powders is the
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Pechini process. The Pechini process operates ghrqolyesterfication between
hydrocarboxylic acids such as citric acid and pgtifoxy alcohols such as ethylene
glycol. According to the ester reaction shown beloarboxyl end of citric acid and
hydroxyl end of ethylene glycol binds and a wateteuaule is released. The acid acts as

a chelating agent which chemically binds the catitbrat are dissolved in the solution.

o) 0
| I
/ Ho—C- /o—c—
7 "’ ———- + H-0O
~CH= OB —CH,

The polymerization is based on the polyesterficabetween the metal-chelate
complexes and polyhdroxyl alcohols. By polyesteafion process, randomly coiled
macromolecular chains are obtained. These chairyscmaate cations uniformly and
form very stable complexes. Moreover, due to chrdatiction and high viscosity
polymeric network, cation segregation is hinder&étle resultant ceramic powders
possess better chemical homogeneity and smalléclpasize. There are other organic
precursor methods with different organic carriertenials, such as citrate synthesis,
polymeric precursor synthesis, and urea method.

It is believed that organic precursor synthesis ho@$ can eliminate the
problems associated with other synthesis technjqeesh as high calcination
temperatures, undesired phase formation in thd fioawders and laborious powder

preparation stages.
1.2. CHARACTERIZATION TECHNIQUES

Characterization (structural, physical, chemiaadl @lectrical) of the materials
synthesized are necessary prior to their processintguse in SOFC. The common

characterization methods adopted is briefly diseddxelow:
1.2.1. X-ray diffraction (XRD)
1.2.1.1. Phase identification

Crystalline materials produce distinct x-ray difftion patterns that can be used
for the identification of the phases present inaamal. Phase identification using x-ray
diffraction relies mainly on the positions of theaks in a diffraction profile and
quantitative estimations of these phases dependherrelative intensities of these

peaks. The International Centre for Diffraction ®@CDD) maintains a diffraction file
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(PDF), a database of single phase powder diffragigtterns currently numbering over
60,000. Today, it is supplied in a CD-ROM and islipped with a first generation
search or match software which uses a list of d@isgaand intensities from the
measured pattern as input. Current approaches deeqgoire individual peak picking,
has powerful peak deconvolution techniques and teesntire background subtracted

spectrum.
1.2.1.2. Lattice Parameter calculations

The lattice parameter of the different phases bancalculated from the
interplanar spacings derived from the X-ray diffmgam. For a cubic phase, this

relationship is given by:

a

vh? +k? +12

Similar relations between interplanar spacingsv8isindices and lattice parameters

Ay = [1.8]

are available for the more complex crystal striegyCullity and stock, 2001].
1.2.1.3. Calculation of the crystallite size

The crystallite size of the calcined powders canchkeulated from the line
broadening observed in the XRD pattern. The mostngon method adopted for this
purpose is the Scherrer’s formula:

2

where, B is the full width at half maximum (FWHM) intensityf the peakA the
wavelength of the radiation used, D is the averagstallite sizeg the lattice straing
the diffraction angle and Bis the instrumental line broadening. Another mdtho
commonly used for the estimation of crystalliteesand lattice strain from the X-ray
line broadening profile is the Hall-Williamson meth [Williamson and Hall, 1953].
Here a plot of BCd&vs Sirb/A is constructed and the crystallite size and sulantuced
from the intercept and slope respectively.

The X-ray diffraction line broadening (B) i.e., theak width (usually the Full
Width at Half Maximum and sometimes the integrapeghk width defined as the
integral area/peak height) to be considered foresmation of crystallite size and

strain is purely sample dependent and free fromnalirumental broadening effects.
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Standarda-alumina of crystallite size >2000 A is used astandard sample to
determine the instrumental broadening:

Buz' =B’ * B [1.10]
where Bys is the measured peak width in radians at half gesght and B is the
corresponding width of the standard material.

Warren and Averbach’s method takes not only thé padth into account but
also the shape of the peak. This method is basea Baurier deconvolution of the
measured peaks and the instrument broadening tnotite true diffraction profile.
This method is capable of yielding both the crysealsize distribution and lattice
microstrain.

The Scherrer and the Warren-Averbach methods dginetthe same value for
the crystallite size. That is because they eachd yddferent characteristic averages
from the crystallite size distribution. The Schemad Warren-Averbach methods yield
different characteristic averages of the columrgtler.. The Scherrer method yields
<L>vol while Warren-Averbach yieldsL>area. In order to obtain a measure of the
crystallite size one may assume a shape for théiclest Assuming spherical
crystallites, the diameter of the sphere can benastd. However, by combining the
results of the Scherrer and the Warren-Averbachhoust and making reasonable
assumptions regarding crystallite shape and seteilalition it is possible to arrive at a

single size distribution.
1.2.2. Scanning Electron Microscopy (SEM)

Scanning electron microscopy is most commonly leygal for the study of
powder morphology. Two modes of imaging are avélain a scanning electron

microscope: secondary electron imaging and backesed electron imaging.

1.2.2.1. Secondary Electron Imaging (SE) - This mode provides high-resolution
imaging of fine surface morphology. Inelastic elent scattering is caused by the
interaction between the sample's electrons andntiident electrons, which results in
the emission of low-energy electrons from nearsémaple's surface. The topography of
surface features influences the number of electtbasreach the secondary electron
detector from any point on the scanned surfaces [Bleial variation in electron intensity
creates the image contrast that reveals the sumi@cghology. The secondary electron
image resolution for an ideal sample is about 3rbfar a tungsten-filament electron

source SEM or 1.5 nm for field emission SEM.
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1.2.2.2. Backscatter Electron Imaging (BSE) - This mode provides image contrast as a
function of elemental composition, as well as, acef topography. Backscattered
electrons are produced by the elastic interactmeta/een the sample and the incident
electron beam. These high-energy electrons carpedocam much deeper portions of
the sample than secondary electrons, so surfacegtaphy in this mode is not as
accurately resolved as in secondary electron ingagiine production efficiency for
backscattered electrons is proportional to the $ammaterial's mean atomic number,
which results in image contrast as a function ahposition, i.e., higher atomic number
elements appears brighter than low atomic numi@nehts in a backscattered electron
image. The optimum resolution for backscatteredteda imaging is about 5.5 nm.
Scanning electron microscopy can only be used tdiolase images and both
resolution and crystallographic information prowddare limited. Other constraints are
that the samples must be conductive, so non-coivéuctaterials are either carbon or
gold-coated and secondly and elements with atoomeher smaller than the carbon are
not detected with SEM. Modern scanning electron rosicopes can detect

guantitatively elements with atomic number up toomo
1.2.2.3. Energy Dispersive X-Ray Spectroscopy (EDAX)

Energy Dispersive X-Ray Spectroscopy (EDS or EDAX) a chemical
microanalysis technique used in conjunction witAnsing electron microscopy (SEM).
The EDS technique detects X-rays emitted from #meme during bombardment by an
electron beam to characterize the elemental cortiposof the analyzed volume.
Features or phases as small agml or less can be analyzed. When the sample is
bombarded by the electron beam, electrons areeéjéadm the atoms of the sample's
surface. The resulting electron vacancies arelfitlg electrons from a higher state, and
an X-ray is emitted to balance the energy diffeeecbetween the two electronic states.
The X-ray energy is characteristic of the elemeomf which it was emitted. The
EDAX X-ray detector measures the relative abundaicemitted X-rays versus their
energy. Quantitative results can be obtained frbm relative X-ray counts at the
characteristic energy levels for the sample carestits. Semi-quantitative results are
readily available without standards by using mathigral corrections based on the
analysis parameters and the sample compositionaddieracy of standard-less analysis
depends on the sample composition. Greater accuisacgbtained using known

standards with similar structure and compositiothtd of the unknown sample.
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1.2.3. Fourier Transform-Infrared Spectroscopy (FTIR)

Fourier Transform-Infrared Spectroscopy (FTIR)nsamalytical technique used
to identify organic (and in some cases inorganiajemals. This technique measures the
absorption of infrared radiation by the sample malttas a function of wavelength. The
infrared absorption bands identify molecular conmgde and structures. When a
material is irradiated with infrared radiation, ebdsed IR radiation usually excites
molecules into a higher vibrational state. The Vawgth of light absorbed by a
particular molecule is a function of the energyfedénce between the at-rest and
excited vibrational states. The wavelengths tha& absorbed by the sample are
characteristic of its molecular structure. The FElpectrometer uses an interferometer
to modulate the wavelength from a broadband infraeurce. A detector measures the
intensity of transmitted or reflected light as andtion of its wavelength. The signal
obtained from the detector is an interferogram,ciwvhs analyzed with a computer using
Fourier transforms to obtain a single-beam infraspdctrum. The FTIR spectra are
usually presented as plots of intensity versus wawaber (in crit). The intensity can
be plotted as the percentage of light transmittam@bsorbance at each wave number.

11.2.3.1. Qualitative Material Identification: To identify the material being analyzed,
the unknown IR absorption spectrum is compared wiimdard spectra in computer
databases or with a spectrum obtained from a knowaterial. Spectrum matches
identify the polymer or other constituent(s) in te@mple. Absorption bands in the
range of 4000 - 1500 cfrare typically due to functional groups (e.g., -Q340, N-H,

CHs, etc.). The region from 1500 - 400 ¢nis referred to as the fingerprint region.
Absorption bands in this region are generally dusntramolecular phenomena and are
highly specific to each material. The specificitiy tbese bands allows computerized

data searches within reference libraries to idg@timaterial.

1.2.3.2. Quantitative studies using FTIR: Quantitative concentration of a compound
can be determined from the area under the curwehamacteristic regions of the IR
spectrum. Concentration calibration is obtainedebtablishing a standard curve from

spectra for known concentrations.
1.2.4. Particle Size Measurement by Laser Light Sttaring

The Low Angle Laser Light Scattering (LALLS) techoe relies on the fact that
the diffraction angle is inversely proportionalgarticle size. When the laser irradiates
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the particles, if the particle size exceeds the elength of the laser, most of the
particles will scatter the light in the same direat as the laser light (forward

scattering). On the other hand, when the partieke is almost the same or smaller than
the wavelength of the light, the scattered ligltréases in the perpendicular direction
(lateral), and in the direction towards the ligaticce (backward). The particle size can
be calculated from the scattering pattern by udig scattering theory. Mie developed
a general solution for the scattering of light Ipharical particles of any size and any
refractive index. The result of Mie treatment is #ppearance of many maxima in the
intensity of the scattered light as a function ottering angle. The number and
position of these maxima depend on the refracthdex difference and size of the
particle. When a sample contains particles of wevisizes, the scattering pattern will
represent the sum of each particle sizes. This unedsomposite scattering pattern can
be used to determine particle-size distribution doynparing it with pre-calculated

scattering patterns of particles in this size range
1.2.5. BET Surface Area Measurements

BET (Stephen Brunauer, Paul Hugh Emmett, and EdwWaliér, 1938) theory
is a rule for the physical adsorption of gas mdieswn a solid surface and serves as
the basis for the measurement of the specific saréaea of a material The concept is
an extension of the Langmuir theory, which desaitmnolayer molecular adsorption
to multilayer adsorption. The premises of the tlebold under the following

hypotheses:

(a) Solid surface possess uniform, localized sitesthatiadsoption at one site does

not affect adsorption at neighboring sites

(b) Molecules can be adsorbed in second, third.... ahdayter, the surface area

available for the nth layer being equal to the cage of the (n-1)th layer.

(c) The energy of adsorption in the first layet, E assumed to be constant and the
energy of adsoption in succeeding layers is assutmdae same as Ethe
energy of liquefaction of the gas.

Based on the above assumptions, Brunauer, EmnnettTeller derived the following

equation, called BET equation,
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p __ 1 +C—1(_pj [1.11]

Vtotal ( p - po) VmonoC VmonoC po

where Vo IS the volume of the gas adsorbed at the pressu¥g.&o is the volume
adsorbed when the surface of the solid is coveoaaptetely with a monolayer of the
adsorbed molecules of the gas and c is a constgeinding upon the nature of the gas
which is equal to c= exp (EE )/RT, where k is the heat of adsorption in the first layer
and E is the heat of liquefaction of the gas. Since a onstant for a given gas and
Vmono IS @ constant for a given gas-solid system, tio¢ @i P/Voa(Po-P) against P/P
should give a straight line. The slope of the Imgat gives the values of (c-1)/{¥n£)
while the intercept yields the value of 1«£). Thus, from the slope and intercept,
both Vinonoand c¢ can be evaluated. The surface area of gwlaeht is calculated using
the following equation:

_VpxN
Sod = 9241,

where, N - Avogadro’s number andsA cross-sectional area of adsorbate molecule. A

A, [1.12]

large number of adsorption isotherms of gases warigty of adsorbents at different

temperatures are determined.
1.2.6. Thermal Analysis Methods

Thermal analysis comprises a group of techniqueshich a physical property
of a substance is measured as a function of termyperawhile the substance is
subjected to a controlled temperature program.iffierdntial thermal analysis (DTA),
the temperature difference is measured betweennglsaand an inert reference
material when both are subjected to an identicalptrature program. Differential
scanning calorimetry (DSC) relies on the differengeheat input required to maintain
the sample and reference at an identical temperalength or volume changes as a
function of temperature can be measured by dilalgm8oth thermogravimetry and
evolved gas analysis are techniques which rely ampées which decompose at
elevated temperatures. The former monitors chamgélse mass of the specimen on
heating, whereas in the latter the gases evolvdtkating the sample is simultaneously

analyzed along with thermogravimetry.
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1.2.6.1. Differential Thermal Analysis (DTA)

Differential thermal analysis is one in which hezffects associated with
chemical and physical changes of a substance eoededd when it is heated at a linear
rate. The difference in temperature between sarapte reference is plotted against
time, or against temperature. Changes in the samieh lead to the absorption or
evolution of heat can be detected relative to antireference. The baseline of the DTA
curve should then exhibit discontinuities at thangition temperatures and the slope of
the curve at any point will depend on the microdinal constitution at that
temperature. The area under a DTA peak can betasiimate the enthalpy change.

A simple DTA curve may consist of linear portiorisplaced from the abscissa
because the heat capacities and thermal condigsivif the sample and reference
materials are not identical. There are difficultisgh the measurement of transition
temperatures using DTA curves. The onset of the [P&AK in principle gives the start
temperature, but there may be temperature lagsndame on the location of the
thermocouple with respect to the reference and Emmpr the DTA block. It is
necessary to calibrate the apparatus with matesifafgecisely known melting points.
The area under the peak (A) is directly proportidoathe heat of the reaction of the

sample. The peak area is given by

A= ﬂ}é [1.13]
g

where, m is the sample mass, q is the enthalpygehper unit mass, g is a measured
shape factor and K is the thermal conductivity ample. The DTA apparatus is

calibrated for enthalpy by measuring peak areastandard samples over specified
temperature ranges. The calibration should be baged at least two different samples

and employing both heating and cooling experiments.
1.2.6.2. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is concerned with thalysis of the sample weight
change as a function of temperature, as the tertyperis increased at a predetermined
and preferably linear rat@he sample is placed in a small inert pan connetiea
microbalance and heated in a controlled manneoaheld isothermally for a specified
time. The atmosphere around the sample may caofs@st inert gas, such as nitrogen,
or a reactive gas, such as air or oxygen. The rigegdtogram may start in an inert

atmosphere and then be switched to air at a cepwiimt to complete the analysis.
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Weight changes observed at specific temperatuneslate to volatilization of sample
components, decomposition, oxidation/reductiontreas, or other reactions involving
mass changes. Phase transformations that do notvénymass change cannot be

detected by thermogravimetry.

1.2.7. Conductivity Measurements

Two methods are commonly used for the measureni@analuctivity.
1.2.7.1. DC method

Conductivity of the sample can be measured diraatipyg dc methods. This
method usually involves applying a small amplitaidesignal (either voltage or current
to the sample) and measuring the resulting cuenbltage respectively. The change
in voltage divided by the change in current gives lbulk resistance. In the 2- probe dc
method, one of the probes is used to apply theabgmd the other used to measure the
response. On the other hand, in the 4-probe maasuatetwo of the probes are used to
source current and the other two probes are usetkésure voltage. Using four probes
eliminates measurement errors because of the pesistance, the spreading resistance
under each probe, and the contact resistance he®aath metal probe and the material.
This technique involves bringing four equally sphgarobes into contact with the

material of unknown resistance.

1.2.7.2. AC method

This method is alternatively called as electrocloamiimpedance or ac
impedance method. Usually a small ac voltage signapplied and the resulting
current measured. The actual measurements are asindl the common dc
electrochemical methods in that a current resptmsa applied voltage is determined.
The interpretation of data requires different apptes.

The terms resistance and impedance both denotg@@usition to the flow of
electrons or current. In direct current (dc) citspionly resistors produce this effect.
However, in alternate current (ac) circuits, twbest circuit elements, capacitors and
inductors impede the flow of electrons. Impedanaa be expressed as a complex
number, where the resistance is the real comparehthe combined capacitance and
inductance is the imaginary component. The totapeidance in a circuit is the

combined opposition of all its resistors, capasitoand inductors to the flow of
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electrons. Capacitors and inductors affect not dhl magnitude of an alternating

current but also its time-dependent characteristigghase.
1.2.7.2.1 Measurement of | mpedance spectra

Impedance measurements use an ac generator/angbgslly frequency
response analyzer] to provide a voltage signalaralyze current and voltage outputs
from a potentiostat. The setup of the circuit isniEr to dc potentio-dynamic

measurements.
1.2.7.2.2. Two, three and four € ectrodes measurements

Generally, potentiostat or frequency response apalyconsists of four
terminals: working electrode, low and high referetectrode and counter or auxiliary
electrodes. The two, three, and four electrodepsetushown in Fig.1.5. The major
difference between these types of cell arrangensetitat a reference electrode is not
required for the two electrode measurements. Thédiany electrode, often also called
the counter electrode, is an electrode used inmese telectrode electrochemical cell for
reactions in which an electrical current is expedte flow. The auxiliary electrode is
distinct from the reference electrode, which estabk the electrical potential against
which other potentials may be measured, and th&iagrelectrode, at which the cell

reaction takes place.
1.2.7.2.3. Impedance plots

Once an experiment is complete, the raw data dt eeasured frequency consists of

these components:

* The real component of voltage (E’)
* The imaginary component of voltage (E”)
* The real component of current (I)

* The imaginary component of current (I”)

From this data, one can compute the phase ghitind total impedance (Z) for
each applied frequency, as well as capacitanckedties etc.

1.2.7.2.4. The Nyquist Plot

Nyquist plot is one of the popular methods for ea#ihg electrochemical

impedance data. A typical Nyquist plot is showrFig. 1.6. This format is also known
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as a Cole-Cole plot or a complex impedance plaoe fphe Nyquist plot has several

advantages.

* Itis easy to investigate the effects of the ohragistance.
* It emphasizes circuit components that are in sesigsh as R
The Nyquist plot format also has some disadvantages

» Frequency does not appear explicitly.
* Ohmic resistance and polarization resistance caabity read directly from the

Nyquist plot, but the electrode capacitance cancéleulated only after the

frequency information is known.

Potentiostat/'Galvanostar or Potentiostal/Galvanosial or
Freguency Response analvser Freguency Response analyser
CE RE RE WE CE RE RE WE

Portentiostat/'Galvanostarl or
Freguency Response analvser

CE RE RE wE

i -

Fig.1.5 Two, three and four electrode setup fohlirgquency response analyzer and

potentiostat /galvanostat measurements

27



@z — 1/ CRp: @@= 27t

| Decreasing frequency————®
ol (aimx z=

w L
o 10 20 30 40 50 60 70 80 o0 100 110 120
f Real

RO Re = 2/Z/tan 6 Rat Re

Fig.1.6Nyquist Plot for a Simple Electrochemical System

CoL
Ra e
NN ———— Rp |
LV VA4 ¥ oem——

Fa = uncompensated resstance
R= = polanization resistance
CoL = double layer capacitance

Fig.1.7Equivalent Circuit for a Single Electrochemical Cel

As shown in Fig 1.6, the frequency correspondinght top of the semicircley(6 =
MAX), can be used to calculate the capacitancepfi®known. The corresponding
equivalent circuit of this plot is shown in Fig.1@ther plots such as the Bode and
Randles plot exist for the analysis of electrocleainimpedance spectroscopy results.
However, these are not discussed here and ondemea to the literature [Cottis,
1999].

1.2.7.2.5. Area Specific Resistance (ASR) Measurements

Area Specific Resistance is also a cell's electeadbal property and its
behavior as a function of temperature and gas fle provides vital information on
the polarization losses, especially at the int&saclt is dependent on the cell
dimensions. ASR is expressed in unit<uin’. The measured area specific resistance
for a complete cell is dominated by the electrotytenembrane in electrolyte supported
fuel cells. Area specific resistance is calculat®d multiplying the area with the

resistance:

ASR=Rx A [1.14]
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On the other hand, it can also be calculated bytiplyihg the current density (A/cfh

and overpotential (mV).
1.2.8. Measurement of lonic or Electronic Conductiity in Mixed Conductors
1.2.8.1. Hebb-Wagner Method

Measurement of oxygen ion or electronic conduttiof mixed conductors i.e.,
the transport numberdd) is usually carried out using an electron blockimg blocking
electrode technique called Hebb-Wagner polarizatioethod. Fig.1.8 depicts the
schematic diagram of ion blocking electrode celn@asure the electronic conductivity
of MIEC (Mixed lonic Electronic Conductor). Consida MIEC consisting of metal
oxide MO, which is an electronjeand cation (M) conductor. Electrode R on the left
hand side is a reversible electrode’ @nd &both can flow through the electrode) while
electrode C on right hand side is an ion blockiterteode (only electrons can flow
through this electrode). When current is passedutyir the circuit, the following

reaction takes place:

M. - M"+¢ [1.15]

(R)

M * ions flow through MIEC but are blocked at blockiatgctrode C. Electrons can
complete the circuit by passing through electrodelrus, whatever voltage drop is
observed across the MIEC is due to the passagedafans and the value of electronic
conductivity can be calculated. Similarly, ionicnductivity of the MIEC can be
measured by blocking the passage of electrons ¢dnisbe done by using an electron
blocking electrode such as an exclusive ionic cotatuinstead of an ion blocking

electrode).

t R MIEC C

Fig.1.8 Hebb-Wagner polarization measuring cell.
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1.2.8.2. lonic transport number measurement by EMF method

Another method used for the measurement of the itvansport number is the
EMF technique. In EMF measurements, the open tiraaltage across the
electrochemical cell is measured at different andwn chemical potentials of the
mobile species at the two electrodes i.e., undehemical potential gradient. The
gradient can be established by supplying diffega® compositions to the two sides of
the sample or with the use of standard refereneetreddes. The voltage is measured
using a high impedance voltmeter, and is a measiui@nic transport numbers of the
electrolyte. The ionic transport number is theadtetween the measured voltage and

the thermodynamic Nernstian voltage:

tion = —E’m’“’ [1.16]

Nernstian

1.3. FABRICATION PROCESSES

Several fabrication techniques have been usedh&oprocessing of thick and
thin films of electrode and electrolyte materiatsl assembly of a SOFC. These include
tape casting [McPheeters and Claar, 1986; Bag§82,INaiqing et al, 2006, Jang et al,
2002], slurry casting [Hoshina et al, 1990; Murakanal,1991; Arai, 1989], screen
printing [Ji et al, 2003; Matsuzaki and Yasuda, 20B8ong et al, 2006, 2004; Lu et al,
2004; Fukui et al, 2002], slip casting [Arai, 198%&toguchi et al,1990], chemical vapor
deposition [Lin et al, 1989; De Haart et al,1994¢)-gel coating [Jang et al, 2002],
electrophoretic deposition [Negishi et al, 2004méshita et al, 1997; Kruger et al,
2004; Zhitomirsky and Petric, 2004], isostatic greg [Maffei and Kuriakose, 1998;
Ishikawa et al, 2007] and uniaxial pressing [Jakt2003; Huang and Goodenough,
2000; Zheng and Chen, 2008; Gong et al, 2006, 2004t al, 2004; Fukui et al, 2002;
Zhao and Virkar, 2004]. The processed green comysrexe required to be fired at
high temperature to attain the necessary propesieh as density, phase purity,
microstructure etc. Sintering or densification ascduring this heat treatment and is
associated with joining together of particles, votureduction, decrease in porosity and
increase in grain size. The main aim of the sintgriprocess is to produce
microstructures suitable for particular applicaioBome of these techniques are briefly

described below:
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1.3.1. Uniaxial pressing

In uniaxial pressing, a hard steel die is filledhagither dry powder or a powder
with binder and a metal punch is driven into the @ form a coherent compact. Van
der waals forces cause aggregation of fine powdrslers such as polyvinyl alcohol
and lubricants are incorporated into them in otdemprove their flow properties and
homogeneity of the product. It is important tha tinfired or green body has adequate
strength for handling before the firing operatioluring which organic additives are
decomposed. Uniaxial pressing is particularly sluifer forming components with a
simple shape such as flat discs and rings thatbeaproduced to close dimensional

tolerances, thus avoiding post firing diamond maicly operations.
1.3.2. Hot uniaxial pressing

Hot pressing involves simultaneous applicationheat and uniaxial pressure
during sintering. A refractory die, usually graghiis filled with the powder, which
after compaction, is heated in an inert atmosphki@-pressing produces higher
density and smaller grain sizes at lower tempegataompared to uniaxial pressing and
is particularly suited for fabrication of flat pés#t and blocks. Stresses set up by the
applied pressure on contacts between particlegaserthe driving force for sintering

and remove the need for very fine particle sizes.
1.3.3. Isostatic pressing

Hot pressing is limited by the strength of grapldies and fabrication of articles
with simple shapes. In isostatic pressing, a maldfilled with powder and then
subjected to high isostatic pressure transmittedutih a liquid in a pressure vessel.
The mold deforms to compress the powder and regtsnariginal shape when the
pressure is released. Both cold and hot isostatissphg are used for fabrication, the
latter referred to as HIP. Compared to uniaxiakgirgg techniques, isostatic pressing
yields green compacts with higher and more unifalemsity in a wider variety of

geometries although accurate shaping is difficult.
1.3.4. Screen printing

Screen printing is a mechanical printing processreHa paste is squeezed
through the screen opening and adheres to the lymdeobject. The high-viscosity
paste contains particles, binder and solvent. Aftging, i.e. evaporation of the solvent,
a layer adheres to the object. Screen printingsedun polygraphy to manufacture
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posters and pictures, in the ceramics industryhi@pe ceramic articles, and in the
electronics industry to manufacture printed cirdagtards and conductive layers. The
advantages of the process are reproducibility,icoity and low material consumption.
The limitations are the requirement of an even sates size of the screen and
resolution, given by the mesh opening. Anothertitnon is the layer thickness. Only
certain values of thickness are producible astitoknhess of the resulting layer is given
by the screen. Nevertheless, the resolution isicsefit for the use in SOFC layer

production.
1.3.5. Vacuum slip casting process

The slip casting process is usually used to matwfacthree-dimensional
ceramic components. In the vacuum slip castingge®cthe process flow is accelerated
using a vacuum. In principle, slip casting procesaee based upon filling a porous
casting mould with a solid-containing suspensidip)sThe solvents of the slip will be
drawn into the pores of the casting mould, takilogpa the solid. The solid is deposited
at the outline of the casting mould and adds up leyer that can be separated from the
casting mould after drying. For the production d&ifint anode functional layers
and electrolyte layers when producing planar S@lidde Fuel Cells a modified slip
casting process is used. Here, a suspension isedpph a planar, porous anode
substrate in a special apparatus and the solvenaven through the pores. The solids of
the suspension are deposited if the substratégizeal planar and evenly on the surface.

This process shows some advantages for thin fibngssing:

easy and straightforward handling
» serial production, if automated
» excellent quality of the produced layers

» reproducibility of the layer thickness, uniform dkiness and structure

throughout the layer
e 2to 50um layers
» little waste (the solvent can be re-used)

* long-term stable suspensions can be produced witftort
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The disadvantage of this process is the handlingrge quantities of solvents and the
limitation in the thickness of the layer. Therealso a big influence of the structure of
the substrate (surface topography, pore size, gistgbution, density distribution, and
absorbency) on the quality of the layer in termsafls and impermeability.

1.3.6. Electrophoretic deposition (EPD)

Electrophoretic deposition (EPD) is recognizedleas most versatile technique
for particulate processing in terms of the widegenf dimensions it can be applied to,
the thickness of deposits it can produce as cordparether powder processing routes,
and its applicability to nanoparticles and nanopewdssembly. A schematic of the
EPD process is shown in Fig. 1.9. Electrophoretepdsition (EPD) is a forming
process where charged particles in a solution ansatidated on a substrate in a DC
electric field. This field causes the particlesmove, and deposit on, the oppositely
charged electrode. EPD is a combination of two gsees, i.e. electrophoresis and
deposition. Electrophoresis controls the motiorthef charged particles in the electric
field while the deposition mechanisms control thiddup of the dense particle layer on
the electrode. EPD should not be confused withtreleteposition, where ions are
deposited and discharged at the electrode. EPDresgeolloidally stable suspensions
where the particles carry a substantial charge.

The most common dispersion medium used in EPChened, because aqueous-
based suspensions have the disadvantage of eyscirolAlthough electrostatic
stabilization is considered most effective in aqueonedium, a substantial surface
charge density with the associated counter ionrlaysolution can also be created in
ethanol media. In aqueous media, high surface ehdepsities can be obtained by
working far away from the point of zero chargé'peg of the powder. A similar
approach can also be used in non-aqueous mediagdgdathat an operational pH scale
(p™) and thus an isoelectric point, ple for the specific solvent can be defined. The
operational pH can be controlled by adding strocidsaand bases to the suspension,
e.g. HCl and LiOH.

The rate of formation of the consolidated layer imyr EPD is directly
proportional to the amount of charge that has phssmugh the cell. When EPD
proceeds under constant-current conditions, thesitgal weight increases linearly with
time. However, in order to maintain constant-curresnditions, the voltage has to be

continuously increased as the deposit induces ereased electrical resistance to the
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system. Under constant-voltage conditions, the ratie between the electrodes is

maintained constant, which results in a decreagpogition rate as the deposit builds

up.
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Fig.1.9Schematic representation of the electrophoretiosiépn process.
1.3.7. Tape casting techniques

Tape casting is a well-known low cost process &yamic material shaping and
is particularly well-suited for the fabrication tfin (20um up to 50Qum) components.
It can be used to produce a wide variety of col@doinorphologies, from highly porous
to fully dense microstructures. Tape casting alfer® a very useful possibility of
stacking green tapes to obtain a multilayered fpralduct. For a given powder, the
sintering behaviour of green tapes, and hence fimair microstructure, depends on the
arrangement, dispersion and homogeneity of theirgjaceramic powder particles in
the slurry. As a consequence, the slurry formutai® the most crucial step in the
shaping process.

Generally, the slurry is composed of a mixture efesal organic and inorganic
compounds. The organic components are usually thdeh the dispersant, the
plasticizer, the solvent in the case of organietapsting, and possibly some other
additives like wetting agents, defoamers or pomenéss if porosity is desired in the
final microstructure. The inorganic compounds ideuthe ceramic powders to be
shaped, sintering additives, and water as the sbfee aqueous tape casting. All the
organic components remain in the green tape affemgl Since they are removed when
heated at elevated temperature, they give riseot@sp which cannot always be

eliminated during the sintering treatment. Consatyethe ratio of the amount of
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powder and organic compounds, and hence the fimaiuflation of the slurry, must be
fine-tuned in order to tailor the final microstrucé. Amongst the slurry characteristics,
the stability is of utmost importance. Polarizatioteractions take place at the solid—
liquid interface, interactions whose intensity gangethe slurry stability. Consequently,
the value of the dielectric constant of the liquidtermines the slurry stability, and
hence the choice of solvent, which in turn detegwirthe choice of all the other
additives. The other forces acting on the particteshe slurry are gravity, which
depends on the particle mass (and indirectly sae{l, the attractive Van der Waals
interactions, which promote flocculation and achiagt the stability of the slurry. On
the other hand, thermal agitation, electrostatid steric repulsive forces promote the
dispersion of the particles and therefore increheestability of the slurry. The role of
the dispersant agent is precisely to enhance tkasity of these dispersive forces. The
second important slurry characteristic is the \&#gp which determines the viability of
the process to cast green tapes. The slurry vigceaiies as a function of the amount
of solvent per unit volume; it needs to be pregisatfljusted to allow for a good

dispersion of the powder as well as for efficieissdlution of the binder.
1.3.8. Solid state sintering

The driving force for sintering is the reductionsurface free energy associated
with a decrease of surface area in powder compatts.vapor pressure difference
across a curved interface can enhance evaporatom farticle surfaces and
condensation at the neck between two particlesho@gh, this evaporation-
condensation process produces changes in pore shdp@ins particles together, the
centre-to-centre distance between particles remeamstant so that shrinkage and
densification do not occur. For ceramic powderdhwaw vapor pressure, the driving
force is the difference in free energy betweenrtbek region and surface of particles.
As for the evaporation-condensation pathway, traridpom surface to neck by surface
and lattice diffusion does not cause densificatibimis is produced only by diffusion
from the grain boundary between particles and fteenbulk lattice. Covalent ceramics
such as SN, are more difficult to sinter to high density thamic solids for example
Al, O3 because of lower atomic mobilities, although diifties can be overcome by

using very fine powders (<0dm), high temperature and pressure.

35



1.4. SCOPE OF THE THESIS
1.4.1. Relevance

Fuel cells are envisaged to be among the potefittate power generators
because they offer a clean, pollution free techyplfor the generation of electricity
with high efficiency. Solid oxide fuel cells arepected to be useful both for captive
and distributed power generation. Conventionaldsokide fuel cells using stabilized
zirconia as the solid electrolyte operate at aral®@CFC because the ionic conductivity
of the electrolyte is not sufficient at lower temgterres. At these high temperatures
several problems associated with materials of cocisbn, thermal mismatch between
cell components, development of sealants to witlistagh temperatures and formation
of insulating phases at the electrode-electrolgterface are present. Solid oxide fuel
cells operating at lower temperatures (600°8)0will offer tremendous advantages.
The main aim of this thesis is to develop materfals electrolyte and electrodes
(cathode and anode) for intermediate temperatureé sgide fuel cells that have high

conductivity and have thermal compatibility betwéleam.
1.4.2. Objectives

* Synthesis of various perovskite oxides used inrinégliate Temperature solid
Oxide Fuel cells by various wet chemical routes ahdracterization of their
structural, physical and electrical properties.

e Synthesis of pure phases of doped lanthanum gall8&M [LaSKGa-
yMgyOs5, (x=0.0-0.3, y=0.0-0.3)] and investigation of tt@mposition range of
stability of LaxSiGa-.,Mg,0s5 at 700 and 1508C with respect to doping at
the A- and B-sites by phase equilibration.

* Measurement of the electrical conductivity of LSGMa;,SrGa-yMgyOs.
x=0.0-0.2, y=0.0-0.3) as a function of temperatmd composition

* Single cell assembly, area specific resistance umeasent and testing of
electrolyte supported single cells in gas atmosger

The overall objective is the development and tgsbh intermediate temperature

solid oxide fuel cells.
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CHAPTER Il

REVIEW OF LITERATURE
2.1. INTRODUCTION

The state of the art solid oxide fuel cells areeda®sn (¥:03)ZrO, solid
electrolyte, lanthanum manganite as cathode, Ni£&®met as anode and lanthanum
chromite as interconnect [Minh, 1993; Basu et 802 Van Herle et al, 2001]. They
have a planar configuration and operate in the &atpre range of 800-10%D [Basu
et al 2005; Hwang et al 2005; Duquette and Pe®i@42 Ishihara et al 2004]. High
temperature of operation of the SOFC is dictatedhleyionic conductivity requirement
of the solid electrolyte (>0.1 S/cm). Further, thare several other advantages of high
temperature operation such as high ionic condugtilow interfacial resistance, faster
kinetics, the elimination of a reformer for the hychrbons and the possibility of co-
generation. However, the higher temperature of aipmr of solid oxide fuel cells
results in several material problems, requirementhigh temperature sealing and
therefore a high cost. Therefore, from the mater@hd cost point of view, it is
advantageous to operate the fuel cells at intermbedemperatures of 600-8@) which
retains the advantages of not having a separatemref and co-generation but imposes
less stringent requirements on the materials. Asehtemperatures, one can use less
expensive and well-established ferritic stainlessels for interconnect and cell
construction. Further, at lower temperatures, beeaof lower thermal stresses and
slower kinetics, the thermal and chemical complatbrequirements are much less
stringent. However, the main limitation of opergtitihe solid oxide fuel cell at lower
temperature is to find alternate oxygen ion conidgctlectrolyte materials, which have
comparable ionic conductivities at these lower terajures. Further, lower
temperatures also result in higher interfacialstesices, slower electrode reactions and
low reforming efficiency. In addition to the condiwdty requirements of the solid
electrolyte, thermal and chemical compatibility withe anode and cathode as well as
stability under both oxidizing and reducing cormhitg are the other essential

requirements.
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2.2. MATERIALS FOR INTERMEDIATE TEMPERATURE SOLID O XIDE
FUEL CELLS

Since the discovery of high and exclusive oxygem ¢conductivity in doped
cubic zirconia by Kiukkola and Wagner [1957]; saleother materials with high
oxygen ion conductivity have been reported in tterdture. Oxygen ion conductivity
has not only been restricted to the cubic fluogtaeicture, but has been found in
perovskite and pyrochlore structures [Routbortl,e2@00; Doshi and coworkers, 1999;
Burggraaf et al, 1981; Van Dijk et al, 1983 and 3;98loriga et al, 1989; Shukla and
Gopalakrishnan, 1995; Moon and Tuller, 1989; Kraeteal, 1994; Kharton et al, 2004;
and Skinner, 2001]. The latest developments in ewmydgon conducting solid
electrolytes have been reviewed recently [Khartorale 2004; Goodenough, 1997;
Skinner and Kilner, 2003; Boivin, 2001; Goodenoud03]. The oxygen ion
conductivity as a function of temperature for savesolid electrolytes is shown in
Fig.2.1[Krumpelt et al, 2002]. It is seen that there areesal materials that have much

superior ionic conductivity at lower temperaturbart (Y>03)ZrO,. These included-

Bi20z, C&.9Gth.1025 and La eSro.2GaysMdo.2035. Among thesed-Bi>Os is not stable
and dissociates at lowerop and higher temperature and (@8d 10,5 exhibits
significant electronic conductivity at lower oxygeguartial pressures because of
reduction from CE to Cé&3 The most promising electrolyte candidate for low
intermediate temperature SOFC is La(Sr)Ga(Mgkpown as LSGM which has a
perovskite structure and ionic conductivity abduee orders of magnitude higher than
(Y203)ZrO, in the temperature range of 600-800 Although La(Sr)Ga(Mg)©has a
thermal conductivity similar to (X03)ZrO, and therefore the same cathode and anode
materials can in principle be used, the chemicatgatibility between these materials
are not well established. It has been reported4i@ reacts with lanthanum oxide and
forms several stable interoxide compounds [Minf@3tBasu et al, 2005; Van Herle et
al, 2001] and therefore zirconia-based materialat suitable for use as anode when
LSGM is used as an electrolyte.

Further, lanthanum-manganite, which is used astfzoda in the conventional
SOFC offers very high interfacial resistance atdathode-electrolyte interface. This is
shown in Fig. 2.2 in comparison to several otheoyskite oxides, which have high
mixed (electronic and ionic) conductivity and atemnative cathode materials for use
in LSGM based SOFC [Gong et al, 2004]. Among thémethanum cobaltite has a
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lower electronic conductivity but higher thermalparsion compatibility with LSGM,
whereas lanthanum ferrite (LSF) has lower thermipbhasion compatibility but higher
electronic conductivity [Kawada and Yokokawa, 1997has been reported that mixed
La(Sr)Fe(Co)@ (LSCF) has the optimum combination of electroromductivity and
thermal expansion compatibility with LSGM. Nickeadr cobalt-based LSGM cermets
can be used as anode.

T(°C)
1000 900 800 700 600 500 400

(=]
B

1500

2

2
Electrolyte Thickness for 0.15 Qcm (um)

150

Laa.asru.zea D.B3M guzo 3d

=}
[

Goodenough''®)

Bmol% Y,0,-Zr0,
(Yamamoto!'™)

Electrical Conductivity (2 'ecm™)
)
kA

=]
S

015

9mol% Sc,0,-ZrCy
100 : - - Wamamoto"h]

T 0015
08 1.0 12 14 16

1000/ T(K)
Fig.2.1 The conductivities of potential solid oxypgen electrolytes [Krumpelt et al,
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In recent times, La(Sr)Cr(Mn)}Ois also reported to be having the requisite
electronic and ionic conductivity and stability @ndeducing atmosphere for use as an
anode [Atkinson et al, 2004].
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2.3. SYNTHESIS METHODS

The conventional solid-state reaction method igeneral employed to prepare
mixed oxide compounds because of its lower manuifgf cost and simplicity.
Several investigators [Westphal et al, 2000; Sameted, 1998; Matsuda et al, 2004;
Cheng and Navrotsky, 2004; Gorelov et al, 2001; Kimd Yoo, 2001] have employed a
solid-state reaction method to synthesize peroest@ramic oxides pertinent to IT-
SOFC. However, this method, in general requiresiaiion temperatures higher than
1500°C and time period in excess of 24 hours to obtgiura single phase resulting in
coarse particle sizes. In order to overcome thessddantages, a number of synthetic
routes like citrate - gel [Spinicci et al, 2001; yBaoun and Sale, 1982; Tas and
coworkers, 2000; Sinquin et al, 2001; Stolen etl8B8; Polini and coworkers, 2004;
Basu et al, 2004; Amow et al, 2004], co-preciptatiJohnson et al, 1976; Prokudina et
al, 1974; Jiang, 2003; Jiang and Love, 2003; Tadpko al, 2004; Zhang et al, 2003],
combustion [Coffey et al, 2003; Aruna et al, 199hu et al, 2005; Rossignol and
coworkers, 2004; Anderson et al, 2004; Gao et @)3P and super-homogenous co-
precipitation [Chiang et al, 1997; Huang and cowosk 1996; Gonzalez et al, 1997]

methods have been reported in the literature ®ptieparation of these oxides.
2.4. SYNTHESIS-PROCESSING-STRUCTURE — PROPERTY CORELATION

Zheng and Pederson [19981999] have studied the crystal structure and
thermodynamic properties of lanthanum strontium gaaites. They found that the Sr-
content and A:B cation ratio influences the peraesistructure. An orthorhombic
distortion occurs when 0.2 mol of Sr is doped & plerovskite structure. For 0s2Sr<
0.3 mol, this changed to a monoclinic or hexagairaicture. For higher Sr contents, it
transforms again to an orthorhombic structure. ritimaet al [1999] have observed that
the incorporation of Ni in lanthanum ferrite resulin increasing oxygen non-
stoichiometry, electrical conductivity and therne{pansion coefficient. As the Ni
content increases, the oxygen permeation increahkes to increased vacancy
concentration and bulk conductivity.

The properties of A-site deficient .51 4Cay oFey s035 have been studied by
Kostogloudis and Ftikos [1999]. They observed thasite deficiency leads to a
rhombohedral deviation from the perovskite struetdihe lattice parameters increased
with A-site deficiency. The electrical conductivity the materials also increased up to
600°C and thereafter decreased due to loss of lattiggem. Tu et al [1999] observed
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that the electrical conductivity of kaSr CaygFen 035 (Ln = La, Pr, Nd, Sm or Gd)
shows a semi-conducting behavior at low temperatme metallic behaviour at high
temperatures. Among these, Nd at the A-site shotwedbest catalytic activity for
oxygen reduction. Kharton and coworkers [2001] fbuihat sub-micron LaCoO
powders obtained through a cellulose precursornigole or a combustion synthesis
process showed a much better sinterability in corspa to the powder prepared by the
standard solid state synthesis technique. Furthey, also found that the influence of
the processing route on lattice parameter, eleictimynductivity and thermal expansion
of LaCoQ was negligible.

The effect of synthetic route on sintering behaviphase purity and
conductivity of La..SkGa.yMg,Os powders containing different amounts of %Sand
Mg*? was studied by Polini et al [2004]. They could nbtain pure powder even after
10 hours of calcination at 150C. The amount of Sr- and Ga- containing secondary
phase was found to depend on the concentrationopfirds. Gao et al [2003]
investigated the electrochemical behaviour of 4S% 4Co JFe ¢035 (LN = Ce, Gd, Sm,
Dy) for use as cathode in ITSOFC. They observetlalhdahe compounds investigated
by them have a good chemical compatibility with 8aped Ce@® electrolyte.
Dyo.6Shh.4CopFen 035 showed higher catalytic activity for oxygen dissdion.
Matsuda and coworkers [2004] have studied the emite of Ga-doping at the Co-site
on lattice parameter, microstructure, thermal egman coefficient and electrical
conductivity of La gSrp.4Co0; (LSC). They observed that the lattice parametétkis
compound increased with Ga-doping up te:>0.2 and un-indexed secondary phases
formed when %= 0.3. It was also found that the inter-diffusion@d into LSC causes
unfavorable changes in the cathode performanceicgpet al [2001] have investigated
the catalytic activity of LaM@ (M = Mn, Co and Fe) for hexane total oxidationeTh
activity for the hexane oxidation was found to ease in the order: LaFg® LaCoQ
> LaMnG; > PdO/ALOs. The thermodynamic properties of Lakehd LaCoQ from
T = 13 to 1000 K have been investigated by Stolesh @workers [1998]. They found
that both compounds undergo electronic transitibagieQ a magnetic order-disorder
transition at 735 K and LaCa(a continuous low to intermediate to high spin $raon
which gives rise to heat capacity maxima at 60 & &80 K.

Nakayama et al [2003] have studied the synthesisaGbQ; by different routes

(namely solid state synthesis from,0g and CoO, co-precipitation from L(&,04)3
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n.H,O and Co@0,.m H,O and hetero complex La [CofQ,)3]. 8.5 HO and evaluated
them for homogeneity, sinterability and conductivithey found that the homogeneity
was more in the hetero-complex but the conductivitys lower by an order of
magnitude than that of LaCg@Qrom the other two methods. Sinquin et al [2001]
studied the formation of LaMO(M = Co, Mn) by propionate precursors. They
attributed the better stability of LaMnOin the presence of €lto a better
thermodynamic stability of the oxygen-rich LaMfi©phase obtained after calcination.
Berger et al [2003] carried out a structural andphological investigation on pure and
doped-LaMxCo0O; (M=Sr,Ca; x=0,0.1) synthesized using alanine-bgsextursors.
They found that the alanine nitrate method resuitechano sized powders of the
perovskite phase (with rhombohedral distortion)hwiery large surface area. Aruna
and coworkers [1997] studied the synthesis andinalon behavior of pure and Sr-
doped lanthanum manganites. They observed thatMh& content in LaMn@
decreases on calcination resulting in a phase faamation from cubic to
rhombohedral structure at high temperature. Theg abserved an increase in thermal
expansion coefficient with increasing Sr content.

Lanthanum gallate powders doped with alkaline esmeh oxides were densified
using an activated microwave sintering process giiemgada et al 2003]. They found
that a dense electrolyte layer could be developedhls method for application in
intermediate temperature solid oxide fuel cells.ably and coworkers [1998] have
synthesized Sr- and Mg- doped lanthanum gallatengussol-gel, Pechini and
hydrothermal preparation techniques. They coul@ialgingle phase LSGM by sol-gel
and Pechini methods, but not by hydrothermal treatmiThe powders showed a mean
particle size of 50 nm (TEM) with a BET surface amf 5 nf/g but hydrothermal
treatment of the gel did not produce well-crysraiti powders. The primary as well as
secondary phases formed in Sr- and Mg- doped lanthagallate as the dopant
concentration is changed was studied by Du and Sani2@01]. They found that when
the ratio of A- to B-site exceeded unity, trace amtoof secondary phases appeared
along with the primary perovskite-phase. When chepghe doping content and
varying the A/B ratio (less than unity), one caeate sufficient oxygen deficiency and
high concentration of oxygen vacancies requiredfdaailitate high oxygen ionic
conductivity. Du and Sammes [2001] studied the i€ation procedure, parameter
optimization and selection of additives towards éR&usion of tubular form of Sr- and

Mg- doped lanthanum gallate. Kurumada et al [200&asured the electrical
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conductivity of Sr-doped gallate as a function ehperature by ac and dc impedance
techniques. They observed that the migration enefggxide ions within the grains
becomes considerably large when Sr dopant contemiria the A-site increases from
0 to 0.1. They attributed this to lattice distonticaused by a large difference in ionic
radii of Mg"? and G&>.

2.5. STABILITY RANGE AND PHASE EQUILIBRIUM IN Sr, M g- DOPED
LANTHANUM GALLATE

The perovskite phase L#HrGa-yMgyOs.x+y)y2 (LSGM) has superior oxygen
ion conductivity compared to yttria or scandia dbjgebic zirconia in the temperature
range 600-100T [Ishihara et al, 1994; Inaba and Tagawa, 19968 ®xygen ion
conductivity depends on the oxygen vacancy conagoir introduced by the doping of
aliovalent cations (Sr and Mg) at the A- and Bssitef the perovskite structure.
However, synthesis of the pure perovskite phastr iand Mg doped lanthanum gallate
has been found to be difficult. The synthesized M5{® many cases is reported to
contain small amount of undesired phases such 883z0; and LaSrGa@|[Djurado
and Labeau, 1998; Khanlou et al, 2000]. A varietyother phases (L&s;, MgO,
SrGa0s LaGaOy, LagGas012, MgGaOs, LaSrQ, MgGalLaO;) has also been
reported to co-exist with the perovskite phase L@&HDjurado and labeau, 1998;
Matraszek et al, 2004]. Presence of non-condustagndary phases seriously impedes
the oxygen ion mobility and thereby conductivityndledge of the solubility of Sr
and Mg at the A- and B- sites and phase relatinriee quaternary system Jd@-SrO-
Ga03-MgO at the operational temperature range of thel fiells is essential to
optimize the processing conditions for achieving tmghest dopant concentration
without the precipitation of the secondary phases.

The phase diagram of the Ax-Ga0O3; system [Mizuno et al, 1985; Zinkevich
et al, 2006] indicates that the compound Lagas3toichiometric (negligible solubility
of La;O3 and GaOs) melting congruently at 171% (Fig.2.3). At La/Ga<1, it is in
equilibrium with GaOs; at 1345°C, after which, it is in equilibrium with a eutecti
liquid. At La/Ga>1, it is in equilibrium with ano#h stoichiometric compound
La,Ga0Oq. No information is available in the literature e solubility of SrO in Lg0;
although the presence of two binary compounds$St@, and LaSr,Os in this system
has been reported [Zheng and Pederson, 2004; Madjestsal, 2001]. Similarly,

although the complete phase diagram of the Mg@@gaystem is not available, a
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partial phase diagram of the sub-solidus range gixgen by Schmalzried [1961]. The
solubility of MgO in GaOs is stipulated to be less than 40 mol % beyond Wwfhiics in
equilibrium with a spinel phase Mg&a [Majewski et al, 2001]. At larger Mg
concentrations, the perovskite phase is shown toinbesquilibrium with MgO

[Majewski et al, 2001].
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The spinel phase exists over a stoichiometric rdgMgeGa ratio from 35:65 to 40:60)
and melts congruently above 1680. One stoichiometric compound Mgl has
been reported in the binary 4@-MgO system. Phase equilibria in the ternary sub-
systems Lg03-Ga03-SrO and La03;-Ga03-MgO have been studied by Majewski and
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co-workers [2001] at 140€C in air and Matraszek et al [2004] at 900 and 1400
Majewski and co-workers [2001] reported a maximuulsility of Sr in LaGaQ of 4-

6 mol% and they found LaGaQo be in equilibrium with G#3;, LasGaOs and
LaSrGaO;. Interestingly, it is seen from their phase diagtaat LaGa®@ cannot be in
thermodynamic equilibrium with LaSrGaOAt equilibrium, as Sr is doped to pure
LaGaQ, first LaSrGagO; forms after saturation solubility is reached andther
increase of Sr doping results in the three phasgliegum LaGaQ-LaSrGaOr-
La,Ga0Oy. LaSrGaQ can only form at the expense of LaGa@hen the Ga
concentration goes below 40-50 mol % or SrO coma@noh exceeds 15 mol %. The
phase LaSrG®; was found to exhibit an extended homogeneity regamging from
La; 5SihsGas0; to LaysSnh :GaOso. Matraszek et al [2004] reported a maximum
solubility of 2 mol % Sr in LaGa$) They also confirmed the non-stoichiometry range
for LaSrGaO; and could not identify the phase LaSrGa®equilibrium with LaGa@
Majewski and co-workers [2001] found that in thentey system L#Ds;-Ga03-MgO at
1400°C, the maximum solubility of Mg in LaGaQwvas only 4-5 mol % and that
LaGaQ was found to be in thermodynamic equilibrium wi@e0s;, La;GaOo,
MgGa0, and MgO. At equilibrium, as Mg was doped to pue€saQ, after saturation
solubility, initially GaOs was in equilibrium with LaGag) further Mg addition resulted
in a shift to perovskite+MgG®, equilibrium and beyond 20 mol% Mg resulted in the
formation of MgO in equilibrium with the perovskiphase. Depletion of gallium below
the stoichiometric value will result in the fornati of LagGa,0y and also promote the
formation of MgO in preference to Mggay. Although Matraszek and coworkers
[2004] also observed that LaGa®as in thermodynamic equilibrium only with &3,
La,Ga0Oy, MgGa0,4 and MgO, they found two additional compounds Mg&e&l; and
MgGayLaOyg in this system. Further, they observed in theidgtthat the solubility of
MgO in LaGaQ was far higher (up to 20 mol %). In contrast, Sasaret al [1998]
found by XRD and Raman spectroscopy that up to @b%nSr and only 5 mol % Mg
could be doped in pure LaGa@t 1500°C without the formation of the second phase.
With increasing Sr, LaSrG@; and with increasing Mg, L&a0y was found to form
as the second phase in their study. The formatidragi5809 at only 5 mol % Mg in
LaGaQ might have been influenced by the vaporizationGaef at 1500°C and the
consequent change in bulk composition. Chen and) F2004] reported a maximum
solubility of less than 10 mol % SrO in pure LaGa®d MgO solubility in excess of
20% in pure LaGa®)
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The quaternary system La©GaO SrO-MgO has also been investigated by
Huang and coworkers [1998, 2000] between 800-1%00Majewski et al [2001] at
1400 °C, Rozumek and coworkers [2003] between 1100-1%00Matraszek et al
[2004], Zheng and co-workers [2004] at 15@0and Liu et al [2006] at 156C. Huang
and coworkers [1998, 2000] showed a stoichiomeinge of more than 10 mol % for
pure LaGa@ which is inconsistent with the binary phase diagmaf this system and
previous reports They observed that the solubdity5rO and MgO in the perovskite
phase were 20 mol % each when doped togetherelphase diagram depicted by them
for the temperature range 800-15%D, the perovskite phase was shown to be in
equilibrium with LaSrGgO; and LaSrGa@ From the ternary diagram for the La®
GaQ 5SrO system, it is clear that LaGa€annot be in equilibrium with LaSrGaénd
therefore the phase diagram shown by them is nadtiastlf partial vaporization of Ga
occurs, then the bulk composition shifts toward®© Sich regions wherein the
formation of LaSrGa@is feasible. Majewski and co-workers [2001] aléserved that
when both Sr and Mg were doped at the La and @s, dite solubility was enhanced
from 4-5 mol% individually in LaGa@to 20 mol % each at 1673 K. They observed
that the solubility of both Sr and Mg when simuttansly doped decreased drastically
with temperature and at 1180, the combined solubility of Sr and Mg was lesantR-

3 mol %. However, the phase equilibration studiasied out by Rozumek and co-
workers [2003] at 656C (for up to 1500 h) indicated a reasonably largamositional
range of stability and failed to detect any secoypgdases which they attributed to
non-attainment of equilibrium. Majewski et al [2Q0fpostulated four 3-phase regions;
LaGaQ+LaSrGaQ+LaSrGa0, LaGaQ+LaSrGaO,+MgO,
LaGaQ+LaSrGaQ+MgO and LaGagrLa;GaOys+MgO and one 4-phase region
LaGaQ+LaSrGaQ+LaSrGaO;+MgO to co-exist with the perovskite phase at 1400
The phase diagram depicted by Majewski and cowerk2001] at 1673 K is in-
consistent in several respects and appears tospomd to metastable equilibria. The
relevant 2-phase regions separating the 3-phasens2ave not been shown in their
diagram. Further, for a 4-component system at emmdemperature and pressure, 4-
phase equilibrium is invariant. They have shown4kghase equilibrium to exist over a
wide composition range. The equilibrium co-existernd LaGaQ with LaSrGaQ is
also inconsistent with the corresponding ternaggdim for the La@s-GaO sSrO
system. Rozumek and co-workers [2003] construttethermal phase diagrams at
1100, 1200, 1400 and 150C of the LaGa@SrGaQ sLaMg0O, s system and have
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shown the perovskite LSGM phase to be surroundetthieye- and four- phase regions;
LaGaG+LaSrGaQ+MgO, LaGaQ@+LaSrGaQ+LaSrGaO;+MgO and
LaGaQ+LaSrGaQ+La;GaOyt+MgO at all these temperatures. They mentioned that
the phase diagram depictions did not fully compighvihe theoretical rules for the
topological design of quaternary phase diagrantenms of the absence of two-phase
regions separating the 3- and 4-phase regions. wehe presence of two 4-phase
equilibria at constant T and P over a compositimnge was not explained by them.
Matraszek et al [2004] studied the solid phaseldbgiai in the system L#s;-GaOs-
MgO-SrO near the solubility lobe of the LSGM phasair at 900°C (equilibration for
720 h) and 1408C (240 h equilibration). The samples for equiliatwere prepared
by the Pechini method ensuring atomic scale mixifigey found that complete
equilibration was not achieved at 98D (because of the co-existence of the phases
LaGaQ, LayGaOg, SrLaGa@ and SrLaGgD,; at 900°C which according to them is
thermodynamically impossible) and therefore rembttee phase diagram only at 1400
°C. It is difficult to perceive non-attainment ofglprium in 720 h at 906C especially
since Pechini method of synthesis would have redult atomic level mixing and much
smaller diffusion distances. The simultaneous sbitytof Sr and Mg in the LSGM
phase was found to be in excess of 20 mol % eathQ°C. They also observed that
the perovskite LSGM phase was bound by three- amadr- f phase regions;
LSGM+MgGalLaO;+MgO, LSGM+MgGalLgO,+MgO+SrLaGaq,
LSGM+SrLaGa@+MgO, LSGM+SrLaGa@+SrLaGaO;+MgO and
LSGM+SrLaGa@+SrLaGaO;. They stipulated the possibility of two other 3agk
equilibria LaGa@+MgGa0,+MgO and LaGag@-MgGalaO-+La,GaOg at 1400°C.
The phase equilibria stipulated by Matraszek angotckers [2004] was different from
that postulated by Majewski et al [2001] and Rozkinad co-workers [2003].
Matraszek et al [2004] reported an additional phdMgGalaO; to co-exist in
equilibrium with the perovskite phase. Surprisingly their study, according to the
ternary phase diagram for the BgLa,0s-MgO system constructed by them, the
perovskite phase LaGaQannot co-exist with MgGak®y i.e., their ternary and
quaternary diagrams are mutually inconsistent. Tipdiase diagram also did not
comply with the topological rules for the quatesnphase diagram with respect to the
existence of 2-phase regions and the existenceptfade equilibria over a range of
composition at constant T and P. Zheng and co-wsrkg004] investigated phase
constitution in Sr and Mg doped LaGa€ystem at 1508C (equilibration for 9 h) in

47



terms of doping at the A- and B-sites (0-20 mol%ath site) as well as a function of
A/B ratio (between 0.95 to 1.05). They observed fioa the stoichiometric LSGM
phase (i.e., A/B=1), up to 10 mol % Sr and 20 moMg could be simultaneously
doped without the formation of secondary phasesOgand SrLaGgD; co-existed in
equilibrium with the perovskite LSGM phase at A&ios<1 and L&Ga0y, LasSrO;
and SrLaGa@coexisted with LSGM at A/B ratios>1. Liu et al [] also constructed
the phase diagram at the LaGa®@h end of the LaGag6rGaQ s-LaMgO, 5 system at
1500°C (equilibration time up to 36 h). They observedltthithough the solubility of Sr
in LaGaQ was only 4 mol % and that of Mg was 28 mol % ingpuaGaQ, when
doubly doped the solubility limit of Sr was raisedmore than 25 mol % and that of
Mg to more than 28 mol %. However, they have depliche single phase perovskite
region to be interrupted by two 2-phase regions M$GaSrGaQ and
LSGM+LaSrGg0O; as the Sr content is increased. This defies thes rof phase
diagram construction and does not have any meanhhgperovskite LSGM phase was
bound at the outside by a three phase region LSGIM8#GaQ+LaSrGa0O; as Sr
content was increased. However, the secondary pirasitating from the perovskite
phase when Mg solubility in the perovskite phases waceeded was not depicted.
Huang and coworkers [1996] found that by doublyidg®Br and Mg at the A- and B-
sites, the solubility of Sr and Mg could be enhahime25 and 20 mol % respectively at
1470 °C, beyond which LaSrGaOprecipitated upon increasing Mg content and
LaSrGaO; precipitated when the solubility of Sr was excekd&hey also found
regions of three phase equilibrium correspondind-$6M+LaSrGa@+LaSrGaO0..
Gorelov and co-workers [2001] observed that wherai@ Mg was simultaneously
doped in the perovskite phase LaGa@he limiting solubility was enhanced to
x=y=0.16 at 1743 K. If excess Sr and/or Mg is addeaSrGa0O; and/or LaGa0Oqy
phases formed respectively in addition to the Lagp€rovskite phase. The phase
La,GaOg possibly formed because of the evaporation ofigalland the consequent
shift in bulk composition of LaGaf Datta and co-workers [2007] made a semi-
quantitative estimation of the impurity phases 1G&0;, LaSrGaQ and LaGaOqy
formed as a function of concentration of Sr and Mdghe A and B sites in LSGM
synthesized by solid state reaction method an@rsidtat 1500C for 12 h in static air
atmosphere. They noticed that at a given Sr conteatrelative amount of secondary
phases decreased with increase in Mg concentratimhat a given Mg content, it

increased with Sr content. It is therefore cleat the solubility limits of Sr and Mg in
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the LSGM phase as well as phase equilibrium ingiheternary system L@;-Ga0Os-
SrO-MgO has not been well established. The phasgains projected in the literature
are in several respects inconsistent with pha®s.aurther, systematic studies on the
phase equilibrium in LSGM as a function of Sr andy Moncentrations at the
operational range of temperature of Intermediatgerature solid oxide fuel Cell (600-
800°C) which is of foremost importance to ascertaintthee dependent degradation of
the cell is lacking.

It has been reported that the phase purity anchétere and amounts of the
secondary phases that form not only depend ondheenitration of dopants in the A-
and B- sites and the A/B ratio, but is also a fiomcbf the synthesis method, sintering
temperature and time, oxidizing or reducing atmesptand whether the equilibration
was done on powders or pellets [Djurado and Lali€@8; Polini et al 2004]. Djurado
and Labeau [1998] found that solid state synth&sisi oxides at 1500C for 6 h
resulted in the pure perovskite phase, wheread stdie reaction from carbonates and
ultrasonic spray pyrolysis yielded secondary phaséise inside of the pellet. The main
impurity phase was reported to be LaSyGafor the solid state synthesis from oxides
and S§Ga0Os and LaGaOg for synthesis through ultrasonic spray pyrolyBiatta and
co-workers [2007] indicated that the compound idiext as S§Ga,0Og by Djurado and
Labeau [1998] was in fact LaSrGajurado and Labeau [1998] also observed that a
minimum sintering temperature of 1500 was required for complete reaction for all
the methods. However, many other investigators estgg that for chemical methods
of synthesis, sintering between 1400-15WD was sufficient for complete phase
formation [Majewski et al 2001; Huang and Goodergud998; Huang and
Goodenough, 2000; Polini et al 2004; Tas et al 2a@¥eng and Navrotsky, 2004; Shi
et al, 2006; Chae et al, 2008; and Ishikawa andodasys, 2007]. In the studies of
Djurado and Labeau [1998], the impurity phases wi@ferent at the surface and centre
of the pellets. For L@Si 1Ga sMgo 20285 (LSGM9I182), sintering at 1673 K for less
than 6 hour yielded 860 (LaSrGaQ?) as the impurity phase, whereagG&aOq
formed for sintering beyond 6 hours. As the sintgprtemperature increased, the
concentration of LgGa0Oy decreased and that of;68,0s (LaSrGaQ?) increased to
become the main impurity after 1560. This is consistent with the phase diagram
wherein depletion of Ga due to vaporization is expa to promote the formation of
initially La;sGa0Og and thereafter LaSrGaO The amount of second phases in

LSGM9182 detected by Djurado and Labeau [1998] mash larger when sintering
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was carried out at 140X in inert and reducing atmospheres. They recomeutred
sintering temperature of 15600 for 6 h in air. Although the synthesis methodpna of
sample (powder or pellet) and time of sintering ldoaffect the kinetics of secondary
phase formation, the equilibrium phase constitutsonot likely to change unless partial
Ga evaporation occurs. This was evident from tloe thzat in several of the literature
reports [Djurado and Labeau, 1998; Majewski et2@lQ1; Huang and Goodenough,
1998; Liu et al, 2006; Gorelov and coworkers, 20Datta, 2007, Polini et al, 2004; Tas
et al, 2000; Cheng & Navrotsky, 2004; Shi et aD&0Chae et al, 2008; Ishikawa and
coworkers, 2007; Majewski et al, 2002; Yi and CI28i05; Yamaji et al, 2000; Yamaiji
et al, 2002 and Azad and Er, 2000], irrespectivehefmethod of synthesis (solid state
reaction, Pechini, citrate-gel, solution combustienl-gel, carbonate decomposition,
co-precipitation and thermal spray pyrolysis), thain impurity phases to form when
sintered between 1400-15%D for 6-8 hours in air were LaSrg®, LaSrGaQ and to a
smaller extent L&Ga09 and MgO.

At higher temperatures and for higher sinteringesnor for sintering in inert
and reducing atmospheres, evaporation of Ga wagdter resulting in a shift in the
bulk composition and the formation of several othepurity phases [Yi and Choi,
2005; Yamaiji et al, 2000; Yamaji et al, 2002 anevBhson et al, 1997]. Stevenson et al
[1997] observed decomposition of LSGM even in a@pexially when sintered at a
temperature greater than 16@due to the tendency of gallium (Ill) oxide redantto
gallium (I) oxide. Yamaji et al [1999] observed migcant changes in the surface
morphology of the electrolyte and formation of L&{f@ and LaSrGa@when annealed
at 1000°C. Yi and Choi [2005] also reported the dissociatid LSGM to form LaOs,
La(OH); and LaSrGag@in reducing atmospheres They also found that titgtian of
Sr to the La sites accelerated the Ga depletioereds the addition of Mg to Ga sites
did not. Below 756C, no gallium depletion was detected even in retdneimospheres
[Yamaji et al, 2000 and 2002].

Gorelov and coworkers [2001] studied the effectSof and Mg- doping and
processing conditions on the electrical transpooperties of La,SrGa.,MgyOs. The
Sr- and Mg-solubility limit was found to be at xy= 0.16. If excess Sr and/or Mg were
added to the LaGaOphase, they detected the formation of LaS@zaand /or
La,GaOg phases in addition to the LaGaghase.

50



2.6. ELECTRICAL CONDUCTIVITY OF Sr-AND Mg-DOPED LAN THANUM
GALLATE

Systematic studies on the electrical conductivity 8GM as a function of Sr
and Mg concentrations at the A- and B- sites amdperature are few [Huang and
Goodenough, 2000; Liu et al, 2006; Huang et al,61%hd Gorelov and coworkers,
2001] and the results are conflicting. Huang €tL8P6] measured the conductivity of
LSGM with Sr and Mg varying from 5 to 30 mol % imettemperature range 320-800
°C by AC impedance analysis. They drew iso-conditgtivontours as a function of
dopant concentrations at different temperatureyTalso calculated the activation
energies as a function of Sr and Mg concentratiohSGM. The activation energies
showed two straight lines with different slopesean the low temperature regime
corresponding to the trapping of oxygen vacanciedhe cations and clustering of
vacancies (B and another at the high temperature range canelpg to migration of
vacancies (B. They obtained a maximum iso-conductivity contofi0.14 S/cm at 800
°C for simultaneous doping of Sr and Mg with concatidns in the range of 12.5-25
mol%. The conductivities decreased at dopant cdretgons less than 15 mol %
because of lower oxygen vacancy concentration andnbre than 25 mol%, possibly
because of the increased volume of low conductewprsdary phases. However, the
variation of activation energy with dopant concatitms at the A- and B- sites showed
a different behavior. The activation energy corogsjing to vacancy trapping (E1)
showed a minimum at of ~0.6 eV for Sr concentraicanging from 20-25 mol % and
Mg concentration of 5 mol %. The activation enef@yoxygen vacancy migration (E2)
showed a minimum of ~0.6-0.7 eV at Sr concentrati@nging from 15-20% and Mg
concentration of 5 mol %. They rationalized this@lvation by pointing out that the
superior oxygen ion conductivity in LSGM was asateil with the GH and not the
La®" ion, and that the oxygen vacancy was more strommghyped by a Ga-O-Mg bond
pair than by a La-Sr-O pair. In another study orglg cells based on LSGM, Huang
and Goodenough [2000] reported maximum oxide iamdaoaetivities of 0.17, 0.08 and
0.03 S/cm for the composition 451 ,GaygMgo.1702815 at 800, 700 and 508C
respectively. At this composition, the microstruetiand XRD corresponded to a pure
perovskite phase. Chen and Fung [2004] also medslueeconductivity as a function of
Sr and Mg concentrations in LSGM and analyzed thlealsior of activation energy

with dopant concentrations at the A and B sitethefperovskite structure. Similar to
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the observation of Huang et al [1998], they obsgrtreat the activation energy for
oxygen migration decreased with increasing Sr a& Masite and increased with
increasing Mg at the B-site. They explained thigamms of the larger ionic radius of
Mg compared to Ga and the resultant free spacdaalain the lattice for oxygen ion
migration. However, size mismatch between Ga andwdgld be expected to restrict
the solubility of Mg in Ga, which was not observiedtheir study. Gorelov and co-
workers [2001] measured the electrical conductieity SGM as a function of Sr and
Mg concentrations in the temperature range 613-T@®y a square pulse method
using an assembled bridge circuit. However, thgyedoequal amounts of Sr and Mg,
namely 5, 10, 15 and 20 mol % respectively of edmbant. The electrical conductivity
was found to increase with dopant concentration®upe point of maximum solubility
at x=y=0.15 beyond which it decreased because @ffdhmation of the secondary
phases LaSrG®; and LaGaOs. In their studies too, the Arrhenius plots showed
distinct behavior at the low and high temperatuegions. Liu et al [2006] also
measured the electrical conductivity of LSGM as unction of Sr and Mg
concentrations in the temperature range 500°80Qsing 4-probe DC measurements.
They observed that the conductivities of LSGM iased with increase in Sr and/or Mg
addition, attained a maximum and then decreased. mbaximum in conductivities
(0.15 S/cm) were achieved for Sr in the concemmnatange of 14-20 mol % and Mg in
the range of 15-25 mol%. In their study, the maxima conductivity was attained at
Sr and Mg dopant levels lower than the saturatmolslity. Vasylechko et al [2003]
reported activation energies as low as 0.54 e\bkygen vacancy migration and 0.84
eV for vacancy trapping. They measured the condiytiof single crystals of
Lag.95510.05Gan.oMJo.103.5 and La ¢Srh.1Gay sMgo O35 as a function of frequency (100-
100000 Hz) in the temperature range 27-202K by AC impedance analysis. They
found that beyond 227C, the measured conductivity values were the samalla
frequencies. The conductivity of the oxygen defitiperovskite phase was shown to
be purely ionic (range where conductivity is indegent of oxygen partial pressure)
over a wide range of oxygen partial pressuré*x0p0, < 1 atm for all compositions
investigated [Huang and Goodenough, 2000, JangGima, 2002]. Jang and Choi
[2002] measured and reported partial electronic dootivities of LSGM9191,
LSGM9182 and LSGM8282 using Hebb-Wagner ion-blogletectrodes between 973-
1173 K and p, range from 1 to 1€ atm. They found that as the Sr and Mg content
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increased, both the hole and electronic condugtikiicreased together with increasing
activation energy for conduction. The electronansference numbers reported by them
for these three compositions were in the range ®f o 10%. The oxygen ion
transference numbers of LSGM9182 prepared by smgteat 1400°C for 0.5-120 h
were determined by Kharton et al, [2003] by a medifFaradaic efficiency technique.
They found that the transference numbers varigbdamrange of 0.984-0.998 decreasing
when temperature or oxygen partial pressure ineckakhe electron-hole transport was
found to decrease when the sintering time incre&eed 0.5 to 40 h.

Cong and coworkers [2003] reported that the condtct of
Lag sSto.2Gay.sdV1go.1503.5 measured as a function of sintering temperatutiedsn 1400
K-1550°C (for 4 h) showed a maximum at 15 The loss of conductivity at higher
sintering temperatures can be either due to thedbon of insulating secondary phases
or vaporization of Ga. They could also separate bk, grain boundary and electrode
processes conductivity below 500 from the impedance plots and deduced that the
grain boundary conductivity was lower for samplgstsesized by glycine-nitrate
method compared to solid state reaction. Zha amebiders [2001] reported that the
total conductivity depended on the sintering tintlee peak in conductivity was
achieved (0.096 S/cm at 860) when the pellet was sintered at 14680K for 24 h.
They also observed a transition temperature (atita®®5°C) in the plot of In¢r) vs
1/T, below which it exhibited a somewhat highenmatton energy due to the trapping
of vacancies by the dopant cations for all sintgreonditions. The increase in
conductivity with sintering time up to 24 h wasriitited to the densification of grains

and the decrease thereafter to the precipitati@@odndary phases.
2.7. TRANSPORT PROPERTIES OF ELECTRODE MATERIALS

Bucher and coworkers [2001] studied the transpapgrties of LasSr.¢Co0:s.
They found that the non-stoichiometry increasedhwiicreasing temperature and
decreasing partial pressure of oxygen. At lmmperatures, the oxygen exchange
process may be incomplete due to slow exchangei¢sne/i and Choi [2005] studied
the cathodic properties of §.§651p.1MNnO3 electrode on LaGagsolid electrolyte. When
LSM was mixed with LSGM, the resulting cathode skdwower over potential than
that for LSM. The cathodic over-potential of LSMw®ver, was much higher on
LSGM electrolyte than on YSZ electrolyte possiblyedo insulating secondary phases
produced by the reaction between LSM and LSGM. Btaal [2004] examined the
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oxygen uptake and release of Sr-doped iron andltcabataining perovskite-oxide
powders. They observed thatle&h Coy Fey 035 wWas a superior cathode material
compared to Lgg St 2Cay sFey 8035 Or Lay sSio 2FeCs.

Elshof et al [1995, 1996] studied the oxygen transproperties of Sr-doped
lanthanum ferrite in air/He and air/CO, g€@tmosphere. It was shown that the oxygen
permeability of Sr-ferrite membranes increased iBaggmtly by exposure of the

membrane to the lower partial pressure side cani@oO.

2.8. ELECTRICAL PROPERTIES OF SECONDARY PHASES LasGayO,,
LaSrGaO,, LaSrGazO; AND MgGa,O,4

In general, the main impurity phases reported tonfn the perovskite phase
when sintered in air between 1400-1%D@vere LaSrG#-,, LaSrGaQ and to a smaller
extent LaGa0Oy, MgGaO, and MgO [Khanlou et al, 2000; Polini et al, 2004;
Matraszek et al, 2004]. As mentioned earlier, thase diagrams of the ternary systems
La,0O3-Ga03-SrO and La03-Ga03-MgO [Majewski et al, 2001] showed the
equilibrium existence of all these compounds. Tpieed phase MgG#®, existed over
a stoichiometric range (Mg:Ga ratio from 35:65 @60) and melted congruently above
1600C. The phase LaSrGaQs stoichiometric and melts congruently at ~1€00
However, LaSrG#; was found to exhibit an extended homogeneity reganging
from La sShsGaO; to LaysSn GaO; [Majewski et al, 2001]. LaSrG@; has
applications in solid state lasers [Malinowski &t #996; Romanowski et al, 1997],
LaSrGaQ has applications in high temperature super cowdsidBerkowski, 1997,
Pajaczkowska and Gloubokov, 1998] and MgGsahas applications in optoelectronics
[Moriga et al, 1999].

Although it is known that the presence of thesesphaseriously impedes the
oxygen ion migration resulting in significantly lewionic conductivity [Khanlou et al,
2000; Chen and Fung, 2004], no information waslalka in the literature (except for
MgO) either on the synthesis of these pure phases their electrical properties as a
function of temperature. However, JCPDS files fibitleese compounds are available
[LaSrGaQ (JCPDS file No. 83-1004), LaSrgia, (JCPDS file No. 86-1839), L&a0Oq
(JCPDS file No. 53-1108) and Mgg&a, (JCPDS file No. 10-0113)].
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2.9. ELECTROCHEMICAL PERFORMANCE OF LANTHANUM GALLA TE
BASED FUEL CELLS

Huang and co-workers [2000] studied the propertiesSr- and Mg- doped
LaGaQ (LSGM) and its performance in a single cell empigyNi-LSGM as anode
and LSCF as cathode. He found that LSGM reacteld Mitat the anode interface and
suggested the use of a thin interlayery(§Sen 201.9) at the anode/electrolyte interface
to prevent formation of lanthanum nickelate. Thehiaved a peak power density of
100 mW/cni, which was higher than that of the standard céthaut the interlayer.
They attributed the improvement in peak power dgngith the use of the interlayer to
a significant reduction of the anode over potentitdwever, they observed that the
over potential of the cathode remained unchangedgaki and coworkers [2000]
investigated the performance of a electrolyte suepasingle cell consisting of 0.5 mm
thick Lay.oSrh.1Gay sMgo 035 electrolyte, LaeSh.4Co0; cathode and Ni-Sm doped
ceria anode. They observed cathodic polarizatioabofut 25mV at 300 mA/chfor a
cathode prepared by sintering at 1%@&nd showed that the polarization of the LSC
cathode increased with operating time for celtiife tests.

Single cell testing using LSGM as an electrolytesvedso carried out with
different cathodes such as Ba(Sr)Co(Fe#dd GaBaCgDs.; [Martinez et al, 2008],
LaSrMgG; [Ma et al, 2005], LSCF [Fu et al, 2003], Pt, L3Ga(Co)Q and
La(Sr)CoQ [Chen and Liu, 1998], La(Sr)MnO3, La(Sr)Co(Fg)O
La(SrMnGs+La(Sr)Ga(Mg)@, LSCF+La(Sr)Ga(Mg)@ [Gong et al, 2004],
La(Sr)Ga(Ni)Q [Lecarpentier et al, 2000], Sm(Sr)Co@Nishiwaki and coworkers,
2006], (P Ca.3)0.oMnO3 [Huang et al, 2007], and anodes such as La(Sr)q
[Huang et al, 2007], [Ni-Ce(Sm}Q[Nishiwaki et al, 2006], Ni+Ce(Gd)XJGong et al,
2004], Pt, La(Sr)Ga(Mn)9[Chen and Liu, 1998; Fu et al, 2003], Ni-YSZ [Maa,
2005] and Ni-Ce@[Chen and Liu, 1998, Martinez et al, 2008] at lbe8DCC.

A single cell of Sr-and Mg doped lanthanum galkdeelectrolyte and platinum
as electrodes was tested by [Chen and Liu, 1996] yselded a maximum power
density of 20mW/crhat 800C. Instead of Pt, L@aSr 1Ga sCop 205 and La ¢S 4Co0s;
Lap oSrh.1Gap sMng 203, and Ni-CeQ@ have been used as cathodes and anodes
respectively for LSGM electrolyte supported singdl, which showed a power density
of 88 and 61 mW/ch for  LayeSr1GasCa-OyLa(SrGa(Mg)Q/
Lap oSrh1GapsMno0s and LaeSrh4Co0y/La(Sr)Ga(Mg)Q/Ni-CeO, respectively
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[Chen and Liu, 1998]. Area Specific Resistance (ASReasurement of
Ba(Sr)Co(Fe)@BSCF) and GaBaG0s.;(GBCO) cathodes for lkaSr 1Gay sMJo 203
was carried out by [Martinez et al, 2008] and thegort a smaller value of ASR for
BSCF cathode compared to GBCO. Power densitiegd®fadd 180 mW/cfat 806C
were achieved for the single cell Ba(Sr)Co(F£B3CF)/
Lay.oS1h.1Gay sMgo 203(LSGM)/Ni-CeG(Ni-CSO) and GaBaG@s.;(GBCO)
/Lag.oS1h.1G & Mo 203/Ni-CeQ, respectively [Martinez et al 2008]. Ma et.al [2P05
reported power density in the range 80-150 mWW/cmfor a
LaSrMgQy/La(Sr)Ga(Mg)QINi-YSZ single cell at 500-80C. Electrochemical
performance of LSCF/LSGM/LSGM single cell was ewaddd by Fu et al [2003] and
they report a peak power density of 180 mW/an800C. Gong et.al [2004] carried
out polarization studies using various cathodes &wGDC anode for LSGM
electrolyte. They reported that the LSCF cathod® aaignificantly lower polarization
resistance compared to the other cathodes i.e.SrIMOO;, La(Sr)MnQG-
La(Sr)Ga(Mg)Q, La(Sr)Co(Fe)@La(Sr)Ga(Mg)Q and also found that Ni-LSGM,
anode lowered the cell performance because offadiat reaction between Ni and
LSGM. Single cell of La(Sr)Cr(Mn)é&La(Sr)Ga(Mg)Q/(Pr.7Ca& 3)0.dMnO3; was tested
in two different fuel atmospheres; humidified hyglea and ethanol. The power density
achieved with both humidified hydrogen and ethawals almost identical (58-165
mW/cnf) at 750-856C. They also observed no significant degradation cef
components under ethanol atmosphere in 60 hourarigdet al, 2007]. Naiging et al
[2006] also measured the open circuit potential poldrization behavior of tape cast
LSGM based single cell. They reported an open itiv@itage of 1.067 V at 80C and
the current density and power density achieved w6 A/cnf and 0.147 W/cr
respectively at 80. Cathodic-interfacial polarization of LSM, LSMBIGM and
LSCF for LSGM electrolytes was studied and repotdgdGong et al [2004]. They
observed that LSCF electrode had a lower poladnatesistance than LSM and LSM-
LSGM electrodes. Fukui et al [2002] developed a Msased single cell using Ni-
SDC and La(Sr)Co®as anode and cathode respectively, which exhikatqebwer
density of 0.7 Wicrh at 806C and 0.4 W/crh at 700 °C. A
Ni/LSGM9182/Smn3 sSh sCoO; single cell exhibited a power density of 245 m\W/ah
800 °C [Ishikawa et al, 2007]. Maffei et al [1998] tedtseveral LSGM based single
cells and reported current densities less than ZJcmf for Pt/LSGM/Pt, NiO-
CeQ/LSGM/LCFC and NiO-Ce@LSGM/LSC cells. Lu and coworkers [2004] studied
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the electrochemical performance of intermediatepenature SOFC single cells with
different electrolytes; LSGM, scandia stabilizedcania (ScSZ) and samarium doped
ceria (SDC) under both hydrogen and n-butane atheep The open circuit voltage of
LSGM and ScSZ based cells using hydrogen was lagd/maximum power densities
of 0.30, 0.22 and 0.29 W/c¢mat 700C respectively were achieved. With butane as fuel,
the power densities attained were 0.09, 0.15 ah8l W/cnf for LSGM, ScSZ and SDC
electrolytes respectively. Gong et al [2006] stddiee electrical performance of LSGM
electrolyte supported SOFC with a lanthanum dopathqLDC) layer on the anode
side. They obtained power densities of 190 m\{/@n800°C and 30 mW/crh at
600°C for the LSCF+LSGM/LSGM/LDC/Ni+LDC cell configurian. The single cell
NiO+CSO-20/LSGM/Sm(Sr)Cofshowed a poor performance due to the detrimental
interfacial reactions [Zheng and Chen, 2008]. Huahgal [2000] investigated the
performance of LSGM based cells with NiO+SDC (samadoped ceria) and
NiO+LSGM anodes. NiO-LSGM anode was found to beuuable for LSGM based
cell because of interfacial reactions. With a SD@fdy layer at the anode-electrolyte
interface, the over potential of the anode was toWwke maximum power densities
achieved were 550, 440 and 270 mW/dor SDC/SDC+Ni, SDC+Ni and LSGM+Ni

anodes respectively at 8
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CHAPTER-III

EXPERIMENTAL METHODS
3.1. MATERIALS

High purity lanthanum oxide, (AR, CDH), strontiumtrate, (GR, Merck),
metallic gallium 99.99% (ACROS Organics), ferrigraie nanohydrate, (AR, CDH),
cobalt nitrate hexahydrate, (AR, CDH), magnesiutnate hexahydrate (AR, CDH),
glycine (AR, CDH), oxalic acid (AR, S.D. Fine-chgnmpolyvinyl alcohol (AR, CDH),
citric acid monohydrate (extra pure, Merck) andykthe glycol (AR, CDH) were used
as starting materials. Gadolinia doped ceria (AcagriElements), nickel oxide, (Alfa
Ascer, Johnson Mathew), silver foil (Alfa Ascer,h#ison Mathew) and ceramic

adhesives (Aremco) were used for cell assemblytestag.
3.2. EXPERIMENTAL METHODS

3.2.1. Synthesis Methods

3.2.1.1. Glycine-nitrate combustion method

In this technique, the various perovskite oxidesrewgrepared by the
combustion of the corresponding metal nitrate —cigly mixtures. Stoichiometric
compositions of mixtures were used for the synthe$his method involved rapid
heating of an aqueous concentrated solution cantpthe respective starting materials
to about 508C. The solution initially boiled, underwent rapidgtadation and foaming
followed by decomposition and vigorous generatibgases such as GON,, H,O. In
order to avoid the spillage of the powder duringnbastion, some amount of excess
fuel was added. The combustion products were siggjedo simultaneous
thermogravimetric (TG) and differential thermal & (DTA) in ambient air as well
as FTIR-spectroscopy to determine their calcinatimhavior. The as-synthesized
powders were subjected to calcination in air a&nagerature of 90C for 3 hours to get
the single phase for pure and Sr-doped lanthanuitefand cobaltite and 1580 for 3

hours for lanthanum gallate and LSGM.
3.2.1.2. Co-precipitation method

In the co-precipitation method, fine particles ahthanum cobaltite (LCO),
lanthanum ferrite (LFO), lanthanum-strontium coib@l{LSC), lanthanum-strontium
ferrite (LSF), lanthanum gallate (LGO) and lanthamstrontium-magnesium gallate
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(LSGM) were prepared by mixing stoichiometric amisuaf the corresponding metal
nitrate and polyvinyl alcohol with oxalic acid dsetprecipitating agent. The amount of
oxalic acid, polyvinyl alcohol and drying condit®rwere optimized in the initial
experiments. First, one molar solution of the retipe nitrates and 2 molar solution of
oxalic acid along with 3 wt % of polyvinyl alcohalere prepared. The homogenous
solution was prepared by mixing the respective elgal nitrate solution with
continuous stirring (the pH of the solution was mtained at 1), and to this, the
prepared oxalic acid solution was added. This geld precipitate of the respective
oxalate which was washed and dried at°80 Simultaneous thermogravimetric and
differential thermal analysis experiments in staiicas well as FTIR spectroscopy were
carried out on the precipitate. The dried precipitavas subjected to heating at a
temperature of 90C for three hours in an attempt to produce thetalyise pure
phases. However, since calcination at°@@id not yield pure phases for either of the
oxides, a systematic calcination study in the temipee range 900-1500 was taken
up. Experiments were also undertaken with liquidreimia as the precipitating agent in
the pH range of 8.5 to 9.5. These were then subpeitte same calcination treatment as

described above.
3.2.1.3. Pechini method

In this technique, the pure phases were preparedhby mixing of the
corresponding metal nitrates and citric acid inyketihe glycol. In the case of gallium,
nitrate was first prepared from the pure metal bgsalution in nitric acid and
precipitation. A small amount of HCI (5% by volunegjdition was found to accelerate
the dissolution of gallium. First, a one-molar d¢mlo of respective nitrates was
prepared using citric acid and ethylene glycol @ @nd gel forming agents
respectively. The homogenous solution was prephayediixing of all the respective
elemental nitrate solution in ethylene glycol andtev (1:1 ratio) as solvent with
stirring and heating at 8. To this, the prepared 1 M citric acid dissolvedthylene
glycol was added with continuous stirring and hegtat 8GC, to initially form a sol
and finally get a resin during heating. The resaswiried in air at 50C for 3 hours to
yield a dry gel. The resin as well as the driedwga$s subject to simultaneous TG/DTA
in static air to study the progress of the reactiBased on the TG/DTA results,
calcination was carried out at a temperature of°@0f@r 3 hrs to get a single phase for
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pure and Sr-doped lanthanum ferrite and cobaltitd 4506C for 3 hours for
lanthanum gallate and LSGM.

3.2.1.4. Synthesis of mixed oxides by Pechini method

The La.SkGayMgyOsz5 (LSGM) (where x = 0-0.3 and y = 0-0.3 mol),
LasGaOy, LaSrGQ, LaSrGa0; and MgGaO, phases were prepared by the citrate gel
(Pechini) method. Eighty different compositionsL&dGM (Sr = 0.01, 0.02, 0.03, 0.04,
0.05, 0.10, 0.15, 0.20, 0.25, 0.30 and Mg = 0, ,000@5, 0.10, 0.15, 0.20, 0.25, 0.30)
were prepared for the phase equilibrium and comdticmeasurements. The prepared

powders were subjected to calcination at a temperatf 90FC for 3 hrs.
3.3. SAMPLE PREPARATION FOR THE EQUILIBRATION STUDI ES

The calcined powders of all compositions were castgghby uni-axial pressing
at 256 MPa into circular pellets of 10 mm diameted about 2.5 mm thickness for the
isothermal equilibration measurements. Sr- and Maped lanthanum gallate pellets
were subjected to isothermal equilibration at 180@or 8 and 20 hrs and 70T for
720 hours in two separate furnaces (LINN GmbH Mobel HT-1800M with a
chamber size of 250x250x200 mm for high temperatumed LENTON Model
No.AWF 13/12 with a chamber size of 200x200x300 rfon 700 °C). Both the
furnaces were backed up by an uninterrupted powmslg system, which also includes
a voltage and frequency stabilizer. The temperatdirthe furnace was controlled to
within #1°C for the LENTON furnace and to within %2 for the LINN high
temperature furnace. The samples after equilibrati@re allowed to cool in the
furnace for the 1508C equilibrated doped lanthanum gallate samplesgaetiched in
air for the 700°C equilibrated doped lanthanum gallate samples. p&smof all
compositions were equilibrated simultaneously ire tfurnace. The mass and
dimensions of the samples were recorded prior td after each isothermal

equilibration.
3.4. ELECTRICAL CONDUCTIVITY MEASUREMENTS

The electrical conductivity of the LSGM pellets @il the synthesized
compositions was carried out both by electrochehiepedance analysis as well as 2-
probe DC measurements. The DC conductivity measemesmwere used mainly for
verification. It was observed that the conductiviteasured by direct DC method

agreed within 3-5% with that measured by AC impedaanalysis. AC impedance
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measurements were carried out using a frequenppmes analyzer (Materials Mates
7260) in the frequency range of 10 Hz to 10 MHz #ewiperature range of 500 to
1000C (*1°C) at an interval of 10C€. The pellets were placed in the constant
temperature zone of a tubular furnace LENTON Mobel.LTF 12/75/610 with
Eurotherm temperature controller, Model No. 3216Rd) the measurements. The
furnace was calibrated to identify the constant perature zone prior to the
conductivity measurements. A constant AC voltagel80 mV was used for the
impedance measurements for all the temperatures fi@tgiencies. Prior to the
experiment, the sintered pellets were coated wighirum ink on both surfaces and
subjected to heating at Sfor 0.5 h. Pt leads were used to connect the lgatopghe
frequency response analyzer. The DC conductivitpsueements were carried out on
the pellets using a potentiostat/galvanostat (AMIBEO) in the potentiostatic mode. A
potential range of +2 to -2 volts was used for Bf@¢ measurements. Pt ink coated
surfaces and Pt leads were used for the DC measuoterand the lead resistance was
subtracted from the measured values. For the condyaneasurements, the pellets

were equilibrated at the set temperature for 3Qutem prior to the measurement.
3.5. AREA SPECIFIC RESISTANCE MEASUREMENTS

The ASR symmetric as well as the complete eleb&nucal cells under
reducing and oxidizing atmospheres was carried byuklectrochemical impedance
spectroscopy (Materials Mates 7260). The fabricdiaetton cell was mounted onto
alumina tube using sealants (silver foil and cecanin the Probastat (NORECS)
instrument, which was then connected to the frequeresponse analyzer. The
conditions of measurement were the same as thatl dge the conductivity

measurements on individual pellets mentioned earlie
3.6. SINGLE CELL ASSEMBLY AND TESTING
3.6.1. Preparation of cell components

The electrolyte and cathode materials such ags3euGaysMgo O35 and
Lag.eShh.4Cop ey 035 were synthesized by Pechini method as describetierea
NiO+Lag ¢Sly.1Gay gMgo. 2035 (LSGM) and NiO+CgdGdh 10,5 (GDC) cermets were
prepared by thorough mixing and grinding of NiO lwitSGM and GDC powders
(50:50 by weight) respectively and heat treate@0fC for 3h. Circular thin disks of

LSGM (20 mm of diameter and ~ 1.2mm of thicknesgreavmade by pressing the
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electrolyte powder using an uni-axial pressure 5 Pa. The prepared green pellet
was then subjected to sintering at 1%D@t a heating rate of’@/min for 10 h. The
slurries of cathode and anode were prepared bynmiai LSCF and NiO-LSGM with
an organic solvent, glycerol.

3.6.2. Cell fabrication

Typical symmetrical cell configurations were adas:
Pt, Q/LSCF/LSGM/NiIO+LSGM, H, Pt and
Pt, O, LSCF/LSGM/NIO+LSGM, H, Pt

A thin layer of anode was coated on one surfaciefsintered electrolyte disc. After
drying, the anode coated component was sinter&é@Q#C for 2 h at a heating rate of
5°C/min. After completion of the sintering, a thiayer of LSCF was painted on the
other surface of the disc and sintered at 2¢dor 2 h at a heating rate ofG&min. The
active area of the electrode was 1.1 evhich was used for the current density and
area specific resistance calculations. For areeifgperesistance measurements,
symmetric cells using various cathode materialSqLSSF, LSCF) and LSGM9182 as
electrolyte under oxygen atmosphere and differembda materials (GDC+NiO,

LSGM+NiO) under hydrogen atmosphere were also used.
3.6.3. Cell testing

The fabricated electrolyte supported single celsvimounted on a test fixture
(Probastat, NorECs) in a vertical split furnaceslaswn in Fig.3.1. Platinum wires were
connected to platinum meshes pressed against tinedeaand anode respectively. Two
set of Pt leads, one on each side were used faerducollection and voltage
measurement. Silver and ceramic adhesives weegdtastsealant to separate the anode
and cathode compartments (to avoid the gas mixinghe case of silver sealant, the
cell was initially heated up to 9%D at a heating rate of’@/min (for the purposes of
sealing) with a continuous flow of hydrogen gas-@B0ml/min) at the anode and pure
oxygen gas at the cathode and subsequently, niygetature was reduced to 8G0 In
the case of the ceramic adhesive, the cell wasdcateroom temperature for 4 h,
followed by heating the assembly to°@2at the rate of Z/min, hold for 2 h and then
heat to 268C for 2 h at a heating rate of@min. The temperature was then raised to
the respective temperatures for cell testing ahtrating rate of Z. The cell was held
at the experimental temperature for 1 h prior s electrochemical measurements. The
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overall impedance and polarization characteris{sitage and power density vs
current density) were measured using a frequerspgorese analyzer (Materials Mates,
Model No 7260) and galvanostat/potentiostat (AMEigdel No. 7060) respectively.

The open circuit potential was measured as a fondf time (for up to 6 h) at different

temperatures using the potentiostat.

R
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I

Fig.3.1 A schematic view of the Single cell teshdewith split furnace (Probastat,
NorECs)

Voltage — Current polarization studies were caroet by electronic load bank (K-Pas
Instrument) with maximum voltage and current of @\ 5A respectively.

3.7. CHARACTERIZATION METHODS
3.7.1. X-ray diffraction

Phase identification and unit cell parameters & fiynthesized samples of
various compositions were studied by X-ray powdéfrattion technique. The X-ray
diffraction measurement was carried out using an8res D-500 diffractometer and
Bruker D8 diffractometer. The samples were analyzeith Co-K, radiation
(A=1.79026 A) at a scan rate d¥rhin. The indexing of the X-ray diffraction pattern
was carried out using the JCPDS (Joint Committe®awder Diffraction Standards -
International Centre for Diffraction Data, JCPDS?[@D) files. The lattice parameters
were determined manually as well as using the soé&wX-ray Diffraction Analysis

(1992-93).
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3.7.2. Particle size measurement

The particle size distribution of the various peskite oxides prepared by
different wet chemical methods was determined usntaser diffraction analyzer
(CILAS 1180, France). The instrument has a pars@e measurement range of 0.04 to
2500 um. All the particle size measurements were caroigdin an aqueous medium.
The particles were dispersed in water and stirtedaonically to avoid agglomeration

of powder patrticles.
3.7.3. BET surface area measurement

The surface area of the prepared oxides was mehssieg a multipoint BET
technique (Micrometrics ASAP 2020). The techniqe hased on the physical
adsorption of helium gas molecules on a solid serfa 77 K (Brunauer et al., 1938).
The instrument has a surface area measurement framy®.001 to 3000 fig. A high
vacuum option provided in the instrument was usethi¢asure small surface areas. The
specific surface area was derived from the meastia¢al using the software available
(ASAP 2020) with the equipment.

3.7.4. Fourier Transform Infrared spectroscopy

The structural and functional group of precurgmepared by different methods
such as combustion, co-precipitation and Pechinihats were studied by Fourier
Transform Infrared method (FTIR) spectroscopy (PeBmer, Model: spectrum one
FT-IR spectrometer). The spectrum was taken usiBg pellets in the wave number

range of 400-4000 crh About 50mg of sample was used for each experiment
3.7.5. Thermogravimetric and Differential Thermal Analysis

The precursors from different wet chemical metheese subjected to thermal
analysis using a simultaneous TG/DTA analyzer (&Geillapan, Model No. 320). The
experiments were carried out in static air atmosph€he stability of the synthesized
powders in controlled oxidizing (99.9% pure;)Cand reducing (80%N20%H,)
atmospheres were studied by thermogravimetry (Tbeleetron Corporation, Versa
Therm, TGA). About 50 mg of the sample was usedefach experimenti-alumina
was used as a reference material. A dynamic measuaten the temperature range of
35 to 806C for stability studies and up to 1200 for precursors at a heating rate of
10°C/min was adopted.
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3.7.6. Microscopy
3.7.6.1. Stereo microscopy

The bulk powder morphology of as-synthesized powdeas examined by
stereo microscopy (Leica, MZ6).

3.7.6.2. Scanning electron microscopy with EDAX

The samples were carbon coated (fine carbon tapsjudy the morphology.
The phase constitution after equilibration was abwrized by scanning electron
microscopy both in the back scattered and seconddegtron imaging mode
(HITACHI, Model No. S-3400N). The bulk compositiof the equilibrated samples as
well as the chemical composition of all the phasdeserved under the scanning electron
microscope was determined using an EDAX analyzbe(fio Electron Noran System
(NSS-300) EDS) attached to the SEM. The EDAX aralyould also detect oxygen

concentration.
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CHAPTER IV

RESULTS AND DISCUSSION

The focus of this thesis is on the synthesis of wYhdous materials, their
characterization for the applicability in SOFC, tldevelopment of intermediate
temperature solid oxide fuel cell and testing uadtioning. The experimental results

obtained on these are reported in this chaptedautissed.

4.1. MATERIALS FOR INTERMEDIATE TEMPERATURE SOLID O XIDE
FUEL CELLS

Various materials relevant for their use in intednaée temperature solid oxide
fuel cell i.e., lanthanum cobaltite (LCO), lanthamnterrite (LFO), Sr-doped lanthanum
cobaltite (LSC) and lanthanum ferrite (LSF), lamthian gallate (LGO) and Sr- and Mg-
doped lanthanum gallate (LSGM) were synthesizedutin various wet chemical
routes including combustion synthesis, co-predijoita citrate-gel (Pechini) method
and homogenous co-precipitation and their procgssamditions optimized.

4.1.1. Structural characterization of precursors pepared from different wet

chemical methods

The precursors prepared by combustion, co-pretipit and Pechini methods
prior to calcination were characterized by Foufieansform Infrared Spectroscopy for
identification of functional groups and Thermograetric and Differential Thermal
Analysis (TGA/DTA) for studying the calcination kahor.

4.1.1.1. Fourier Transform I nfrared spectroscopy

The FT-IR spectra of all the powders prepared diyt®on combustion method
prior to calcination are shown in Figs. 4.1.1-4.TTBey showed two broad absorption
bands in the frequency range of 500-750'cmhich was attributed to Bbctahedron
of bending vibrations of metal cations [Miao et 2000]. The FTIR spectra of pre-
calcined LCO and LSC showed two main absorptiordbat the frequency of 670 and
583 cm® (as shown in Figs 4.1.1 & 4.1.2). The peaks at&88670 crif was attributed
to the stretching vibrations of metal cations sidaat the octahedral site (i.e., Co-O)
and Cd% ion formation respectively [Berger et al, 2003, Bguza et al, 2005]. The IR
spectra of precursors for LFO (Fig. 4.1.3) and I(Big§. 4.1.4) showed a single broad

absorption band in the frequency range of 550-3@% which was also attributed to the
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Fe-O stretching vibrations [Augustin et al, 2008]the case of lanthanum gallate and
Sr-and Mg-doped lanthanum gallate precursors, THR Bpectra as shown in Figs 4.1.5
and 4.1.6showed only one broad band at the frequency rah§8®650 crit, that was

ascribed to the M-O vibrations [Nakayama et al,2De Souza et al, 2005]. The IR
bands observed in the frequency range of 3400-845%) 1600-1650 cr, 1450-1500

cm® and 1040-1060 crhare attributed to O-H stretching, 800, COO, and trace

of nitrate ions [Tas et al, 2000, Nakayama et @3 Huang and Goodenough, 1994].
The identified functional groups matched well witte starting compounds taken for
the combustion reaction namely metal nitrates, iggy@and water. When the complex
precursors were subjected to thermal analysis,ctiveesponding functional groups
were removed as 4, CO, CQ and NQ or N, by dehydration and decomposition

reactions.

% Transmittance

O-H a) LCO

' 1 b 1 . 1 b 1 d 1 : 1 d 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 4.1.1 FTIR spectrum of lanthanum cobaltitecpreors prepared by combustion method

The FTIR spectra of the pre-calcined powders of LCSC, LFO, LSF, LGO
and LSGM obtained by co-precipitation method arewshin Figs. 4.1.7-4.1.12. The
peaks at 492 cthwas attributed to the stretching vibrations of ahefations (L&)
situated in the dodecahedral coordination (i.e-O)gdGanguly and Vasanthacharrya,
1986], which was not observed in the combustionhogkt Similarly, the B-site metal-
oxygen frequency band was not observed in the direuency range. It might have
shifted to the lower frequency range.
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Fig. 4.1.2 FTIR spectrum of lanthanum strontiumattite precursors prepared by

combustion method

c)LFO
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Fig. 4.1.3 FTIR spectrum of lanthanum ferrite prsous prepared by combustion

method
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d) LSF 9010
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Fig. 4.1.4 FTIR spectrum of lanthanum strontiurmiferprecursors prepared by

combustion method

e) LGO
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Fig. 4.1.5 FTIR spectrum of lanthanum gallate preors prepared by combustion method
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Fig. 4.1.6 FTIR spectrum of lanthanum strontium nesjum gallate precursors
prepared by combustion method

Figures 4.1.7-4.1.12 shows the bands in the freqyuef 3350-3425 cify 1615-
1623 cm', 1310-1360 cim and 775-900 cthwhich corresponded to the O-H stretching
vibrations, COQ trace of nitrate ions and carbonate ions {€)Qrespectively. The
functional groups of O-H stretching from water, CG@d CQ* from oxalic acid and
nitrate ion from metal nitrates were identified BYIR. These functional groups were
reflected in the thermogravimetry and differentinérmal analysis plots through a
three-stage mass loss and thermal effect corregppmal dehydration, decomposition
and decarboxylation.

The IR spectra of precursors from Pechini meth@lséwown in Figs. 4.1.13 -
4.1.18. Peaks were observed in the frequency raig800-750 crit which was
attributed to B@ octahedron of bending vibrations of metal ionsgdet al, 2000]. The
bands observed at the frequency of 3425-3350, @854 cnit, 1730 cnit, 1620-1650
cm™, 1400-1300 cm and 1070-1030 cif) 1070-1090 cm and around 800 and 900
cm’ were ascribed to the functional groups of O-tsting, citrate ions, COOCHs-
COQ, trace of nitrate ions, carbonyl group (C=0) aatbonate ions (C§¥) [Tas et al,
2000, Nakayama et al, 2003]. The precursors frorh mmmbustion and Pechini
methods yielded a similar spectrum except thathim ¢ase of Pechini method, the
spectrum showed a peak for citrate ions. In Pectmathod, the functional groups
corresponding to the nitrate ions, citrate iongjroyyl ions, carboxyl ions and acetyl

ions arose from the metal nitrates, citric acid atftylene glycol which were used as
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the raw material in the synthesis. The decompasitidehydration and oxidation

reactions corresponding to these functional grovg® also reflected in the TGA-DTA

results.
a) LCO
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Fig. 4.1.7FTIR spectrum of lanthanum cobaltite precursorpgred by co-
precipitation method

b) LSC 9010
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Fig. 4.1.8 FTIR spectrum of lanthanum strontiumatbte precursors prepared by co-

precipitation method
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c) LFO

y

dissolved o =
co,
La-O
/ 2-
co,
O-H

NO,
Coo’

% Transmittance

! T ! T ! T ! T ! T ! T ! T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 4.1.9 FTIR spectrum of lanthanum ferrite prsous prepared by co-precipitation method

d) LSF 9010
(b}
e
ks La-O
€
[72]
(=
©
|_
X
O-H
Y I ! T T I Y I T T Y I Y I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4.1.10 FTIR spectrum of lanthanum strontiumitie precursors prepared by co-

precipitation method
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e) LGO
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Fig. 4.1.11 FTIR spectrum of lanthanum gallate preors prepared by co-precipitation method

f) LSGM 9191
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Fig. 4.1.12 FTIR spectrum of lanthanum strontiungnesium gallate precursors
prepared by co-precipitation method
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Fig. 4.1.13 FTIR spectrum of lanthanum cobaltitecprsors prepared by Pechini method
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Fig. 4.1.14 FTIR spectrum of lanthanum strontiurbaitite precursors prepared by
Pechini method
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c)LFO
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Fig. 4.1.15 FTIR spectrum of lanthanum ferrite prsors prepared by Pechini method
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Fig. 4.1.16 FTIR spectrum of lanthanum strontiumite precursors prepared by
Pechini method

75



e) LGO
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Fig. 4.1.17 FTIR spectrum of lanthanum gallate prears prepared by Pechini method
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Fig. 4.1.18 FTIR spectrum of lanthanum strontiungmesium gallate precursors
prepared by Pechini method
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4.1.1.2. Thermogravimetric and Differential Thermal Analysis

The thermogravimetric and differential thermal gsal plots for all precursor
samples prepared by combustion, co-precipitatiod aitrate-gel methods prior to
calcination are displayed in Figs 4.1.19 to 4.1.PHAe various stages of removal of
organics, combustion and decarboxylation reactior@ystallization, phase
transformations and the stabilization of the punage at higher temperatures could be
inferred from these thermal analysis plots. Therrtogravimetric plots of the
combustion products shown in Fig. 4.1.19 indicatedurther weight loss for the pure
and Sr-doped lanthanum ferrite and cobaltite phasesinor weight loss was noticed

for LSC indicating the completion of the combustieaction at 50T.
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atmosphere: static air
heating rate: 10°C/min
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Temperature °C

Fig. 4.1.19 TG profiles of materials prepared bgnbastion method

Although the ignition temperature was 500 the actual temperature of the
product would have been much higher because ofdh®ustion process. Berger and
co-workers [2003] also reported the completiontef tombustion reaction when the
initiation temperature was 58D through simultaneous TG/DTA of the LaCpO
alanine-based precursor. The corresponding DTAsplar pure and Sr-doped
lanthanum ferrites showed no thermal effects. Hawefor Sr-doped lanthanum
cobaltite, a minor endothermic effect at 3DGnd an exothermic reaction was noticed

at 740C and a small endothermic peak at @@vas observed for both pure LCO and
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LSC. The exothermic reaction at 7@0associated with a minor mass loss could be
attributed to the residual combustion reaction wherthe endothermic effects at around
300 and 92%C without any mass loss were possibly due to sirattransformations,
although the nature of structural transformatioreyeannot clear. Berger et al [2003]
observed a minor endothermic effect in the DTA afgpand Sr-doped lanthanum
cobaltite at 328 (peak position at 346), which they incorrectly attributed to a
crystallization process (crystallization processeisothermic). Stolen et al [1998]
attributed the maximum in heat capacity observeith@r measurements on LaCo&at
257°C to a continuous low to high spin state electrardasition. Berger and coworkers
[2003] also did not notice any structural transfation in lanthanum cobaltite at 92D
in their TG/DTA result. However, Popa and Kakihaj2z®02] observed a minor
endothermic reaction with no associated mass to#iseir DTA of LaCoQ at ~875C.
Tikhonovich and coworkers [2003] carried out TG/D®A Sr(Co,Fe)gs in air in the
temperature range 200 to 16G0 They also observed an explicit endothermic éff¢c
890+10°C associated with a drastic decrease in the oxggatent (decrease thup to
0.02) supporting the structural transformation his ttemperature. Specific heat
measurements on this phase up to°@0@ould have provided conclusive evidence on
the phase transformation. Unfortunately, Stolealdtl998] carried out heat capacity
measurements on LaCeOnly up to 727C. A rhombohedral to orthorhombic phase
transformation was also reported ingkgblh 4Coo Fey 035 between 1250 to 14680
[Zinkevich et al, 2004]. The thermogravimetric beloa of LGO and LSGM suggested
that the combustion reaction was not complete 81G@nd two separate stages of mass
loss corresponding to combustion reactions wererobd between 800 and 1600
This was also substantiated by the broad exotheme@k in the corresponding
temperature range in the DTA (e and f of Fig. O).2

A higher calcination temperature would thereforeréguired for the synthesis
of pure and Sr, Mg-doped lanthanum gallate compdcedanthanum ferrite and
cobaltite. The thermogravimetric plot of the cogypé@ated products shown in Fig.
4.1.21showed three stages of mass loss for all the pewrthe first up to 15CQ due
to dehydration, the™ steep mass loss between Z5@0 500C and the third at 76G.
The corresponding DTA (Fig. 4.1.22) indicated anahermic peak at 18C and a
large exothermic peak for thé%stage of mass loss (two large peaks in the case of
LSC). The transformation depicted in the TG at°@®as not associated with any heat
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effectsin the DTA. The general trend of TG/DTA was similar all the co-precipitated

precursors (except for LSC) used in this study.

AT/T (microvolt)

atmosphere: static air
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Fig.4.1.20 DTA plots of materials prepared by costlmn method

Nakayama and coworkers [2003] carried out a detaieestigation on the
calcination behavior of coprecipitates of(&04)3.nH,O and Co@0,;.mH,O using
thermogravimetry and IR spectra of samples calcaieskveral temperatures. They also
observed the decomposition to occur in three stgsydration up to 15CQ, an abrupt
2" stage of weight loss at 2% attributed to decomposition of the oxalate andlfy
the decomposition of the carbonates above’@0The results obtained in the present
study were consistent with the observations of Nak®a et al [2003], except for the
third stage of carbonate decomposition. The decaitipon of carbonates is associated
with an endothermic effect which was not detectethe present study. Nakayama and
co-workers [2003] observed that high calcinationgeratures (>120C) was required
to synthesize LaCof Ofrom their oxalate precursors by co-precipitatidrhis was
consistent with the present study where a calcnatemperature of 1300 was
required to synthesize pure and Sr-doped LaCé&@hough the TG plots obtained for
the various oxalate precursors showed constanayass beyond 1000, XRD of the
calcined products at 1380 (Fig. 4.1.33) showed that except for LCO and LSGgpu
phases were not formed by co-precipitation (with tise of both oxalic acid and liquid
ammonia as precipitating agents). However, interglst Huang and coworkers [1996]

could synthesize pure crystallinelg®ry.1Gay sMgo 202 85 (Minor amounts of secondary
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phases were observed even here) through the sobggel by sintering the amorphous
gel calcined at 60 to 1376C for 72 hours in air and vacuum. Further, theyeobsd
no mass loss or DTA signal above 3D0n their TG-DTA measurements on the gel

(formed from acetate precursor solution peptizetth @wmmonium hydroxide and dried)
although they had to sinter the gel calcined af6a06 ~1376C for 72 hours to get the

crystalline phase.
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Fig. 4.1.21 TG plots for materials prepared by oeeppitation method

The thermogravimetric and differential thermal &sa results on the

amorphous gel synthesized by the citrate-gel mefpddr to calcination at 50C) in
this study are shown in Figs. 4.1.23 and 4.1.2gaetsvely.
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Fig. 4.1.22 DTA plots for materials prepared bypreeipitation method
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The thermal analysis behavior of the precursors/éérby the Pechini method
was very similar to that observed for the co-priéaipd precursors, except that the
reactions occurred over a narrower temperatureeraige thermogravimetric plot
showed three stages of mass loss for all the mejrthe first up to 15Q due to
dehydration, the™ steep mass loss between ZD@o 400C and the third between 500
to 700C depending upon the nature of the precursor. Tmgesponding DTA(Fig.
4.1.24 indicated an endothermic peak at AG@nd two overlapping exothermic peaks
for the 2 stage of mass loss between 200 to°@0@he two peaks were separated in
the case of LGO). Theé%stage of mass loss was not accompanied by anyeffeats,
except for LGO which showed a minor exothermic eifiet ~706C. The ' stage of
mass loss and the associated endothermic effectuweso moisture loss whereas the
2" stage of mass loss associated with large exothitymias due to the oxidation

reactions.
atmosphere: static air g - LCO
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Fig. 4.1.23 Thermogravimetric plot of the precunssins (prior to calcination)
prepared by Pechini method

Polini and coworkers [2004] as well as Tas et 8D carried out simultaneous
TG-DTA on the LSGM resins synthesized by the Paahiethod (using citric acid and
ethylene glycol) prior to calcination. Polini et @004] observed a similar thermal
analysis behavior on the LSGM foam obtained bygsbleitrate synthesis and dried at
200°C overnight (three stages of mass loss, endothér0&C corresponding to
moisture loss and three exothermic peaks betwert800C corresponding to the
oxidation reactions). However, Polini and coworkaoserved an additional exothermic
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peak without any associated mass gain/loss at°C2@&bich they attributed to a solid

state reaction between the dissociated reactants.
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Fig. 4.1.24 Differential thermal analysis of thegursor resins (prior to calcination)

prepared by Pechini method

Tas and co-workers [2000] also observed a simigdnabior in the TG/DTA of
LSGM precursors prepared by the Pechini methody Diserved a total mass loss of
55% in 3 stages up to 7 after which there was no mass loss. They observed
exothermic peaks at 350, 400, 480 and°600orresponding to the various stages of
oxidation. A calcination treatment between 500 @6°6 of the gel is expected to take
the oxidation reaction to completion and resultam amorphous product. The DTA
plots of the gel calcined at 5 in this study is depicted in Fig. 4.1.26terestingly,
the DTA of the pure and Sr-doped lanthanum colealilhd pure lanthanum ferrite
calcine do not show any thermal effects at lowergeratures. As observed earlier, the
DTA of the Sr-doped lanthanum cobaltite showed aomiendothermic peak at
~1150C which is probably associated with the rhomboHedmathorhombic phase
transformation in this compound as reported ealieBuchler et al [2007]. For Sr-
doped lanthanum ferrite, a large exothermic peak3&0FC and a minor exothermic
deviation at ~50 were noticed although these were not associattd amy mass
loss. The exothermic reaction at 860vas possibly due to the oxidation of the residual
reactants whereas the reason for the minor exotharnb500C was not clear.
Incidentally, a second order magnetic order-disotdesition was reported by Stolen
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et al [1998] at 46 based on heat capacity measurements. The DT#hdarGO and
LSGM samples showed the start of a minor endotherfiiect at 328C (peak at
375°C) without any associated mass effects. Again,réason for this was not clear.
Although an orthorhombic to rhombohedral phasesfiamation was reported to occur
at around 147 [Zinkevich et al, 2004] in pure LaGgOthe endothermic effect
observed was unlikely to be due to this structtraisformation since the crystallinity

of the calcined product was in doubt.
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Fig. 4.1.25 Differential thermal analysis of thécoaed powders prepared by Pechini

method
4.1.1.3. Bulk powder morphology by stereomicroscopy

The bulk powder morphology of the as-synthesizede puaCoQ phase is
shown in Fig 4.1.26r combustion, co-precipitation and Pechini methogspectively.
The morphology of the other pure crystalline phasas similar. The stereo images
revealed that the structure obtained for produetsved from combustion synthesis
(Fig. 4.1.26a) and citrate-gel method (Fig. 4.1)2has similar and appeared porous
and networked in nature, although in terms of platisize and hardness, the
combustion derived powders were hard (simple olasienv by feeling the powder) and
coarse compared to that synthesized by Pechiniadeth

Despite the coarser mean patrticle size for commusynthesis, these powders
still showed some tendency for agglomeration ofigas, which might be attributed to
the high in-situ combustion temperature. In thesecaf co-precipitation, the

morphology of precipitated powders (oxalate of ex$ive element) appeared porous
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and agglomerated, as could be seefrin 4.1.26 b The agglomeration of particles
depends on the processing condition and calcinatomperature. The presence of
agglomerated particles is detrimental to the figtte of sintering and introduces
heterogeneities in the microstructure of the sedereramics that cannot be eliminated
readily. These agglomerated particles act as deéters [Ramanathan el al, 2003] and
therefore the agglomerates need to be eliminategtibging. The wet grinding process

is effective in reducing agglomeration.

Fig. 4.1.26As-synthesized powder morphology of 2.4X by starecroscopy for a)
Combustion, b) Co-precipitation and c) Pechini kgstzed LaCo®

4.1.2. Calcination of prepared powders

The prepared powders from combustion, co-precipitaiind Pechini methods
were subjected to calcination to obtain a pure Isimghase. Further, the calcined
powders were characterized for studying the therstability under oxidizing and
reducing atmospheres, phase purity and particplatgerties towards their application

in Intermediate Temperature Solid Oxide Fuel Cells.

4.1.2.1. Thermal stability of calcined powders under reducing and oxidizing
atmospheres

Thermogravimetric studies on pure crystalline sadidthanum cobaltite and

ferrite and Sr-doped lanthanum cobaltite and ferand Sr- and Mg- doped lanthanum
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gallate powders prepared from Pechini method wis@ @arried out in both oxidizing
(pure Q) and reducing atmosphere (80%-N20% H) to study their stability in these
atmospheres. These results are shown in Figs.74and 4.1.28. All the compounds
were found to be stable in oxidizing atmospherer o temperature range of
measurement (30 to 98D), whereas pure and Sr-doped lanthanum cobaltitefaund

to dissociate in the reducing atmosphere.
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Fig. 4.1.27 Stability of materials prepared froncifai method in oxidizing atmosphere.
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Fig. 4.1.28 Stability of materials prepared frontitei method in reducing atmosphere

The X-ray diffractograms of the respective oxiddterathe TG run in the
reducing atmosphere is depicted in Fig. 4.1.29ds observed that both lanthanum
cobaltite (LaCo®) as well as Sr-doped LaCe®@ere partially reduced to Coform in
hydrogen atmosphere. The X ray diffraction pattriboth these samples subjected to
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thermogravimetry under reducing conditions showel formation of LaCoQ, (72-
0937). The stability of these compounds in redueaimosphere was not reported in the

literature earlier.
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Fig. 4.1.29 X-ray diffractogram of the oxides aftieermogravimetric analysis under
reducing atmosphere

4.1.2.2. Phase purity by X-ray diffraction

The X- ray diffraction pattern of LaCeO(LCO), L& ¢Srhi1Co0ss (LSC),
LaFeQ (LFO), LaoShiFeG; (LSF), LaGa@ (LGO) and LaoSr1Ga oMgo 103
(LSGM) from combustion and Pechini methods is shawrfigs. 4.1.30 to 4.1.32
respectively. It was seen that the XRD patterralbthe materials namely LaCgQO
Lap 90Shh.10C00s5, LaFeQ, Lay goSh.1d-eGs5 and LaGa@ showed the formation of a
single phase and perfectly matched with the JCRI®S §25-1060 for LCO, 36-1392
for LSC, 37-1493 for LFO and LSF and 24-1102 for@Q)G However, at lower
calcination temperatures (900-180), the LGO and LSGM phases did not form
completely, whereas at higher temperature (16Rahe LSGM powder prepared from
both combustion and citrate-gel methods were fotmdcontain about 5 % of
LaSrGa0; (JCPDS: 45-0637) as an impurity phase. Syntheisisuce LSGM was
reported to be extremely difficult and traces oBL@a0O; or LayGaOg or LaSrGaQ
phases were frequently detected especially whesdhe state synthesis was adopted
[Huang et al, 1998; Ishihara et al, 1996; Djurado dabeau , 1998; Gorelov et al,
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2001; Cheng and Navrotsky, 2004; Westphal et al02@nd Sammes et al, 1998].
However, it was observed that increasing the domihd/g in the B- site of LGO
stabilized the formation of the pure perovskite gghaA representative XRD of pure
single phase LgyoSih.1dGa.sdMdo.2d 35 (the impurity phase of LaSr@a; was absent
here) obtained from the Pechini method and calcatelb00C is also included in Fig.
4.1.32. Majewski and co-workers [2002] have alsported the formation of pure
Lag.ocSIh.1dGa.e0MJo.2d035 by the citrate-gel method when calcined at £800

Huang and coworkers [1996] have discussed in détail formation of the
secondary phases during the synthesis of cubicveleite LSGM phase by various
routes. For the co-precipitation method (using bmthlic acid and liquid ammonia as
the precipitating agents), all the samples (putt@mndoped lanthanum ferrite, cobaltite
and gallate) calcined at 9D showed the presence of additional hydroxide phase
Therefore, for the co-precipitation method, thetbgsized powders were subjected to
calcination in the temperature range 900-18Q0for pure and Sr-doped lanthanum
ferrite and cobaltite and 900-150for LGO and Mg, Sr-doped LaGa@t an interval
of 100°C and the calcined powder subjected to XRD.

The phases identified at different temperaturescalcination during the
synthesis of the various oxides by co-precipitattwa summarized in Table 4.1.1. It
was observed that single phases of several oftlte® (notably LFO, LSF, LGO and
LSGM) could not be synthesized by co-precipitatdrcalcination temperatures up to
1300C for pure and Sr-doped lanthanum ferrite and upb@CFC for doped lanthanum
gallate. However, the co-precipitation method yeeldoure single phases of LaGpO
and La(Sr)Co®@ when calcined at 1360. X-ray diffractograms of the oxide phases
synthesized by co-precipitation method and calcatet300C are given in Fig. 4.1.33.
Similarly, none of the pure phases could be symtbhdsvhen liquid ammonia was used
as the precipitating agent despite carrying outication up to 150C.

Although the synthesis of yttria and gadolinia dbperia by co-precipitation
has been reported in the literature [Zhang et@032 Tadokoro et al, 2004], the oxalate
route of co-precipitation has not been reportedtfier synthesis of pure and Sr-doped

lanthanum gallate, ferrite and cobaltite.
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Fig. 4.1.30 XRD pattern of a) LCO, b) LSC 9010LED, d) LSF 9010 and e) LGO

prepared by combustion method.
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Fig. 4.1.32 X-ray diffractogram of Sr and Mg dopadthanum gallate prepared
through a) combustion method and b) Pechini method.
The density of the synthesized pure phases waslatdd from XRD data using
the following equation [Cullity and Stock, 2001]:
~ZM
NV
wherep is the density in g/cc; z is the number of atomghe unit cell; M is the

[4.1]

molecular weight of the material; N is the Avogadnomber and V is the unit cell
volume in m.

LaCoQ; (LCO) and LagsSh1CoOs;s (LSC) crystallized in the rhombohedral
structure whereas LaFe(QLFO) and LagSrhFeGs (LSF); LaGaQ (LGO) and
Lap.oSrh.1Gay dMgo.1035 (LSGM) crystallized in the orthorhombic structukence, the
lattice parameter of the synthesized perovskitedesi from combustion, co-
precipitation and Pechini methods were calculatechfthe corresponding d-spacing of
the X-ray diffraction pattern using the followingueations:

For rhombohedral-hexagonal system,

1 ﬂ(h2+hk+k2] ?

a c?
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Table 4.1.1 Phase purity of the various oxides gmegb from co-precipitation method as

a function of calcination temperatures.

_ Phases identified at different temperatures
Materials
900’ C 1100 C 1300 C 1500 C
LCO La,O3 Pure - -
LSC 9010 LaOs3 Pure - -
LFO La(OH) La(OH); La(OH) -
La(OH)x+ | La(OH)+
LSF 9010 La(OH) -
Lay,SrO, La,SrO,
LGO La(OH) La(OH); La(OH) -
La(OH)s+ | La(OH)+
La(OH)+ La(OH)+
LSGM 9191 | La,SrO+ La,SrO+
LaSrGaOo;, LaSrGaOo;,
Lap;MgOy | LaMgOy

For orthorhombic system,

+— [4.3]

The calculated lattice parameters and densityefkimthesized pure phases from XRD
data are given in Table 4.1.2. It was found that ¢halculated lattice parameters for
LCO, LSC, LFO, LSF, LGO and LSGM prepared from castipn, Pechini and co-
precipitation methods were in close agreement wtitise reported in the respective
JCPDS files.
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Table 4.1.2 Crystallographic properties of matsrfakepared from different synthetic

routes
Calculated dso
_ ) Calculated _
unit cell parameters (A) Unit cell particle
_ Crystal X-ray )
Properties volume i diameter
Structure 3 density .
a b c (A% (micron)
(g/cc)
(mea)
LCO -GN Rhombohedral 5.440 - 13.144 336.94 7.23 876
LSC9010 — GN Rhombohedral 5.446 - 13.155 338.p2 097. 10.71
LFO-GN Orthorhombic 5.551 7.856 5.559 242.48 6.64 8.99
LSF 9010-GN Orthorhombic 5.542 7.834 5.543 240.y1 .686 15.96
LGO-GN Orthorhombic 5.497 5.48( 7.785% 234.49 7.26 .643
LSGM 9191-GN Orthorhombic 5.594 5.514 7.768 239.50 6.85 3.08
LCO-P Rhombohedral 5.442 - 13.090 335.80 7.29 17 1.
LSC9010-P Rhombohedral 5.444 - 13.141 33743 171 0.24
LFO-P Orthorhombic 5.555 7.868 5.521 241.37 6.56 622.
LSF 9010-P Orthorhombic 5.551 7.832 5.538 240.82  556. 1.64
LGO-P Orthorhombic 5.529 5.47¢ 7.784 235.10 723 193
LSGM 9191-P Orthorhombic 5.495 5.530 7.785 236.63 .936 3.21
LCO-CP Rhombohedral 5.448 - 13.110 337.08 7.27 40 2
LSC9010-CP Rhombohedral 5.443 - 13.096 33604 14 7. 2.99

GN- Glycine nitrate combustion method, P- Pechiatinod and CP-Co-precipitation

method
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Fig.4.1.33 XRD of a) LCO, b) LSC 9010, c) LFO, d3E 9010 e) LGO and f) LSGM
9191 prepared by co-precipitation method

4.1.2.3. Particle size distribution and surface area

The particle size distribution of crystalline LCQSC, LFO, LSF, LGO and
LSGM powders synthesized by combustion, Pechini emgbrecipitation methods is
shown in Figs. 4.1.34, 4.1.35 and 4.1.36 respdgtiViewas found that the dry ground
powders prepared by combustion synthesis possesstde size with g (size below
which 50 vol.% of the powders exist) ranging frorto719 micron for LCO, LSC, LFO
and LSF and around 3m for LGO and LSGM. For the powders synthesizedhsy
citrate-gel method, the mean particle size washa range of 0.5-3.0 microns. The
mean particle size of powders from the co-predipitamethod was also less than 3
microns. The mean particle size of the powders grexp from the different routes is
summarized in Table 4.1.2. The larger particle $methe combustion synthesized
powders might be attributed to the high combustemperature attained during the
process of synthesis. To study the effect of cateom temperature on particle growth,
the single phase powders synthesized by the copgetmn method (LCO and LSC)
were subject to calcination in the temperature eanfg®00-1308C for 3 h and particle
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sizes measured. The mean particle sizes of theseotides synthesized by co-
precipitation and calcined at different temperatuaee given in Table 4.1.3. It was seen

that there was an increase in mean particle sizefasction of calcination temperature
because of the growth of particles.

Table 4.1.3variation of particle size with calcinations temgieire for materials

prepared by co-precipitation method

Mean Particle Size (microns)

Temperatures®C 900 1000 110Q 1200 13Q0
LaCoGs 2.40 250 2.74 281 36
Lap 90S1h.1dC00s 2.99 466, 5.17 540 5.94

Ol

100

cumulative value (%)

0.1 1 10 100
Particle size ( um)

Fig. 4.1.34 Particle size distribution of the vasamxides prepared by combustion

method.
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Fig.4.1.35 Particle size distribution of the di#fat materials prepared by Pechini
method
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Fig. 4.1.36 Particle size distribution for the nietls prepared by Co-precipitation
method

The BET surface area obtained for the differenstalline single phases from
combustion, co-precipitation and Pechini methods giwen in Table 4.1.4. It was
observed that the BET surface area of powders egizitbd by Pechini method was

higher than that of the other two methods. Furttiee, crystalline LSGM powders
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synthesized both by combustion and citrate-gel ouslyielded a much higher surface
area (despite the larger particle size) than tblaieaed for the other phases. This might
be attributed to a lower surface energy and theeel®gser tendency for agglomeration
or sintering of this phase. In general, the adsamgsotherm which shows the variation
of adsorbate volume with relative pressure 0<’°R/R, contains information on the
pore structure of materials. The pore size obtainet surface area measurement for
the various powders synthesized in this study wathée range of 5-11 nm for the
combustion method, 30-58 nm for the co-precipitatimethod and 7 to 37 nm for the
citrate-gel method. Sing and co-workers [1985] albserved mesopores in the size
range between 2 to 50 nm in the materials prepgayetem using the sol-gel method. It
could therefore be inferred that the powders pespary the wet chemical routes
adopted in this study especially the co-preciptatind Pechini routes were porous and
had considerable internal pore surfaces. The iatesurfaces of the pores also

contributed to the specific surface area of sammieasured by BET.

Table 4.1.4Comparison of surface area and pore size of powsteared by different

synthetic routes

Combustion method Co-Precipitation method| Citrate —gel method (Pechini)
Materials | S, (m%g) | Poresize | Sa(m?g) | Pore size S (Mm°/g) | Pore size (nm)
(nm) (nm)
LCO 0.75 7.6 1.29 57.6 2.48 7.7
LSC9010 1.80 8.0 1.98 31.2 3.53 18.1
LFO 1.47 5.2 - - 3.45 12.6
LSF 9010 1.24 7.4 - - 2.23 36.9
LGO 1.83 7.5 - - 2.17 8.5
LSGM
0191 6.41 11.8 - - 7.02 12.6

4.1.2.4. Morphology by Scanning Electron Microscopy

Back scattered electron images of the pure crystalphases prepared by
combustion, co-precipitation and Pechini methods sirown in Figs 4.1.37 to 4.1.39
respectively. The combustion synthesized pure phdfey. 4.1.37) had discrete
particles with different morphologies and a poramsl spongy appearance. The pure
phases (LCO and LSC) synthesized by the co-pratipit method (Fig. 4.1.38)
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showed high porosity and a tendency for agglomamatn the case of co-precipitation,
wherein a wet chemical processing using startinternias of oxides and nitrate salts
was adopted, the powder morphology was signifigaaffected by the processing
parameters. These include precipitation conditiomashing procedure and heating
conditions in a static reactor. In the citrate-geéthod, at the same calcination
temperature, the powders were of finer size, eidba more uniform morphology and
appeared porous in nature (Fig. 4.1.39). The posvitem Pechini method appeared to
be discrete and had a lesser tendency to agglaorerdéspite the finer size (Fig.

4.1.39). It was clear that the three methods etddbvaried microstructures in terms of
particle size and morphology as shown in Figs 4.1d34.1.39. The agglomeration of

particles depends on the processing condition algihation temperatures.

Fig. 4.1.37 Back-scattered electron images of &L K) LSC 9010, c) LFO, d)
LSF9010, e) LGO and f) LSGM 9191 prepared by cormibnsnethod
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Fig. 4.1.38 Morphology of pure a) LCO and b) LSAO@repared by Co-precipitation
method as seen by back-scattered electron imaging.

Fig. 4.1.39 SEM-BSE images of a) LCO, b) LSC 9G3Q,FO, d) LSF 9010, e) LGO

and f) LSGM 9191 prepared by Pechini method

ol

-
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4.2. STABILITY RANGE AND PHASE EQUILIBRIUM OF Sr- A ND Mg-
DOPED LANTHANUM GALLATE

Since the literature reports on phase constitutiaie LaOs-Ga03-SrO-MgO
system at the LaGaOrich end were not consistent with the topologioaks for
guaternary phase diagram construction and furthese equilibria at the operational
temperature of Intermediate Temperature Solid Oxtel Cells were also not
available, this study was taken up with the obyectf characterizing the complete
compositional range of stability of LgSrGa.,SKOs.x+yy2 at 700 and 1500C
respectively. Further, since the literature infotiota on the ionic conductivity of
LSGM as a function of Sr and Mg content was cotifii; detailed conductivity
measurements as a function of Sr and Mg contenvis &lgo been carried out with the
objective of identifying the window of optimum cowgtions that yield the highest

ionic conductivity with the lowest activation engrg
4.2.1. Phase Purity and morphology of La,Sr«Ga;.,Mg,O3sat 1500C

Equilibration of the samples at 1500 was carried out for two different time
periods, 8 and 24 h. The samples equilibrated @6°C5for 8 h were used to analyze
the phase equilibrium because the samples equéidbfar 24 h showed significant Ga
vaporization lossesThe mass loss in the 8-hour equilibrated samplesafb the
compositions investigated (L&5rGa-yMgyO3.5 Xx=0-0.3, y=0-0.3) was less than 0.3%.
Similarly, for all compositions, in 8 hours of etjoiation at 15080C, the Ga
vaporization losses deduced from the bulk Ga cdragon analyzed by EDAX was
less than 0.5 at. %. The X-ray diffraction patteafigpure LaGa@ with varying Sr
(x=0.01, 0.02, 0.03 and 0.04) and Mg content (y, 8.02, 0.05, 0.10, 0.15, 0.20, 0.25
and 0.30) are shown in Figs. 4.2.1-4.2.4 and tmeesponding back scattered electron
images at a magnification of 500X (higher magntima pictures have been shown to
represent the bulk microstructure) are shown irs Hig2.5-4.2.7. It was seen from the
XRD pattern that no secondary phases appeareddardvicentrations up to 30 mol %.
However, scanning electron images indicated thaRGt25 and 30 mol % Mg,
secondary phase of MgO (dark spherical precipitatélse grain boundary) precipitated
from the solution. Traces of @4gO, were also detected by EDS in the SEM images of
20 and 25 mol% Mg samples. This indicated that gbkibility of Mg in the pure
perovskite phase is about 20 mol % at P00 he absence of MgO peaks in the XRD

for the 20, 25 and 30 mol % samples might be bec#uis phase was present at less
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than 3 vol% or might have been amorphous in natdogever, samples sintered for 20

hrs clearly showed crystalline MgO peaks in thea){-diffractogram.
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F|g425 SEM-EDAX image of a) lb3oSIp 0:Galys, b) Lao,998r0,01Gag,gd\/lgo,0203.5, C)
Lag 90510.01G&.9dM190.0803-5, d) L&y 96510.0:G & 8dIG0.2d035, €) L& 96S10.01G8 7900 24055, b)
Lao,ggsro,olea)]d\/lgo,gcpg& eqUiIibrated at 1560:
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Fig.4.2.6 SEM-EDAX image of) L& gsSl.0GaCss, b) La.eeSh.065a.0dV190.00s5, C)
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equilibrated at 150C

102



NML-0690 20.0kV 10.3mm x3.00k BSECOMP 10.0um

NML-0694 20.0kV 11.0mm x3.00k BSECOMP
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equilibrated at 150C
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The XRD of pure LaGa®with varying Sr content (x = 0.01, 0.02, 0.03,4.0
0.05, 0.10 and 0.15) is shown in Fig. 4.2.8 and deesponding scanning electron
images are depicted in Fig. 4.2.9. The X-ray ddiograms indicated that the solubility
of Srin pure LaGa@appeared to be restricted to 4 mol %. At 5 mol¥dr&ces of the
secondary phase LaSréea were identified in the XRD. This was confirmed by
scanning electron microscopy, wherein a single @magrostructure was observed up
to 4 mol % Sr whereas traces of secondary phase@=aS; (light grey contrast and
present within the grains of the perovskite phasey seen at 5 mol % Sr. The
stoichiometry of LaSrG#®; was confirmed by EDAX analysis. LaSré&a has a range
of stoichiometry varying from LaSrsGaO7 to LaysSn GaO; [Majewski et al, b)
2001 and c) 2001]. It was also observed that norstary phases other than LaSsGa
appeared up to Sr concentrations of 20 mol % a®(%0
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Fig.4.2.8 XRD pattern of L1LaSKGaGss (x= 0.01-0.15) equilibrated at 15T
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Fig.4.2.9 SEM-EDAX image of a) badsSr.0:Galss, b) Lay.9sSlo.0Galss, €)
Lag.97S1h.05Ga0ss, d) Lay.95Shh.05GaGss, €) Lay.ooSlh.105a%ss, f) Lag gsShh.15Galss
equilibrated at 150C

The XRD pattern of LgosSt.osGayMgyOs5 (y=0-0.3) as a function of

concentration of Mg at the B-site is shown in Fg2.10 and the corresponding back
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scattered electron images are shown in Fig. 4.2tMas seen from the XRD results
that for a Sr content of 5 mol%, up to 15 mol % Nl secondary phase LaSgGa
was present. However, beyond 15 mol % Mg, the XR® rbt show any impurity
phases for Mg concentrations of 20, 25 and 30 mél&tvever, SEM results indicated
that for the 5 mol % Sr sample, as Mg was increasadbrGa0; formed as the
secondary phase up to 15 mol %Mg. For 20 mol % tMxxisted as pure phase and for
25 and 30 mol % Mg, the MgO phase precipitated. dlence of MgO reflections in
the XRD was once again because of its low volumaetifon.
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Fig.4.2.10 XRD pattern of loasSro 0sGay.,MgyOs.s (y= 0-0.30) equilibrated at 1580
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f) Lag95510.05G&.sdMJo.2d03-5, ) Lab.9sSl0.08G e 79M100.28035, 1) Lab.95S10.08G 8 70MJo.3003-
equilibrated at 150C.
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The X-ray diffractogram of LgyoSt.1dGayMgyOs5 (y=0-0.3) as a function of
concentration of Mg at the B-site is shown in Fg2.12 and the corresponding
scanning electron photographs are shown in Figl3.Here again for the 10 mol % Sr
sample, it was seen that the secondary phase kgSr@&as present up to 20 mol % of
Mg, it existed as a pure perovskite phase for 26%dg and for further additions of
Mg, MgO was present as the second phase. The Mifagctogram of Lg gsSh.1:Gar-
yMgyOs; (y=0-0.3) as a function of concentration of Mgla B-site is shown in Fig.
4.2.14and the corresponding scanning electron micrographshown in Fig. 4.2.15.
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Fig.4.2.12 XRD pattern of loaoSro 1dGa-,,MgyOs.s (y= 0-0.30) equilibrated at 15%0.
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Fig.4.2.13SEM-EDAX image of a) LgoSl.1dGa0ss, b) Lo 90S10.1058.6V190.0403.5: €)
Lay.90STo.1dG&.99V100.0803-5, d) L8.90S10.1858.90MJ0.1d035, €) L& 9051105 .88M0.1:03.,

f) Lap.9oSto.1dG8.80M 0020035, ) Lab.9oSto.1d58.79M 0028035, M) Léb.90Slo.1d58.70MJ0.3d035
equilibrated at 150C
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Fig.4.2.14 XRD pattern of loasSro 15Ga.,,MgyOs.s (y= 0-0.30) equilibrated at 15%0.

For the 15 mol % Sr sample, it was seen that tberslary phase LaSr@a;
was present up to 20 mol % of Mg, it existed asii@ perovskite phase for 25 mol %
Mg and for further additions of Mg, MgO was presasatthe second phase. As seen in
the SEM micrograph, for Sr content of 15 mol %, pirase MgG#D, was found to be
present in addition to MgO at Mg concentration 6f rBol%. For the 20 mol % Sr
samples, the perovskite phase was not presentsasgke phase at any of the Mg
compositions from 0 to 30 mol% as shown in Fig..462 Up to 25 mol % Mg, the
impurity phase LaSrG®; was present, beyond which for the first time tlStGaQ

phase was detected along with the perovskite an@® dlgases for the 30 mol % Mg
composition.

110



¥

Ja.n_.;:gt";“:'- OIS Eonm >3 00K ESECORE 1 an ot
E 5

Fig.4.2.155EM-EDAX image of a) LggsSl.15Ga0s5, b) Lao 85S10.15G8.0dV190.0403.5, C)
L2 85510.15G@.99MJ0.0:035, d) L2y 85510.15Ga.90Mdo0.10035, €) La.90Sl0.1d52.80MJo.2d035, )
Lag.90S60.1638.79M 0025035 and g) La.oeSh 10Ga 7dVIdo 303 equilibrated at 1560C
Lao 855t 1:Gay.yMg, O3 (y= 0-0.30) equilibrated at 158D
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Fig.4.2.16 XRD pattern of loaoSro 2dGai.,,MgyOs.s (y= 0-0.30) equilibrated at 15%0.

The lattice parameters (indexed for a cubic perbwsihase) at 156C was
calculated for all the dopant concentrations. Thiesalts are plotted in Fig. 4.2.17 as a
function of Mg concentration at the B-sites. It wssen that the lattice parameter
increased up to 15 mol % Sr and remained constadécreased thereafter indicating
that the saturation solubility of Sr was around bl %. Similarly, at lower Sr
concentrations, the lattice parameter increased Wig content up to 20 mol % and
thereafter remained constant or decreased.

The samples of all the compositions of LarGa;.yMgyOs.(x+yy2 (Xx=0-0.2, y=0-
0.3) were also equilibrated for 24 hours at P&0and characterized by XRD, SEM and
EDS. These samples after equilibration for 24 hwatbextensive mass loss (up to 5 wt
%) and Ga vaporization (up to 7 at. % as determimgedEDAX bulk analysis). The
secondary phases identified by X-ray diffractiord @®EM with EDAX is given in
Table 4.2.1.
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Fig.4.2.17 The lattice parameter of;LL&r,GayMg,0s.5 (Where x=0-20 and y= 0-30

mol%) was plotted against Mg content (equilibraaed500C for 8 hrs)

Various impurity phases such as;Ga0Oy, LaSrGaQ, LaSrGa0;, MgGaO,
and MgO were detected along with the perovskitesphas Sr content increased, the
secondary phase kaaOg formed initially and increased in quantity alongthwthe
LaSrGaO;. However as Sr content increased further, the amai LayGa0q

decreased whereas the volume fraction of LaSrGa¢deased. Similarly, when the Mg

content increased, the amount of the secondaryepBadlgO, increased and further

increase in Mg contents resulted in increasing meldractions of MgO at the expense

of GaMgO,. The scanning electron micrographs of the evalutibGaMgO, and then
MgO as the Mg content is increased for a 10 mol ¥&&nple sintered for 24 h is

shown in Fig. 4.2.18.
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y=0-0.30) at 150tC at 24 hrs.

Compositions

1500°C, 24 hrs

Phases identified by SEM-EDAX

Lao.99SM.0:Gals Pure LSGM
La.99S10.01G20.908MJo.003 Pure LSGM
Lap 99510.0:G@h.99Mg0.0503 Pure LSGM+ MgGg0,
Lap 99510.0:Gab.00MJo.1003 Pure LSGM+ MgGg0,
Lap 99510.0:G @b .89Mg0.1503 Pure LSGM+ MgGg0,
La0.99510.01Ga 8dMJo. 203 Pure LSGM+ MgGz0D,
La0.99510.01G @ 75M o 2503 Pure LSGM+ MgO
La0.99510.01G @ 70MGo.3Os Pure LSGM+ MgO
Lag g9eS1h.0Gas; Pure LSGM+ LaSrG®,
Lao.98510.0652.0dM1go.003 | Pure LSGM+ LaSrG.+ MgGaO,
Lap.98510.0652.08M190.003 Pure LSGM + MgG#0,
Lap.98510.0652.90MJo.1003 Pure LSGM+ MgGgD,
Lao 98510052 85M90.1503 Pure LSGM+ MgO
Lao 98510052 8dM o 203 Pure LSGM+ MgO
Lao.98510.0452.79M g0 25803 Pure LSGM+ MgO
Lay.98510.05a.70M o 303 Pure LSGM+ MgO
La.97SMh.06Ga0s Pure LSGM
Lap 9751.08Gah.0dMgo.003 | Pure LSGM+ LaSrG.+ MgGaO,
Lap 97510085 @.99Mg0.0503 Pure LSGM+ MgGg0,
Lap 97510.08G@.00Mgo.1003 Pure LSGM+ MgGg0,
Lag 97515.08Ga 89MJo.1503 Pure LSGM+ MgGg04+ MgO
Lap.97S10.0452.860MJo.2003 Pure LSGM+ MgO
Lap.97S10.0453.79M190.2:03 Pure LSGM+ MgO
Lay.97S10.0453.70V190.3003 Pure LSGM+ MgO
Lao.955M.05Ga0; Pure LSGM
Lao.95510.0552.98MJo.003 Pure LSGM
Lao.95510.05G@.95M90.0:03 Pure LSGM+ MgGz0D,
Lao.95510.0552.90MJo.103 Pure LSGM
Lao 955100552 85M90.103 Pure LSGM+ MgGz0D,
Lao 955,052 8dMGo. 203 Pure LSGM+ MgO
Lao 95510055 75M o203 Pure LSGM+ MgO

Table 4.2.1The secondary phases identified in 3rGa..,MgyOz (x=0-0.20 and
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Lao.95510.05G2.70MJo 3003 Pure LSGM
Lao.90Sh.165a0; Pure LSGM
Lao.90S10.1652.908Mdo.003 Pure LSGM
Lap,90S1.1d5@.99Mg0.0503 Pure LSGM+ MgGg0,
Lap,90S1.1d58.00Mgo.1003 Pure LSGM+ MgGg0,
Lao.90Sr.105a 85Mo.1:03 Pure LSGM+ MgO
La0.00S10.10G.80MGo2d0s | Pure LSGM+ LaSrG@,+ MgO
Lao.90510.1053.75M o 2503 Pure LSGM+ MgO
Lao.90S10.1052.70MJo 303 Pure LSGM+ MgO
Lao gsShh.15Ga0; Pure LSGM
Lap.85510.1553.0dM190.003 Pure LSGM+ LaSrG®;,
Lap.85510.1553.0dM190.0:03 Pure LSGM+ LaSrG®;,
Lap.85510.1553 .90V Jo.1003 Pure LSGM+ LaSrG®;,
Lag 8551015 85M90.1503 Pure LSGM+ MgGz0,
Lay 85510156 Mo 203 Pure LSGM+ MgO
Lag 85510155 75M o 2503 Pure LSGM+ MgO
Lag 85510156 70MJo.3dOs Pure LSGM+ MgO
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Fig.4.2.18 The scanning electron micrographs shgwie evolution of G#MgO, and
then MgO as the Mg content is increased for a 109m8r sample sintered at 1500
for 24 h;a) La.eoSt.1dGaQss, b) Lao.eoSho.1dG80.0dI00.02054, C) Lo e0S0.1658.09MJ0.0803:5, d)

Lay.96ST.1dG&.9dI00.1003-5, €) L&y 905101058 .89MJ0.18055, T) L8g.90S10.1d58 8dMJo.2d05-5, )
Lay.90STo.1dG &, 7100 26035, N) Léb.90Slo.1d58.70MFo.3d035
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4.2.2. Phase equilibrium in LaSr«Ga;.,Mg,Oz5at 1500C

The phase diagram at 1500of the hypothetical LaGag.aSrQ s-LaMgOs s
system at the LGO rich corner was constructed baseithe phase equilibrium results
and is shown in Fig. 4.2.19. Three phase regiomeafvskite+LaSrG®,+ LaSrGaQ,
perovskite+LaSrGagMgO, perovskite+LzgGa0yt+LaSrGa0y;,
perovskite+GgMgO,+LaSrGa0O; and 4-phase regions of perovskite+8gO,
+LaSrGa0; +LaSrGaQ, perovskite+LgGaOqtLaSrGaOs+LaSrGaQ, perovskite
+GaMgO,+LaSrGa0,+LaSrGaqQ, perovskite+GaMgO,+LaSrGa0,+MgO were also
detected. Some of these might correspond to mbetastguilibria because of partial Ga

vaporization and the consequent change in bulk ositipn.

A Perovskite (P)

1500°C, 8 h LaGao.sMQgo.5035 ® Perovskite + Mgo
05

B Perovskite + LaSrGa3DT

& Perovskite + MgO
+ Ga2M90 A

O Perovskite + LaSrGaBDT
+MgO

+
P GaZMgo 4

LaGaO3 4 ’ La0_5S|'olsGaO3-6
0.0 0.1 0.2 03 04 0%

Sr

Fig.4.2.19Range of stability of Sr and Mg-doped lanthanuntaglequilibrated at
1500°C for 8 hours
It was seen that the pure perovskite phase existeda reasonably large compositional
domain in the ternary system. The solubility ofdrthe A-site was found to depend
strongly upon the extent of Mg- in the B-site. Wdh increase in Mg-content, the
solubility limit of Sr at 1508C in the perovskite phase increased from less 4harol
% in the absence of Mg to about 15 mol % when 25% dlg was present at the B-
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site. Conversely, the amount of Sr at the A-sité twialy a small effect on the solubility
limit of Mg in the B-site. The solubility of Mg irthe perovskite phase increased
marginally from 20 to 25 mol % with the addition & mol % of Sr. With increasing
Sr-content, the impurity phases LaSgGaand subsequently LaSrGa@ere found to
form whereas with increasing Mg-content, initia®gMgO, and later MgO was found

to co-exist with the perovskite phase. The rangearhpositions over which the 2-
phase equilibrium perovskite+LaSr&x existed as Sr content was increased was broad
(up to 20 mol%). However, the two phase region eopskite+MgGg0, towards the
LaMgO, s end was very narrow. In fact, in many of the caties perovskite phase was
found to be in equilibrium with MgO.

The phase equilibrium observed in our study at03Gds very different from
that reported in the literature [Matraszek et &8l0£2 Zheng et al, 2004; Huang et al,
1998; Majewski et al, 2001; Rozumek et al, 2003 andet al, 2006]. Firstly, the
solubility limits of Sr and Mg were found to be féifent compared to the earlier reports.
Whereas the Sr solubility in pure LaGa@ported by Majewski and co-workers [2001]
(4-6 mol %) and Matraszek and co-workers [2004in(1%) at 1408C was somewhat
close to that obtained in the present study, thesMgbility in pure LaGa@reported to
be only 4-5 mol % by Majewski and co-workers wascinlower than that obtained in
the present study. However, Matraszek and co-wser&804] found that the solubility
of MgO in pure LaGa@at 1400C was far higher (20 mol %). Sammes et al [1998]
reported a maximum solubility of up to 20 mol %&d 5 mol % MgO at 150G in
pure LaGa@ whereas Chen and Fung reported saturation sityubfl~10% SrO and
in excess of 20 mol % MgO. However, when Sr andwége simultaneously doped,
the solubility limit was reported to be consideyal@nhanced. Huang et al [1998]
reported a solubility of 20 mol % each of Sr and Wigen doubly doped between 800-
1500C. Zheng and co-workers [2004] reported a saturaaubility of 10 mol % SrO
and 20 mol % MgO whereas Liu et al [2006] determiaesaturation solubility of 25
mol % SrO and more than 28 mol % MgO at 1%D@vhen doubly doped. When
simultaneously doped, the maximum solubility obedinn this study was 15 mol% for
SrO and 25 mol% for MgO. These results were inaealkle agreement with that of
Huang et al [1998] and Majewski and co-workers [d8ut differ from that of Liu et
al [2006].

Huang et al [1998] have shown the perovskite phad®e in equilibrium with
LaSrGaO; and LaSrGa@between 800-150C without the existence of any 2-phase
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equilibrium. As seen from the ternary phase diagodrthe LaO3-Ga03-SrO system
[Rozumek et al, 2003], LaSrGa@annot be in thermodynamic equilibrium with the
perovskite phase. This phase possibly formed im ghedy because of the depletion of
Ga shifting the bulk composition to Sr rich regiofifie phase equilibria at 140D
depicted by Majewski and co-workers [2001] and Msitek et al [2004] are also in
disagreement with the present study and were nudisent with phase rules. The 3-
phase and 4-phase regions bounding the perovsk#teepand the absence of 2-phase
regions separating the 3-phase and 4-phase regimwen by them were irreconcilable
with the topological rules for quaternary phasegthan construction. Liu et al [2006]
depicted the single phase perovskite region tonberrupted by two 2-phase regions
LSGM+LaSrGaQ and LSGM+LaSaG®; as the Sr content was increased. This was
again in contradiction to established rules forgghaquilibria. In most of the literature
reports on phase equilibria in the LaGd@SrG, 5-LaMgO, 5 system, the equilibrium
co-existence of LaSrGaQvith the perovskite phase was projected which agesn not
consistent with the constituent ternary systemsr Olbservation was that both,
La,GaOy as well LaSrGa@ phases formed when Ga evaporated and the bulk
composition shifted to the Sr rich region. It wasserved from the ternary i@s-
Ga03-SrO system [Majewski et al 2001] that as Sr wasedato the perovskite phase,
the first secondary phase to form would be LaS@%and as Sr content increased
further, a 3-phase equilibrium of perovskite+tLaSGalLa,GaOy would result.
Further increase of Sr concentration or depletibG@& below 40-50% would result in
the formation of LaSrGafat the expense of the perovskite phase. Similayare of
the opinion that the formation of the &yO, and MgO phases at much lower Mg
solubility in the 24 h sintered samples was promdie the vaporization of Ga from the
perovskite phase. It was seen from the phase dmaffnathe LaO;-Ga03;-MgO system
[Majewski et al 2001] that as Ga was depleted aseclto the perovskite phase
composition, the equilibrium shifted towards thergwskite+MgGaO,+MgO three
phase equilibrium, followed by a small compositiamnge in which the
perovskite+MgO equilibrium existed and thereaftethe perovskite+MgO+L&a0q
equilibrium. All the 2, 3 and 4 phase combinatiooktained for 24 hours of
equilibration at 1501 conformed to the sequence of phase evolutiorvibatd result
from Ga evaporation. A plot of the mass loss anddSa determined from EDAX bulk

analysis for LSGM9182 subjected to various timesdailibration at 150t is shown
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in Fig. 4.2.20. It was seen that for times of a@quéition beyond 8 hours, substantial Ga
vaporization and consequent mass loss occurred.
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Fig.4.2.20 A plot of the mass loss and Ga lossroeted from EDAX bulk analysis for
LSGM9182 subjected to various times of equilibnatah 1506C

4.2.3. Phase purity, Morphology and Phase equilibuim in La;,Sr«Ga;.,Mg,Ossat 700C

The results of the XRD and the corresponding lsakttered electron images
for pure LaGa@with varying Sr concentration and with varying Mgncentrations are
given in Figs. 4.2.21 - 4.2.24. It was seen that sblubility of Sr and Mg in pure
LaGaQ had reduced at 780 compared to that observed at 1%DOAt 700C, the
saturation solubility of Sr and Mg in the perovekithase was found to be 4 mol % and
15 mol % respectively. The X-ray diffractograms arttie corresponding
microstructures for LgwsSrh.0GayMgyOszs Lao.9iSh.0GayMgyOszs, Lao.9eSIh.0la-
yM0yOss, Lag.9sSIh.0sGayM0yOz5, Lag.ooSlh.1dGayMgyOzs, Lag.ssSlo.1s5GayMgyOss
and L& .osSh.osGaiyMgyOs5 are depicted in Figs.4.2.25 - 4.2.38 respectivéy.
secondary phase formation was observed for var@irgontent up to 4 mol% with
varying Mg content in the B-site. While increasthg Sr-content, a similar trend in the
solubility of Sr varying with Mg content was alsbserved at lower temperatures, the
overall solubility limits were found to decreasettwitemperature. The combined
maximum solubility of Sr and Mg were found to be dfid 15 mol % respectively at

700°C when simultaneously doped. Other than the sdlyliketting restricted in the
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ternary compositions, the overall phase relatidng&C was similar to that observed
at 1500C. With increasing Sr-content, the impurity phaka$SrGaO,; was found to
form whereas with increasing Mg-content, initiaMgGa0O, and later MgO were
found to co-exist with the perovskite phase.
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Fig.4.2.21 XRD pattern of le@asSr 0:Ga.yMgyOs.; (y= 0-0.20) equilibrated at 780 for 720
hrs.
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Fig.4.2.22 SEM-EDAX image of a) b.@93r0.01GaQ<3, b) Lay.95S10.01G&.90dJ0.003-5, C)
Lag.09S10.01G&n.99M0yOs.5, d) Lay.9eS10.0:Gan.00MJo.1d035, €) Lay.9sS1h.01Gan.89Mgy0.1503-5,
f) Lag.96S10.01Ga sdVIgo.2d03-5 equilibrated at 70 for 720 hrs
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Fig.4.2.23 XRD pattern of LaSrKGaGs; (x= 0-0.15) equilibrated at 780 for 720 hrs
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Lag.97S10.08Ga0s5, d) Lap.oeSIo.04Galss, €) Lay.95Sl.0sGalss, f) Lag.ooSh.1dGalss,
0) LaggsSro.1:Gals s andg) Lag goSh.d5a0;s equilibrated at 70T for 720 hrs.
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Fig.4.2.25 XRD pattern of leagSr oGayMgyOs5 (y= 0-0.20) equilibrated at 780 for 720
hrs.
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Fig.4.2.26 SEM-EDAX image of a) b3sSto.0/GaGss, b) Lay 98510.0:Ga.90d100.003-5, C)
La.9eS10.0Gan.99MgyO3.5, d) Lay.0eSIo.0:Gan.9dMo.1003-5, €) Lab.98S10.00G8n.88M0y0.1503-3,
f) Lag.0eSIh.0/Ga soM o 2d3-5 equilibrated at 70T for 720 hrs.
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Fig. 4.2.27XRD pattern of Lag7S 0Ga-,Mg,Os; (y= 0-0.20) equilibrated at 700
for 720 hrs.
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Fig.4.2.28 SEM-EDAX image of a) b3:Sr.0GaGss, b) Lay.97S10.03Ga.90d100.003-5, C)
Lay.97510.05Ga.99M0yOz.5, d) Lay.97S10.05Ga0.90M0.103-5, €) Lab.97SM0.0dGan.88M0y0.1503-3,
f) Lag.o7Sh.0dGa soMgo.2d3-5 equilibrated at 70T for 720 hrs.
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Fig.4.2.29 XRD pattern of loaeSro 0Gai.,MgyOs.; (y= 0-0.20) equilibrated at 760

for 720 hrs
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Fig.4.2.30 SEM-EDAX image of a) basSl.045a0s5, b) Lay.96S10.045.0dV100.003-5, C)
Lag.06510.04Gan.99MgyOs.5, d) Lay.96S10.04G80.00MJo.1d035, €) Lab.96S1.04580.89MI0y0.1503-5,
f) Lag.0eSIh.04Ga soMgo.2d3-5 equilibrated at 70T for 720 hrs.
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Fig.4.2.31 XRD pattern of lasSr0sGayMgyOs.5 (y= 0-0.20) equilibrated at 760
for 720 hrs
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Fig.4.2.32 SEM-EDAX image of a) bgsSlo.0:GaGs;s, b) Lay.95S10.05Ga.0dV1g0.003-5, C)

La.95S10.05Gan.99M0yO3.5, d) Lay.o5S10.05Gan.9dMo.1003-5, €) Lab.95510.05Gan.88MI0y0.1503-3,
f) Lag.osS10.05Ga sdMgo 20035 equilibrated at 70T for 720 hrs
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Fig.4.2.33 XRD pattern of leacSto.1dGa.,MgyOs.; (y= 0-0.20) equilibrated at 760
for 720 hrs.
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Fig.4.2.34 SEM-EDAX image of a) baoSt.105a0s5, b) Lay.90Sh.10520.908Mgo.003-, C)
Lag.00S10.1dGan.99M0yOs.5, d) Lay.9oSTh.1dG8.00MJo.1d035, €) Lay.9oSTh.1d0580.89M0y0.1503-5,
f) Lag.o0Slh.1dGa.s0Mgo. 2035 equilibrated at 70T for 720 hrs
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Fig.4.2.35 XRD pattern of loasSro 16Ga.,MgyOs.; (y= 0-0.20) equilibrated at 760
for 720 hrs
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Fig.4.2.36 SEM-EDAX image of a) basSt.15Ga0s5, b) Lay 855h.15G20.90dMgo.003-5, C)
Lag.8sS10.15Gan.99MgyOs.5, d) Lay.esSto.15Gan.00Mgo.1d035, €) Lab.esSth.15Gan.89MIgy0.1503-5,
f) Lag g=Slo.15Ga soMgo 2035 equilibrated at 70T for 720 hrs
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Fig.4.2.37 XRD pattern of loacSto 2dGai.,,MgyOs.s (y= 0-0.20) equilibrated at 760
for 720 hrs
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Fig.4.2.38 SEM-EDAX image of a) b8oSlh.2dGaGs s, b) La),sosro,g(ﬁa),gd\/lgo,opg-& C)
Lag.80S10.2dGan.99M0yOs.5, d) Lay.goSto.20G8.00MJo.1d035, €) Lay.eoSIh.2d580.89M0y0.1503-5,
f) Lag.geSlo.2dGa.s0Mgo.2dO35 equilibrated at 70T for 720 hrs

The variation of lattice parameter at 700vith Mg concentrations at the B sites
of the perovskite phase is shown in Fig. 4.2.3% Pbint of inflection in the lattice

parameter plot corresponds to the saturation dajulwf the dopants. The phase
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diagram of the LaGagLaSrQ, sLaMgO; s at 700C was constructed from the XRD
and SEM-EDS results and is shown in Fig. 4.2.4@& 3écondary phases identified for
both 1506C and 708C by XRD and SEM-EDAX are given in Table 4.2.2 &4&.
respectively.
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Fig.4.2.39The lattice parameter of Lg&SrGa.,MgyOs5 (Where x=0-20 and y= 0-20) is
plotted against Mg content (equilibrated at T@or 720 hrs)
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Fig.4.2.40Range of stability of Sr and Mg-doped lanthanunteglequilibrated at
700°C for 720 hours
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Table 4.2.2The identified secondary phases in LSGM as a fanaif dopant concentration equilibrated at T&Dfbr 8 hours.

1500°C, 8 h
Phases
N identified by Phases identified by SEM-EDAX
Compositions YRD
Elemental composition of impurity phase (atomic pecent)
Impurity phase
La Sr Ga Mg @]

Lag 9oS10.01Ga0s; Pure LSGM Pure LSGM - - - - -
Lag.99S10.01G&.9dM00.003-5 Pure LSGM Pure LSGM - - - - -
Lag.99S10.01G&.99MJ0.0803-5 Pure LSGM Pure LSGM - - - - -
Lag.99516.01G&.9dMJo.103-5 Pure LSGM Pure LSGM - - - - -
Lag.99516.01G & 8dV1J0.18035 Pure LSGM Pure LSGM - - - - -
Lag.99516.01G & sdV1Jo 2035 Pure LSGM Pure LSGM - - - - -
Lag.99510.01G& 7900 2035 Pure LSGM | Pure LSGM + Mg - - - 43.12 49.88
Lag.99510.01G& 70MJo 3035 Pure LSGM Pure LSGM + MgO - - - 39.92 55.17

Lag 0sSlo.05a0s5 Pure LSGM Pure LSGM - - - - -
Lag.98516.058.90dV190.003-5 Pure LSGM Pure LSGM - - - - -
Lag.98516.058.98M100.0803-5 Pure LSGM Pure LSGM - - - - -
Lag.98516.058.9dMJo.103-5 Pure LSGM Pure LSGM - - - - -
Lag.98S10.058.8M00.1803-5 Pure LSGM Pure LSGM - - - - -
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Lag.9sS10.0G & s0MJo.200s Pure LSGM Pure LSGM - - - - -
Pure LSGM + - - - 33.93 59.15
Lag.9sS10.0G & 79V1g0.28055 Pure LSGM
MgO+ MgGaO, 9.04 - 9.05 10.17 71.73
Pure LSGM + MgO - - - 45.52 50.38
Lag.9sS10.0G &, 70MJo.30s+ Pure LSGM
+ MgGaO, 9.93 - 9.12 5.68 75.27
Lag g Sh.oGaG; Pure LSGM Pure LSGM - - - - R
Lag.97S10.08G & 9dV1J0.005 Pure LSGM Pure LSGM - - - - -
Lag.97S15.08G & 991 J0.0805 Pure LSGM Pure LSGM - - - - -
Lao.gﬁro.ogGa)_gd\/lgo.l(pgﬁ Pure LSGM Pure LSGM - - - - -
Lao.gﬁro.ogGa)_gé\/lgo.lﬁgﬁ Pure LSGM Pure LSGM - - - - -
Lao.gﬁro.ogGa)_gd\/lgo.z(pgﬁ Pure LSGM Pure LSGM - - - - -
Lag.o7S10.08G 8 790028035 Pure LSGM | Pure LSGM + M(( - - - 41.09 54.46
Lag.97S10.08G & 70MJo.30s+ Pure LSGM Pure LSGM - - - - -
Pure LSGM + Pure LSGM +
Lag.95510.05Gals s 24.16 0.21 37.42 - 38.21
LaSrGaO, LaSrGaO,
Pure LSGM + Pure LSGM +
Lao_95sr0_o5Ga)_9dV|go_02035 14.65 1.67 38.02 - 45.67
LaSrGaOy LaSrGaOy
Pure LSGM + Pure LSGM +
Lao_95sr0_o5Ga)_9dV|go_o5035 1.19 - 21.18 13.10 64.53
LaSrGaOy MgGa0O,
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Lag.95510.05G&.9dMJo.103-5 Pure LSGM Pure LSGM - - - - -
L 8 0cST 0:Gs aMJo 1.0 Pure LSGM + 5 LSGM
89.95200.0508, , ure - - - - -
95ol0.0 853v10o.15V35 LaSrGao,
Lao.g5sr0.o5Ga)_8dV|go.2(pg1s Pure LSGM Pure LSGM - - - - -
Lag.g5515.0:G & 7900 203 5 Pure LSGM | Pure LSGM + MgO - - - 46.46 53.43
Lag.95510.05G &, 7dM0.303-5 Pure LSGM | Pure LSGM + Mg - - - 43.01 54.52
Pure LSGM + Pure LSGM +
Lag oSy 1d5a0s;s 6.81 2.30 14.51 - 78.38
LaSrGaO, LaSrGaO,
Pure LSGM + Pure LSGM +
Lao.g(sro.l(ﬁa)_gdvlgo.opgﬁ 26.24 - 48.43 - 25.34
LaSrGaO, LaSrGaO,
Pure LSGM + Pure LSGM +
Lag.90S10.1058.99M00.0803-5 18.06 3.51 43.75 0.52 34.16
LaSrGaOy LaSrGaOy
Pure LSGM + Pure LSGM +
Lag.90S10.1058.9dMJ0.103-5 24.96 0.79 33.67 1.45 39.13
LaSrGaOy LaSrGaOy
Pure LSGM + Pure LSGM +
Lag.90Sl0.1058.8M00.1803-5 3.20 - 2.97 36.97 56.86
LaSrGaO, LaSrGaO,
Pure LSGM + Pure LSGM +
Lao.g(sro.l(ﬁa)_gdvlgo.z(pgﬁ 6.25 5.53 15.79 - 72.43
LaSrGaO, LaSrGaO,
Lag.90Sl0.1058 790028035 Pure LSGM Pure LSGM - - - - -
Lag 905001058 70MJo.3Oz5 Pure LSGM Pure LSGM + MgO - - - 39.86 60.14
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Pure LSGM +
Lag gsS15.1Galss LaSrGa0o, 450 5.82 16.24 - 73.44
LaSrGaO,
Pure LSGM +
La0_35Sr0_15Ga)_95J\/|go_02035 Laer@O7 19.14 1.02 31.41 0.30 48.13
LaSrGaOy
Pure LSGM +
Lao_35sr0_15Ga)_9dV|go_o5035 Laer@O7 6.91 6.31 18.13 1.14 67.51
LaSrGaOy
Pure LSGM +
Lag g5506.16G 8. 00MJo.103-5 LaSrGa0o, 7.13 6.00 19.66 1.27 65.93
LaSrGaO,
Pure LSGM + 6.11 6.70 15.40 1.40 70.38
Lag gsS10.15G &y 891 J0.15055 LaSrGaOo,
LaSrGaO,+ MgO - - - 42.54 55.01
Pure LSGM + 6.17 5.69 15.90 2.56 69.67
Lag.gsS10.15G &y soMJo.2035 LaSrGao,
LaSrGaO.+ MgO - - - 38.59 57.20
Lag gsS10.15G @y 79V1g0.28055 Nil Pure LSGM - - - - -
La0_35Sr0_15Ga)_7d\/|go_3(D35 Nil Pure LSGM + MgO - - - 41.73 57.86
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Table 4.2.3The identified secondary phases in LSGM as a fanaif composition for equilibration at 7 for 720 h

700°C, 720 h
Phases
Compositions identified by Phases identified by SEM-EDAX
XRD
Elemental composition of impurity phase (atomic pecent)
Impurity phase
La Sr Ga Mg 0]
Lag.9eS1h.0:1Gal0ss Pure LSGM Pure LSGM - - - - -
Lag 96S15.01G@.0dMJ0.003-5 Pure LSGM Pure LSGM - - - - -
Lao.99510.0:G .99 Jo.08035 Pure LSGM Pure LSGM - - - - -
Lao.99510.0:Ga.90MJo.1d03-5 Pure LSGM Pure LSGM - - - - -
Lao.99510.0:G a0 89Mg0.15035 Pure LSGM Pure LSGM - - - - -
Lao.99510.0:Ga0.80MJo.2d03-5 Pure LSGM Pure LSGM - - - - -
Lag 9eS1h.0Ga0s.s Pure LSGM Pure LSGM - - - - -
Lay.9851.0252.0dMd0.003-5 Pure LSGM Pure LSGM - - - - -
Lao.98510.0452.99Md0.08035 Pure LSGM Pure LSGM - - - - -
Lay.9851.0252.90MJo.1d03-5 Pure LSGM Pure LSGM - - - - -
Lao.9851.0452.89Md0.15035 Pure LSGM Pure LSGM - - - - -
Lag.9eS10.055a.8dV1d0.203-5 Pure LSGM Pure LSGM + MgO - - - 39.79 58.15
Lag g Sh.oGalss Pure LSGM Pure LSGM - - - - -
Lag.97560.0858.0dV1g0.003.5 Pure LSGM Pure LSGM+ 9.10 5.16 19.93 1.03 64.78
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LaSrGaO,

Lag 97515.0658.09MJ0.003:5 Pure LSGM Pure LSGM - - - - -
Lag 97515.0658.00MJ0.103-5 Pure LSGM Pure LSGM - - - - -
Lag 97515.0658.89M00.1503:5 Pure LSGM Pure LSGM - - - - -
Lag 975100868 .80Mdo.203.5 Pure LSGM Pure LSGM + MgO - - - 40.37 55.90
Lag.9eS1.04Ga0ss Pure LSGM Pure LSGM - - - - -
Lao.96510.0452.09Md0.003-5 Pure LSGM Pure LSGM - - - - -
La0.96510.0452.99Md0.08035 Pure LSGM Pure LSGM - - - - -
Lag.96510.0458.9dMJ0.1d035 Pure LSGM Pure LSGM + 0.24 0.02 35.27 11.79 52.68
MgG&0,
Lag 965100458 .8dV1d0.1:03.5 Pure LSGM Pure LSGM + MgO - - - 41.56 57.91
Lao.96510.0452.80MJo.2d03-5 Pure LSGM Pure LSGM + MgO
Lag 95500.06Ga0; 5 Pure LSGM + Pure LSGM + 24.16 0.21 37.42 - 38.21
LaSrGaO;, LaSrGaO,
Lag 95510066 &.0dV1g0.003.5 Pure LSGM + Pure LSGM + 14.65 1.67 38.02 - 45.67
LaSrGaO;, LaSrGaO,
L&y 05515.06G @ 9dMJ0.003-5 Pure LSGM + Pure LSGM + 1.19 - 21.18 13.10 64.53
LaSrGaO;, MgGa0,
Lag 95515.0558.00MJo.103-5 Pure LSGM Pure LSGM - - - - -
Lao.9551.05Ga0.89Mg0.15035 Pure LSGM Pure LSGM - - - - -
Lao.9551.05Ga0.80MJo.2d03-5 Pure LSGM Pure LSGM - - - - -
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Pure LSGM +

Lag.goSrh.1dGa0:. Pure LSGM - - - - -
so=l04 ° LaSrGaO;,
Pure LSGM +
Lag 90S15.1058.0dM00.003-5 LaSrGao, Pure LSGM - - - - -
Lo 5651165 9Mdo o0 Pure LSGM+ | Pure LSGM* | o o6 | .00 15.64 137 71.55
89.90210.105%. 0503 . . . . .
202001058 9510008 LaSrGao, LaSrGa0,
Pure LSGM +
Lag 905,165 .00Md0.1d03-5 Pure LSGM 10.67 6.25 28.24 0.52 54.32
LaSrGaO;
Lao.9051.1052.89Md0.15035 Pure LSGM Pure LSGM - - - - -
Pure LSGM + 5.88 6.65 18.08 1.55 67.84
Lao.9051.10G2.80MJo.2d03-5 Pure LSGM LaSrGaO,+
- - - 38.05 54.30
MgO
Pure LSGM +
Lag gsSr.1:Gal0ss LaSrGa0; 8.76 4.15 14.88 - 72.20
LaSrGaO,
Pure LSGM +
Lay 85S1p.1:G .09V 0,005 LaSrGa0; 7.74 6.20 23.24 0.73 62.09
LaSrGaO,
Pure LSGM +
Lay 85S1p.1:Ga.09MJ0.0:05.5 LaSrGa0; 8.43 6.31 24.90 1.17 59.20
LaSrGaO,
Pure LSGM +
Lay 85S1p.1:Ga.00MJo.1d03-5 LaSrGa0; 7.37 6.32 19.10 1.36 65.84
LaSrGaO,
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Lag.gsSto.16Ga 8dVIdo.1:03.5 LaSrGao, Pure LSGM + MgO - - - 36.56 57.88
Pure LSGM + 7.46 6.25 22.38 1.80 62.03
Lag §5515.15G8.80MJo.203-5 LaSrGaO;,
LaSrGaO;+ MgO - - - 41.48 55.66
Pure LSGM +
Lag goSly2dGa0;.s LaSrGaO; 7.31 8.86 23.76 - 60.08
LaSrGaO,
Pure LSGM +
Lao_gosro_zcﬁa)_gdwgo_opg_g Laer@O7 4.89 6.77 15.14 0.58 72.62
LaSrGaO,
Pure LSGM +
Lao_gosro_zcﬁa)_gd\/'go_o503_3 LaSrGaO; 5.25 6.44 15.26 2.49 70.56
LaSrGaO,
Pure LSGM +
Lag 8051285 a.0dMJ0.1d035 LaSrGaO; 8.95 5.85 22.48 2.03 60.70
LaSrGaO,
Pure LSGM + 10.06 6.26 29.71 1.76 52.21
Lag g0S10.2058.89M00.1503.5 LaSrGa0o;,
LaSrGaO;+ MgO - - - 43.47 52.19
Lag.goSto.2dGa.80Mdo.2d03.5 LaSrGa0; Pure LSGM + MgO - - - 40.38 51.04

147



4.2.4. Electrical Conductivity of La;.,Sr,Ga;.yMgyO35

The electrical conductivity of LaSrGa.yMg,Os;5 as a function of Sr- and Mg-
concentrations at the A- and B- sites was invetydy two probe ac electrochemical
impedance (EIS) method in the temperature rangel®00C at an interval of 10C. For
the EIS measurements, AC amplitude used was 10@maMhe scan was carried out in the
frequency range of 10 Hz-10 MHz. The bulk condugtivof La;,SkGa.yMgyOs
compositions was deduced from the measured buktaese and the dimensions (area and
thickness) of the pellet. It was calculated usimgfollowing equation:

L
RA
whereo is the bulk conductivity (S/cm), L is the thicksesf the sample (cm), R is the bulk

[4.4]

Opuk =

resistance measured from the abscissa of the Nyplats (Q) and A is the area of the
sample (crf). The calculated bulk conductivities of L&rGa.yMgyO35 (x=0.0-0.30 and
y= 0.0-0.30mol) at different temperatures are givenable 4.2.4.

AC impedance analysis over a wide range of fregesrean resolve the resistances
and capacitances associated with the bulk, graimdary and electrode processes in
ceramic samples in a complex plane. The high fregueemi-circle corresponds to the
bulk capacitance and conductance, the low frequeany-circle is because of the ion and
electron transfer at the electrode-electrolyte riate and the intermediate frequency
semicircle results from the grain boundary resistaand dielectric processes. All these
three contributions vary with temperature and neetl be always present. At higher
temperatures, since the grain boundary resistacerisiderably lower, the intermediate
frequency semicircle is not present. Since allitheedance analysis measurements in the
present thesis were carried out above’8Q@he characteristic 3-semi circle plot was not
obtained. Typical impedance plots obtained in ¢higly are shown in Fig. 4.2.41. Since, a
maximum frequency up to 10 MHz was used, the bekistance semicircle became
inaccessible as a result of the high oxygen iordaotivity. Therefore, we have taken the
real resistance obtained at the highest frequehayeasurement to correspond to the bulk
resistivity. This value was in excellent agreem@mthin 3-5%) with the bulk resistance
measured by the DC method. The iso-conductivityt@mans as a function of Sr and Mg
doping at the A- and B- sites at 600, 800 and 30Cfre shown in Figs. 4.2.42a-c. It was
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seen that the highest conductivities at all thdseet temperatures occurred in the
concentration range of 10-15 mol % Sr and 20-25% dllg. The variation of conductivity
with Sr and Mg content at 880 is depicted in Fig. 4.2.43
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Fig. 4.2.41Nyquist plot for L& 9sS1.0Ga 0dVIgo 0035 at different temperatures
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Table 4.2.8ulk conductivity of LaSrGa.,MgyOz; at different temperatures

Sr Mg Conductivity (S/cm)

mol% | mol% 500°C 600°C 700C 800 C 900 C 10060 C
1 5.02x10* 1.57x10° 3.86x10° 7.37x10° 8.3:x10° 1.2x10°
2 3.86x10 6.06x10" 7.52x10° 2.36x10° 4.56x10° 7.54x10°
3 0 5.27x10° 1.97x10" 4.96x10* 1.24x10° 2.2¢x10° 3.9¢x107
5 1.75¢10* 1x10° 3.5%10° 9.21x10° 1.82¢10° 2.87x10°
10 4.74x10* 1.7810° 4.98<10° 1.03x10%? 1.7810° 2.64x10°
15 6.38<10* 2.510" 7.18<10* 1.52x10° 2.80x10° 4.14x10°
1 6.74x10"* 3.06x10° 8.32x10° 9.9¢x10° 1.31x107° 1.9(x10°
2 1.17x10° 4.30x10° 7.70x10° 8.64x10° 9.64x10° 1.62x10?
3 02 3.46x10° 7.28<10° 1.2310° 2.62x10° 4.26x10° 6.16x10°
5 1.86x10° 8.94x10° 2.21x10° 4.55¢10° 7.20<10° 9.78<10°
10 1.95x10° 7.42x10° 1.9(x102 3.65x107 5.7(x10° 7.7(x10%
15 4.3(x10* 2.16x10° 6.21x10° 1.3(x102 2.21x107 3.26x107
1 7.14x10* 3.90x10° 6.98<10° 8.51x10° 1.37%10° 1.88x10?
2 8.41x10* 4.38x10° 7.0310° 1.37%10%? 2.20<10° 3.010°
3 05 4.6(x10° 1.16x10° 2.86x107 4.82x10? 7.02x107 9.2:x107
5 4.66x10° 1.65x10° 3.64x10° 6.37x107 9.16x1072 0.117
10 4.24x10° 1.41x10° 3.3(x107 5.9x107 8.54x107 1.11x10*
15 2.15¢10° 9.00<10° 2.20<10° 4.10x10? 6.50<10° 8.84x10°
1 4.85x10° 1.17x10° 2.04x10° 3.36x107 3.86x107 4.34x10°
2 4.75x10° 8.3ex10° 2.7€x107 4.82x10? 7.0(x107 9.0x107
3 10 4.4(x10° 1.32x10° 4.2(x102 8.0(x10” 1.17x10* 1.46x10*
5 5.23x10° 1.65x10? 4.75¢10° 8.55¢10° 0.119 0.147
10 8.90x10° 2.60<10° 6.28<10° 1.01x10* 1.37%10* 1.64x10*
15 4.36x10° 1.75¢10°? 4.06x10° 7.41x10? 1.0%<10? 1.46<10*
1 6.35x10° 1.15x10° 2.12x107 3.28x10% 4.21x10%2 4.7€x10?
2 9.88x10° 1.96x10? 4.56x10° 7.66<10° 1.0%10* 1.28x10*
3 15 3.86x10° 2.90<10° 6.94x10° 1.13x10* 1.16x10* 1.8%10*
5 7.20x10° 2.60<10° 3.7%10° 8.90<10° 0.122 9.31x10?
10 5.26x10° 2.56x107 6.74x107 1.16x10* 1.77x10* 2.26x10"
15 7.84x10° 3.21x107 7.47x107 1.26x10* 1.72x107 2.0éx10*
1 1.03x10° 1.5%10° 3.14x10° 4.58x10° 5.44x10° 5.98<10°
2 6.38x10° 2.66x102 5.72x10° 9.66x10° 1.38<10* 1.68<10?
3 20 1.75x10° 1.6(x10° 6.20x10° 1.1€x10* 1.62x10* 1.96x10*
5 5.32x10"* 6.06x10° 1.33x107° 2.7(x107 0.13 0.159
10 5.4(x10° 2.4(x107 7.51x107 1.1(x10* 1.57x10* 1.92x10*
15 5.17%10° 1.9710%? 5.42x10° 9.25¢10° 1.3%10* 1.74x10*
1 3.6(x10° 1.67x10° 3.2€6x107 4.44x10? 5.4€x107 5.84x107
2 3.18v10’ 1.72x102 6.92x107 1.24x10* 1.7(x10* 2.06x10*
3 25 1.66x10° 9.54x10° 5.06x107 1.11x10* 1.66x10* 2.04x10"
5 1.73x10° 1.30x10? 5.68<10° 0.1185 0.1729 0.2154
10 5.09¢10° 2.76x10° 7.17%10° 1.28x10* 1.82¢10* 2.25¢10*
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Fig. 4.2.43The bulk conductivity of La,SrGa,Mg,035 is plotted against a) Sr content
and b) Mg content in the A and B-sites

The variation of conductivity showed a trend simtia solubility. The conductivity
increased with increase in dopant concentratiorh lait the A- and B-sites until the
formation of the second phase, after which it desed with concentration. The highest
bulk conductivity at 600, 800 and 10@of 0.028, 0.128 and 0.225 S/cm respectively was
found for the compositions baoSt.16Ga 790024035 almost tallying with the highest
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concentration of doping at the A- and B-sites. Andenius plots for several compositions
of Sr and Mg are displayed in Fig. 4.2.44. The Anias plots did not yield a single
straight line over the measured temperature rafige.Arrhenius slopes showed different
behavior in the two different temperature range8-BOFC and 700-100. The slope
was slightly higher in the low temperature than ligh temperature range. At the low
temperature range, the activation energy corresgbiml the trapping of oxygen vacancies
by the dopant cations and vacancy clustering wikereahe high temperature range, it
corresponded to oxygen ion migration. The variatibractivation energy for oxygen ion
migration as a function of Sr and Mg concentratians also given in Fig. 4.2.45. The
activation energies for vacancy trapping by cati@¥ as well as for oxygen ion migration
(E2) calculated for all the compositions in this stadg summarized in Table 4.2.5.
Although in terms of maximum conductivities atfdient temperatures, the results
obtained in the present study were in agreemerit thiat reported in the literature, the
behaviour of the activation energy with Sr and Mgpaentrations at the A- and B- sites
showed some differences with the literature [Huangl, 1998; 2000; Liu et al, 2006; and
Gorelov et al, 2001]. Further, the activation emesgbtained in the present study was
somewhat lower than the values reported in thealibee. Although Huang et al [1998]
observed the maximum in conductivity for Sr and déamcentrations in the range of 12.5-
25 mol %, the activation energy for both vacan@pping and oxygen ion migration
showed a minimum at 15-20 mol % Sr and 5 mol % Whey justified this observation
pointing out that the superior oxygen ion conduittiin LSGM is associated with the &a
and not the L¥ ion, and that the oxygen vacancy is more strotrgiyped by a Ga-O-Mg
bond than by a La-Sr-O bond. Chen and Fung [20B4] @bserved a similar trend i.e., the
activation energy for oxygen ion migration decrebs@th increasing Sr content and
decreasing Mg content. They attributed this toldinge size difference between the gallium
and magnesium ions. The large size difference wbal@éxpected to restrict the solubility
of Mg at the Ga site. However, it was seen thasthability of Mg in the perovskite phase
was quite large (20-25 mol % at 1509. In the studies of Liu et al [2006], the minimim
activation energy coincided with the maximum sditgpirange both for Sr and Mg as

observed in the present study.
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Table 4.2.5 The energy of activation of;L&8r,Ga.,MgyOs.5 at the low and high

temperature ranges

Ea = slope x k

Ea = slope x k

Composition (k= 8.62 x1C (eV/K) Composition (k= 8.62 x1C (eV/K)
500-706C 800-1006C 500-700C 800-1006C
LSG 01 0.66 0.39 LSG 05 0.95 0.74
LSGM 0102 0.81 0.29 LSGM 0502 0.76 0.53
LSGM 0105 0.75 0.36 LSGM 0505 0.62 0.42
LSGM 0110 0.47 0.25 LSGM 0510 0.68 0.40
LSGM 0115 0.40 0.29 LSGM 0515 0.57 0.32
LSGM 0120 0.37 0.23 LSGM 0520 0.92 0.96
LSGM 0125 0.40 0.21 LSGM 0525 1.02 0.47
LSGM 0130 0.66 0.22 LSGM 0530 1.02 0.54
LSG 02 0.39 0.82 LSG 10 0.74 0.60
LSGM 0202 0.48 0.24 LSGM 1002 0.70 0.50
LSGM 0205 0.84 0.52 LSGM 1005 0.63 0.43
LSGM 0210 0.58 0.42 LSGM 1010 0.59 0.34
LSGM 0215 0.50 0.37 LSGM 1015 0.75 0.44
LSGM 0220 0.65 0.39 LSGM 1020 0.74 0.34
LSGM 0225 0.89 0.39 LSGM 1025 0.77 0.41
LSGM 0230 1.18 0.47 LSGM 1030 0.93 0.47
LSG 03 0.74 0.74 LSG 15 0.76 0.63
LSGM 0302 0.47 0.57 LSGM 1502 0.81 0.59
LSGM 0305 0.55 0.42 LSGM 1505 0.70 0.50
LSGM 0310 0.71 0.45 LSGM 1510 0.67 0.45
LSGM 0315 0.80 0.32 LSGM 1515 0.66 0.37
LSGM 0320 1.02 0.41 LSGM 1520 0.70 0.41
LSGM 0325 1.02 0.50 LSGM 1525 0.80 0.48
LSGM 0330 1.16 0.67 LSGM 1530 1.09 0.60
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4.3. CHARACTERIZATION AND ELECTRICAL PROPERTIES OF SECONDARY
PHASES La;Ga;,09, LaSrGaO,, LaSrGazO; and MgGa0O4

Since no data was available on the electrical ptmseof the common impurity
phases associated with LSGM i.e. Ga0y, LaSrGaQ, LaSrGaO; and MgGaO., and
since this information was necessary to ascertanldang term degradation behavior of
solid oxide fuel cells based on lanthanum gallatee phases of L&a0,, LaSrGaQ,
LaSrGa0O; and MgGaO, were synthesized and the electrical conductivitfethese phases

measured in the relevant temperature range.
4.3.1. Phase purity by X-ray diffraction

The powders synthesized by the Pechiney method ea&cined at 900-160C to
get pure oxide powders.

The X-ray diffraction patterns of LaSrGaQ.a,Ga0O,y, LaSrGa0; and GaMgO,
powders after calcination and sintering respedtiaee shown in Figs. 4.3.1- 4.3.4. It was
observed (see Fig.4.3.Xxhat a small amount of impurity phases in addition the
LaSrGaQ were present in the calcined powder. The impuyftgses were identified to be
LaOCI (JCPDS file No. 34-1494) which might havenfied because of the use of small
amounts of hydrochloric acid for accelerating thaligm dissolution in nitric acid,
LaSrGaO; (JCPDS file N0.86-1839) and Sr(Z@;s (JCPDS No. 26-0983). However,
sintering the calcined product at 13GCfor 6 h resulted in the elimination of the impies
and the formation of pure LaSrGaQdhe XRD’s of LaG&OQyq in the calcined and sintered
states respectively are shown in Fig. 4.3.2. It e&en that for this phase also, calcination
at 900C was not sufficient for the pure phase to form secbndary phases of LaGaéhd
La,Os were observed. However, sintering at 12@or 4 hours yielded pure k@a0,.
Figure 4.3.3 shows the X-ray diffraction patterrid.aSrGaO; powders calcined at 900
and sintered at 15680. It was observed that in the calcined state, allsquantity of
SrGa0O, phase (JCPDS file N0.22-0905) was present in aadib pure LaSrG#®y;. This
phase disappeared upon heating at 6d0r 6 h and only pure LaSrga; (JCPDS file
N0.86-1839) was present in the product. The X rdfradtion patterns of MgG®,
powders after calcination at 900 and sintering AIC respectively are shown in Fig.
4.3.4. Traces of the impurity phasesaClL (JCPDS file No. 39-1223) was detected which
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might have formed because of the use of small atsooh hydrochloric acid for
accelerating the gallium dissolution in nitric acid

The synthesized pure oxides were indexed and itsegmonding interplanar-
spacings were used for lattice parameter calculstid.aSrGa@ La,Ga0Oy oxides
crystallized in the tetragonal structure whereaSrGaO; and GaMgO, crystallized with
a monoclinic and cubic symmetry respectively. Taiide parameter of the pure phases

were calculated using the following equations,

For tetragonal,

1 h? + k2 |2
F[—az j*? 1451
For cubic,
1 h?*+k?+I?
?: o [4.6]
For monoclinic

2 2 ain2 2
iz: 12 h_2+k S|21,6’+I_2_2hlcos,8 [4.7]
d® sin“f\a b C ac

The crystallite size of the pure phases was catedlasing Scherrer’s equation (neglecting

lattice strain and stacking fault effects):
094

- [pcosé
where d is the average size of the crystallitej9tBe Scherrer’s constaitjs wave length

of the X-ray radiation, 3 is the peak width at half-height (FWHM) in radiaasd 0

[4.8]

corresponds to the peak position. The X ray densityhe sintered pure phases was
calculated from the lattice parameters using theaggn:

_zM

wherep is the density of the sample, z is the numberrof cells, M is the molecular
weight of the sample, N is the Avogadro’s numbet ¥ris the volume of the unit cell. The
calculated lattice parameters and crystallite sfre the XRD data are summarized in
Table 4.3.1.
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Table 4.3.1Crystallographic data, conductivity values and gpef activation of LaSrGag) La,GaOg, LaSrGa0O; and MgGaO,

X-ra .
. Crystal Lattice Crystallite y Bulk conductivity (S/cm)
Materials 3 ) density Ea (eV)
structure parameter (A”) size (nm) (g/co) 600°C 700°C 800°C 900°C 1000°C
a=3.835
LaSrGaQ Tetragonal 56 6.38 4 5E-7 3.0E-6 1.2E-5 3.3E-5 5.9E-b 1.0
c=12.740
a =8.040
La;Ga0q Monaoclinic b=11.062 106 5.63 3.7E-6 1.3E-5 3.0E-5 7.2E-5 1.5E-4 0.9
c=11.719
a = 8.086
LaSrGa0O, Tetragonal 31 5.16 1.9E-7 1.0E-6 3.9E-6 1.0E-5 2.5E-5 0.7
c =5.405
MgG&0, Cubic 8.249 154 5.39 1.2E-7 6.7E-7 3.0E-6 27E5  .2E2A 1.43
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4.3.2. Thermogravimetric and Differential Thermal Analysis

The TG/DTA results (from ambient temperature t@2®8).of LaSrGaQ,
La,GaOy, LaSrGa0; and GaMgO, precursors obtained after calcination and the pure
phases obtained after sintering at a higher tenyserare given in Figs. 4.3.5-4.3.8.
LaSrGaQ powders shows an endothermic phase transformatie800C with about
10% mass loss for the calcined sample (Fig. #8lereas other phases show only a
small mass loss (< 5%). However, LaSrGa0a,Ga0, LaSrGa0O; and GaMgO,
phases sintered at high temperatures shows nocgidrgemass loss or heat effects in

TGA and DTA.
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Fig. 4.3.5 TGA and DTA pattern of calcined andaiat powders of LaSrGaO

162



100
I 0
99 T TTTemeeeeeall —TGA |
1 LaGa,O e, T DTA .10
98 - 4 279 ~~\
1 calcined at 1500°C s I
—~ 974 \‘\ ~-20
q’ \\\
('Cé) ] \N\‘\ I
% 96—- ‘\_\_\\ L .30
O L Z
o 3
2 —_
= =
5 Lo S
s I
= - -10
96 calcined at 900°C el - -20
94_- Atmosphere = static air \\\ - -30
] Heating rate = 10°C/min s I
L -40
92 y T y T y T y T y T T
0 200 400 600 800 1000 1200 1400

Temperature °C

Fig. 4.3.6TGA and DTA pattern of calcined and sintered powa#rLa,Ga0,

100.0 H T -0
9984 LaSrGa.O IR —TGA
| 377 -~ L -10
, o O DTA
99.64 sintered at 1500 "C o
99.4 4 20
o)
S 99.2 ~.. L 30
1= Tl
(]
© 99.0
gloo.o
E | ST -~ TGA 0
O 99.84 T
g | LaSrGa307 DS —— DTA
99.64 calcined at 900 °C S L 10
99.4 -
Atmosphere = static air RN L 20
9921 Heating rate = 10 °C/min el
99.0 — ,
0 200 400 600 800 1000 1200 1400

Temperature °C

Fig. 4.3.7 TGA and DTA pattern of calcined andaiat powders of LaSr@a;

(AT) 1/1p

163



+-10

1 MgGa 0O,
] sintered at 1500°C RNy

(AM) 1np

Weight (percentage)

MgGa,0,
98.57 calcined at 900°C

--10

] Atmosphere = static air - -20
97.5 Heating rate = 10°C/min

.....

T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400
Temperature °C
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4.3.3. Scanning electron microscopy with EDAX

The back scattered electron images of pure LaSdaiGa0y, LaSrGO; and
GaMgO, phases are shown in Fig.4.3.9a-c. It was seen ftratall the phases
synthesized the microstructure corresponded todhatdense single phase except for
La,GaOgy which revealed a single phase microstructure wirep (Fig.4.3.9b). The
bulk analysis of the synthesized pure phases wasedaout by EDAX and is
summarized in Table 4.3.2. Bulk analysis by EDAXYesally of oxygen is only semi-

guantitative and has large uncertainties.
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Table 4.3.2 EDAX results of synthesized LaSrGd@,Ga,0,, LaSrGg0O; and

MgGaO, compounds
Materials
Atomic LaSrGaO, | La;Ga,0Oy | LaSrGazO; MgGa,O4
ratio 1300C 1200C 1500C 1300C 1500C
(%) Matrix Matrix Matrix Matrix Secondary Matrix
phase

La 10.68 29.79 8.05 - - -

Sr 15.72 - 8.55 - - -

Ga 13.91 16.60 21.87 23.33 60.73 24.08
Mg - - - 15.15 - 14.47

O 59.69 53.19 61.53 61.52 32.45 61.45

4.3.4. Conductivity measurements

The impedance plots at different temperatures erw®0-1008C of the pure
phases LaSrGap La,Ga0Oy, LaSrGaO; and MgGaO, are shown in Figs. 4.3.10-

4.3.14. Since the impedance analysis measuremengsat high temperatures, a typical

3-semi circle plot was not obtained. It showed ang semi-circle corresponding to the
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bulk resistance of the sample. The Arrhenius pfdhe variation of conductivity with
reciprocal temperature is displayed in Fig. 4.3.Te measured conductivities at
different temperatures and the calculated actinagioergies are also tabulated in Table
4.3.1. The total electrical conductivity for thesempounds vary in the range of .tb
107 in the temperature range 600-1800

-1.6x10° m 700°C
2] e 800°C
-1.4x10°
| 4 900°C
(o)
-1.2x10° v 1000°C
-1.0x10°
£ - "o
T | |
S -8.0x10°+ " " a
H 1 ]
N
4| ] n
-6.0x10 .
4 n | |
40x10° - o
||
IS
0.0 T T T T T T T I
0.0 4.0x10" 8.0x10" 1.2x10° 1.6x10°

Z'(Ohm)

Fig. 4.3.10 Nyquist plot for LaSrGa@t different temperatures
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4.3.5. Transport number measurements

Transport number measurements on the pure phasesGa, La,Ga0o,
LaSrGaO; and MgGaO, were carried out using the EMF technique. The apeuit
potential (OCP) of the electrochemical cells: ,,R¥LaSrGa@QPt,H;;
O./La;GaOy/Pt,H,,Pt, Q/LaSrGa0,/Pt,H, and Q,Pt/GaMgO./Pt,H, were measured
in the temperature range of 800-18D0at an interval of 10C. The open circuit

voltages were recorded as a function of time (Up hours) using the potentiostat.

The open circuit potentials (OCP/OCV) of thesescels a function of time at
different temperatures with a flow of 30ml/min gfdnogen (pH=1 atm) and 10ml/min
of oxygen (p@= 1 atm) are shown in Figs. 4.3.16-4.3.T&e open circuit voltage for
all the cells remained constant for periods in egcef four hours and gave the same
value on temperature recycling. The flow rates ydrbgen and oxygen did not have
any effect on the OCV. For the @490, based cell, the open circuit potential was
close to zero in the temperature range 800-100The maximum OCP of 0.22 V was
observed for LaSrG&®; based cell at 100 whereas other cells yielded a maximum

open circuit voltage of less than 0.15 V at the sé@mperature.
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The measured open circuit potentials were usethéocalculation of transport numbers
for the respective oxides using the following equrat

= Enmsres [4.10]

tion

ENernstian
where %, is the transport number of the oxide ions,ed&is the OCP measured
experimentally and femstian IS the thermodynamic Nernstian potential. The dpamt
number of LaSrGaf) La,Ga0Oy LaSrGg0O; and MgGaO, oxides at different
temperatures is given in Table 4.3.3. As expedteel,ionic transport number for all
these oxides are small indicating the insulatingumaof the LaSrGag) La;GaOo,
LaSrGaO; and MgGaO, oxides.

Table 4.3.3 Transport number LaSrGala,Ga,0q, LaSrGaO; and MgGaO, oxides
obtained by EMF method

Transport number (tion)
Materials 800°C 900°C 1000C
LaSrGaQ 0.05 0.06 0.11
LasGaOg 0.06 0.14 0.21
LaSrGaO; 0.03 0.08 0.18
GaMgO, 0 0 0
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4.4. AREA SPECIFIC RESISTANCE (ASR) MEASUREMENTS AND
POLARIZATION STUDIES OF ELECTROLYTE SUPPORTED SINGL E
CELLS

This section deals with the results on fabriggtiarea specific resistance
measurements (ASR) and testing of single cellsdasethe materials synthesized.
(i.e., La.ooSI0.10Ga.80Mdo.2d035 (LSGM 9182) as electrolyte; bgSrn.4CopFensdOss
(LSCF6428) as cathode; NiOH &Sl 10Ga.80MJo. 2035 and NiO+CedGh 10,5 as

anodes).
4.4.1. Area Specific Resistance Measurements

Area specific resistances of symmetric cathodedasks (using LSF, LSC and
LSCF) under pure oxygen atmosphere and anode luatlsd(using NiO+LSGM and
GDC+NIO) under pure hydrogen atmosphere with LSG8®as electrolyte and for
the complete cells PtdNiO+LSGM/LSGM/LSCF,Q,Pt and
Pt,H,,NiO+GDC/LSGM/LSCF,Q,Pt were measured as a function of temperature by
AC two-probe electrochemical impedance spectroscA®R measurements were also

carried out as a function of gas flow rates.
4.4.1.1. ASR of Cathode/L SGM9182 based cells

LSF 9010, LSC 9010 and LSCF6428 cathode matewel® used for ASR
measurements. The Nyquist plots for the symmetils:.cPt,LSF/LSGM9182/LSF,Pt;
Pt,LSC/LSGM9182/LSC,Pt and Pt,LSCF/LSGM9182/LSCF,ake shown in Figs.
4.4.1-4.4.3. The high frequency intercept of thejiNgt plot gave the ohmic resistance
of the cell (R), which included the resistive contributions oé tblectrolyte, the two
electrodes, the current collectors and the leadswvifhe low frequency intercept gave
the total resistance {RR.), which included the total ohmic resistance of ted (R),
and the effective interfacial polarization resistarat the electrodes {R The total
polarization resistance of the cell was extracteanfthe impedance plot. For most
samples measured in this investigation, a singteedsed arc was observed. The area
specific resistance was determined from the impeelaesults using the following
equation:

ASR (Q.cnt) = Area x polarization resistance
The measured area specific resistance of the USE- and LSCF-based symmetric

cells was 0.09, 0.62 and 0.GBcn¥ respectively at 80C. The ASR value for the LSC
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cell was much higher than that for the LSF-cell efthivas higher than the LSCF cell.
Gong and co-workers [2004] studied the ASR measenenof different cathode

materials with LSGM electrolyte. Their reportederfacial resistance values were
0.21Q. The ASR value for the PtDSCF/LSGM/ISCF,QPt cell obtained in this
study was much smaller than that reported by Ganhca-workers [2004]. The ASR
of the symmetric cells PtLLSCF/LSGM/LSCF,QPt; Pt,Q,LSF/LSGM/LSF,Q,Pt
and Pt,Q,LSC/LSGM/LSC,Q,Pt as a function of temperature are shown in Egk4
—4.4.6. As expected, the measured ASR values assmlevith increasing temperature.
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The variation of ASR at 86Q with flow rate of oxygen for the symmetric cells
with different cathode materials is shown in Figjgl.7-4.4.9. The ASR value of the cell
Pt,0,LSCF/LSGM/LSCF,Q,Pt at 808C decreased with increasing flow rate of oxygen
up to 160 ml/min and thereafter increased. In theeof Pt,QLSF/LSGM/LSF,Q,Pt
and Pt,QLSC/LSGM/LSC,Q,Pt cells, the ASR value increased marginally with

increasing gas flow rate.
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Fig.4.4.4ASR of Pt,Q,LSCF/LSGM/LSCF,Q,Pt is plotted as a function of
temperature at constant oxygen flow rate.
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Fig.4.4.5ASR of Pt,Q,LSF/LSGM/LSF,Q,Pt is plotted as a function of temperature at
constant oxygen flow rate.
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Fig.4.4.6ASR of Pt,Q,LSC/LSGM/LSC,Q,Pt is plotted as a function of temperature at

constant oxygen flow rate.
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Fig.4.4.7ASR of Pt,Q,LSCF /LSGM/LSCF,Q,Pt is plotted as a function of different

flow rate of oxygen gas at S%D.

0.150
LSF9010/LSGM9182/LSF9010
0.145

T=800°C
0.140 4
0.135

0.130

0.125

ASR (Q cm?)

0.120
0.115 +

0.110

T T T T T T T T
0 50 100 150 200
Flow rate of oxygen (ml/min)

Fig.4.4.8ASR of Pt,Q,LSF/LSGM/LSF,Q,Pt is plotted as a function of different flow
rate of oxygen gas at 8.
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Fig.4.4.9ASR of Pt,Q,LSC /LSGM/LSC,Q,Pt is plotted as a function of different flow
rate of oxygen gas at StD.

4.4.1.2. ASR of Anode/LSGM based cells

NiO+LSGM and NiO+GDC were used in conjunction wittBGM9182
electrolyte for constructing the single cells. Th&SR measurements on
Pt,H,,NiO+LSGM/LSGM/NiIO+LSGM,H,Pt and Pt,i{NiO +GDC/ LSGM/ NiO
+GDC,H,,Pt symmetric cells as a function of temperaturé laydrogen gas flow rates
were carried out by electrochemical impedance spsmbpy. A typical Nyquist plot of
the cell; Pt,H,NiO+LSGM/LSGM/NiO+LSGM,H,Pt at 800C is shown in Fig. 4.4.10.
The variation of ASR values of the symmetric cell
Pt,H,,NiO+LSGM/LSGM/NiIO+LSGM,H,Pt with temperature and hydrogen flow rate
are shown in Figs.4.4.11-4.4.i&spectivelyThe ASR value of this cell decreased from
85 Qcnt at 500C to 11Qcn¥ at 800C. The resistance of this cell was much higher
than the desired value for application in SOFC. Tigh area specific cell resistance
was attributed to the interfacial reaction of nickath LSGM to form lanthanum
nickelate [Huang and Goodenough, 2000]. They replotihat use of a thin interlayer
(samarium doped ceria) at the anode-electrolyterfaxte prevented the formation of
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this insulating phase. With increasing flow rate lofdrogen, the ASR value also

increased.
A typical Nyquist plot of the PtNIO+GDC/LSGM/NIO+GDC,H,Pt

symmetric cell at at 8@ and a hydrogen flow rate of 50ml/min is shownFig.
4.4.13. The variation of ASR for the symmetric cell
Pt,H,NiO+LSGM/LSGM/NiIO+LSGM, H, Pt with temperature and hydrogen flow rate
are shown in Figs.4.4.14-4.4.16spectively. The ASR values of NiO+GDC anode
were much smaller when compared to that of the sgtmencells using NiO+LSGM.
When the flow rate of hydrogen was increased, tB&® Aialue decreased up to a flow
rate of 60ml/min of hydrogen and thereafter inceglasSince GDC is an excellent
oxygen ion conductor in the temperature range ¢éré@st and is chemically and
mechanically compatible with the LSGM electrolytiee use of NiO+GDC as anode is

preferable for use in intermediate temperaturedsmtide fuel cells.
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Fig.4.4.10Nyquist plot of Pt,H,NiO+LSGM/LSGM/NiO+LSGM,H,Pt at 800°C
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Fig.4.4.15ASR of Pt,H,NiO+GDC/LSGM/NiO+GDC,H,Pt as a function of hydrogen
flow rate at 808C.

4.4.2. Single Cell Performance
4.4.2.1. Single Cell Pt,H,,NiO+LSGM/LSGM 9182/ SCF6428,0,,Pt

The open circuit potential at 8D of Pt,H,NiO+LSGM/LSGM/LSCF,Q,Pt
single cell with time (measured using a potentipstashown in Fig. 4.4.16. Initially,
silver foil was used as the sealant for the cédfle Dpen circuit potential of the single
cell was 0.65V at 80C at a flow rate of 50 ml/min of hydrogen and oxyge
respectively at the anode and cathode compartm@its. open circuit potential
remained constant for periods in excess of 3 hdwgas clear from Fig. 4.4.16 that the
open circuit potential in this test was much lowsan the theoretical value (1.02 V at
800°C). OCP’s lower than the theoretical value might because of physical
permeability of the gases between the anode artbdatcompartments i.e., leakage
through the silver sealing or significant electmoonductivity in the electrolyte, side
reactions at the electrode/electrolyte interface pmor catalytic activity of the
electrodes. When the same cell was tested using@re&eramic sealant, it showed the

same OCP of 0.65 at 8. Since the ionic conductivity of LSGM9182 measuet
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800°C showed negligible electronic or hole conductivitywas concluded that the
lower OCP was because of the formation of the atswd lanthanum nickelate phase at
the anode. The high ASR values measured earlieNforLSGM based symmetric
cells supported this argument. Simultaneouslyatiea specific resistance (ASR) of the
complete cell was also measured in the temperaiamge of 500-100C by ac
impedance spectroscopy. The Nyquist plots of PNID+LSGM/LSGM/LSCF,Q,Pt at
500 and 80%C are shown in Figs. 4.4.17-4.4.The variation of the ASR values with
temperature for this cell is plotted as a functodiemperature in Fig.4.4.19. The ASR
value of the complete cell was observed to be végh at all the temperatures. Fig.
4.4.20 shows the polarization (I-V and I-P) curves for thangle cell
Pt,H,NiO+LSGM/LSGM/LSCF,Q,Pt at 800C. The peak power density achieved for
this single cell operating at 88D was 40 mW/crh
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Fig. 4.4.16The open circuit potential of Pt;HNiO+LSGM/LSGM/LSCF,Q,Pt as a

function of time at 80
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Fig.4.4.17 Nyquist plot of Pt£NiO+LSGM/LSGM/LSCF,Q,Pt at 506C

7" (Ohm)
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4.4.2.2. Single Cell Pt,H2,NiO+GDC/L SGM 9182/ SCF6428,0,,Pt

The fabricated Pt,5NiO+GDC/LSGM/LSCF,Q,Pt single cell was operated in
the temperature range of 500-800with a flow rate of 40 ml/min of hydrogen and 10
ml/min of oxygen at anode and cathode compartmessgectively. The commercial
Aremco ceramic sealant was used for this cell. Telsgave an open circuit potential
of 1.00-1.02 V in the temperature of 500-800 which is almost equal to the
thermodynamic Nernstian potential. The open cirpaitentials of this single cell at
different temperatures between 500-8DGare depicted in Figs. 4.4.21 - 4.4.24. The
OCP’s at all the measured temperatures remainestararfor time periods in excess of
3 hours. The polarization plots for this cell irettemperature range 600-8Q0are
shown in Figs. 4.4.25. The current density and pademsity achieved at 880 were
190 (mA/cnf) and 50 (mWi/cr) respectively. The observed current density and powe
density were somewhat lower at lower temperatu868 and 70%C). The performance
of this cell was much superior to that of R{MO+LSGM/LSGM/LSCF,Q,Pt,
indicating that the NiO-GDC anode had much superadalytic properties compared to
NiO-LSGM. The ASR measurement of the correspondiall was measured in the
temperature range of 500-10@0using impedance spectroscopy. The Nyquist plbts o
Pt, H, NiO+GDC/LSGM/LSCF,Q, Pt symmetric cell at 500 and 8@are shown in
Figs.4.4.26 and 4.4.2The variation of ASR for the complete cell as achion of
temperature is shown in Fig.4.4.28. The ASR vafaeshis cell were low; much lower
than that of the NiO+LSGM anode based cells.

The ASR values for the electrochemical cell withQESand NiO+GDC as
cathode and anode respectively observed in thity gtte lower than that reported in the
literature [Gong, 2004]. They observed that the E®@thodes had a small polarization
resistance compared to the other cathodes andtl@$ownith the use of NiO+GDC
anode, the ASR values increased with time whercijreised in LSGM electrolyte.
Therefore, they recommended the use of a denselayer of lanthanum doped ceria
(LDC) between the anode and electrolyte.

The electrolyte supported cell configurations usedthis thesis i.e., Pt,
H2,NiO+LSGM/LSGM/LSCF,Q,Pt and Pt, HNIO+GDC/LSGM/LSCF,Q,Pt have
not been tested and reported in the literature.féVlaind Kuriakose [1998] have
developed LSGM supported single cells with Ca dofaadhanum cobalt ferrite as
cathode and NiO-Ce(as anode. They reported a power density of 9 mWatr800C
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for this cell with the use of Hand Q. This is much lower than the power density
achieved in the present thesis with the use of L&@#& NiO+GDC as cathode and
anode. Gong et al [2004] have developed a LSGM @t single cell with LSCF-
LSGM cathode, NiO+LDC (lanthanum doped ceria) anaa@ LDC as barrier between
anode and electrolyte, which yielded a maximum pavemsity of 192 mW/cfat with
the use of Hand Q. This is much higher than the power density olat@im this study.
Huang and Goodenough [2000] developed a single(ekdttrolyte supported) using
Lag 6Srp.4C0o0; cathode, NiO+LSGM and NiO+SDC (samaria doped temedes with

a power density of 550mW/cnfior SDC/SDC+Ni, 440mW/cm2 for Ni+SDC and 270
mW/cnf for NiO+LSGM. Hwang et al [2008] achieved outputwss densities of
440 mW/ cmi at 800 °C, 275 mW/cfat 750 °C and 170 mW/ évat 700 °C for
LSCF/LSGM/Ni+YSZ single cells. LSGM supported simgtells using LSCF as
cathode and Ni+LDC as anode with and without bujfelded a power density of 780
and 150mW/crhrespectively with the use of,Hind Q [Bozza etal, 2009]. The power
density achieved in the present study is in gerlevadr to that reported in the literature
for various other electrolyte supported cell coufagions. However, most of these
studies employed one or more inter-layers betwkerahode and electrolyte to prevent
the formation of insulating phases at the interfadee use of an interlayer might have

improved the power density for the present celffigomations also.
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Fig. 4.4.21The open circuit potential of P;;HNiO+GDC/LSGM/LSCF,Q,Pt as a

function of time at 50
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Fig. 4.4.22 The open circuit potential of P£NiO+GDC/LSGM/LSCF,Q,Pt as a
function of time at 60C
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Fig. 4.4.23The open circuit potential of Pi;HNiO+GDC/LSGM/LSCF,Q,Pt as a
function of time at 70C
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Fig. 4.4.24The open circuit potential of Pt,MiO+GDC/LSGM/LSCF,Q,Pt as a
function of time at 80C

Voltage (V)
(Cwo/pmw) Ausuap lamod

4

. , . , .
0 50 100 150 200
Current density (mA/cm?)

Fig. 4.4.25Polarization plot of Pt,5INiO+GDC/LSGM/LSCF,Q,Pt at different temperatures
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Fig.4.4.27 Nyquist of Pt,5NiO+GDC/LSGM/LSCF,Q,Pt at 808C
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Fig.4.4.28 The total ASR of Pt;HNiO+GDC/LSGM/LSCF,Q,Pt cell as a function of

temperature

After completion of single cell testing, the ineé between anode and
electrolyte was examined by x-ray diffraction. lasvfound that the first layer of the
interface between the anode (NiO+LSGM) and elegieo[LSGM) showed a pure
perovskite phase associated with significant an®uwit secondary phases namely
lanthanum oxide, L#s3, (JCPDS Card No. 22-0641) and lanthanum nickelatNiO,
(JCPDS Card No0.70-0509 whereas second layer ointeeface revealed substantial
formation of LaNiO4 (JCPDS Card No. 70-0509) and LaSsGa(JCPDS Card No.
45-0637) along with a pure lanthanum gallate ph@éke.x-ray diffraction pattern of the
interface layer is shown in Fig.4.4.2When NiO+LSGM anode was replaced by
NiO+GDC in the cell configuration, the first andcead layer of the interface showed a
minor quantity of LaNiO4 and LaSrGgD; along with a pure lanthanum gallate phase.
The XRD pattern of NiO+GDC/LSGM interface is shownFig. 4.4.30.The minor
amounts of the impurity phases in this case didafffetct the area specific resistance of
the cell and its polarization behavioFhe formation of insulating phase, lanthanum
nickelate at the anode-electrolyte interface foONLSGM based anode has earlier

been reported in the literature [Huang et al, 2898 Gong et al, 2004].
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Fig. 4.4.29 X-ray diffraction pattern of NiO+LSGMAGM interface
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CHAPTER V
CONCLUSIONS AND SCOPE FOR FUTURE WORK

. Various pure perovskite oxide phases relevant fB8QFC applications i.e.,
lanthanum cobaltite (LaCa{) lanthanum ferrite (LaFef) lanthanum gallate
(LaGaQ), Sr-doped lanthanum cobaltite §lggSrH10C00s5), lanthanum ferrite
(Lag.ooSIhaidFeGs), and Sr- and Mg- doped lanthanum  gallate
(Lao.90Sr0.1058.90Mdo.10035 and L@ .90S10.1dG20.80MJo.2d0s5) powders could be
prepared by combustion and Pechini methods. Cagita&iton method yielded pure
phases only for lanthanum cobaltite and Sr-dopethénum cobaltite.

. Powders of LCO, LSC 9010, LFO, LSF 9010, LGO, LSGMW1 and LSGM9182
prepared by combustion and Pechini methods weatles whereas pure phases
synthesized by co-precipitation had a tendencygtiomerate.

. Powders synthesized by the Pechini method weredféarbe superior in terms of
phase purity, particle size and BET surface area.

. All these pure phases were stable in oxidizing afvhere, whereas, both lanthanum
cobaltite (LaCo@) as well as Sr-doped LaCe@ere partially reduced to Coform

in reducing atmosphere.

. The solubility of Sr at the A-site was found to deg strongly upon the extent of
Mg- in the B-site. In the absence of Mg at the ®;sihe solubility limit of Sr at
1500C was less than 4 mol % whereas the solubility roihSreased to 15 mol %
when 25 mol % Mg was present at the B-site. Thelslity of Mg in the perovskite
phase increased marginally from 20 to 25 mol % whih addition of 15 mol % of
Sr.

. The overall solubility limits of Sr and Mg in thevskite lanthanum gallate phase
were found to decrease at lower temperatures. dfmbdined maximum solubility of
Sr and Mg were found to be 10 and 15 mol % respalgtat 700C.

. With increasing Sr-content, the impurity phases rGg0; and subsequently
LaSrGaQ were found to form whereas with increasing Mg-eont initially
GaMgO, and later MgO were found to co-exist with the pskite phase.

. Equilibration at 1508 for periods exceeding 8 hours led to extensive Ga
vaporization which resulted in the formation of el secondary phases
(LaSrGa0y;, LaSrGaQ, LaGaOy, GaMgO, and MgO) co-existing with the
perovskite LSGM phase.
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10.

11.

12.

13.

14.

The conductivity of LSGM increased with increasedopant concentration both at
the A- and B-sites until the formation of the setqmase, after which it decreased
with concentration. The highest bulk conductivity8@(C of 0.13 S/cm was found
for the composition LgyoSrh.10Ga.79V1go.2s03.5. The lowest activation energy for
oxygen ion migration achieved was also for this position and was 0.31 eV.

Pure phases of LaSrGaOLaGaOy, LaSrGaO; and MgGaO, could be
synthesized in bulk by Pechini method. Electroclamimpedance measurements
on all these phases indicated that their condugtisiabout three to four orders of
magnitude lower than the perovskite LSGM phasengpart number measurements
on these phases indicated that these pure phaspea@roxygen ion conductors.
The area specific resistance of the symmetric agiag La ¢St.4CopFe 03,
Lag.oSr.1Co00s5, and La oSt 1FeGss and La ¢S 1Gay sMgo O35 electrolyte under
flowing oxygen atmosphere measured at °800vas 0.032, 0.62 and 0.09
respectively.

ASR measurements on symmetric cells employing Ni®-+Gd 10,5 with LSGM
electrolyte in flowing H atmosphere was lower compared to the symmetric cel
using NiO+ LaoSh1GaygMgoOs35. This was attributed to interfacial reaction
between Ni and LSGM.

The ASR values of the complete cell, P§,MO+GDC/LSGM/LSCF, @ Pt is
lower compared to that of Pt,,NiO+LSGM/LSGM/LSCF, @, Pt. This was
attributed to the significant formation of INiO, at the anode/electrolyte interface.
The single cell Pt, & LSCF/LSGM/NIO+LSGM, H, Pt yielded an open circuit
potential of only 0.65 V at 86C because of the formation of the impurity phase at

the anode/electrolyte interface.

15.The single cell Pt, & LSCF/LSGM/NiO+GDC, H, Pt showed an open circuit

potential of 0.91 and 1.02 V at 600 and &D@espectively and yielded a maximum
current density of 80mA/chand 190 mA/crhat 600 and 8T respectively.
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Scope for Future Work

e Study phase equilibria in the systems LGO-LFO-LASGM-LSF-LSC,
LSGM-Ni, LSGM-GDC-Ni in the relevant temperaturedaoxygen partial
pressure range.

* Reduce the electrolyte and cathode thickness furttte minimize
polarization losses.

* Explore the use of different mixed ionic-electrontonductors at the
anode/electrolyte interface.

* Development of anode supported cells with the sanmme, cathode and
electrolyte materials. Explore the use of electayptic deposition to obtain
thin films of LSGM on the porous anode substrate.

* Explore new candidate materials for anodes andodath chemically and
thermally compatible with Sr- and Mg doped lanthangallate electrolyte
to achieve higher power densities in intermediategerature solid oxide
fuel cells.

» Test these cells with the use of CQtHatural gas and other hydrocarbons

as fuel.
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