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Abstract

A metal alkoxide sol-gel solution suitable for depositing a thin film Of

La0.sSr0.4CoO3 on a porous substrate has been developed; such films should

be useful in fuel cell electrode and oxygen separation membrane manufacture.

Crack-free films have been deposited on both dense and porous substrates by

dip-coating and spin-coating techniques followed by a heat treatment in air.

Fourier transform infrared spectroscopy has been used to determine the

chemical structure of the metal alkoxide solution system. X-ray diffraction has

been used to determine the crystalline phases formed at various temperatures,

while scanning electron microscopy has been used to determine the physica_

characteristics of the films. Surface coatings have been successfully applied to

porous substrates through the control of the substrate pore size, deposition

paramet(-:rs,and firing parameters. Conditions have been defined for which films

can be deposited, and for which the physical and chemical characteristics of the

film can be improved. A theoretical discussion of the chemical reactions taking



° place before and after hydrolysisin the mixedmetal alkoxide solutions is

presented, and the conditions necessary for successful solution synthesis are

defined. The applicability of these films as ionic and electronic conductors is

discussed.
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Chapter 1" Introduction

lA: General Introduction

• Fuel cellsand gas sensorsproducean externalcurrentas a resultof ions

flowingthrougha layerof electrolytematerialseparatinggases of different

compositions..Electrodeson eitherside of the electrolytecarry thiscurrentout

of the cell. The abilityto producean electrolytethin enoughto have a lowohmic

dropwhile remainingcontinuousto preventgas leakageis amongthe problems

whichcurrentlylimitfuel cell performance. Anotherproblemis the manufacture

of electrodeshavingthe essentialcharacteristicsof resistancetOdegradationat

elevatedtemperatures,correct pore structure,and goodcontactwith the

electrolyte.The thicknessesof electrolytesproducedhy conventionalceramic

processingrequirethe cell to be run at high (1000-1200°C) temperaturesfor

adequateconductivity. Evenfor thin electrolytes,temperaturesof over600°C

are necessary,and the electrodesare exposedto oxidizingand reducing

atmospheres.Oxidationandreductionmustoccurat the

gas/electrolyte/electrodetriple interface for electricalcurrent and ionsto flow in

theirproperpaths. The electrode mustthereforebe highlyporousfor gas to

reachthe electrode-electrolyteinterface andto presentas extensivean interface

as possibleto the gas.

" A related device isthe solidoxide membrane gas purifier. Like the fuel

cell electrolyte, this membrane must be thin enough to have a low ohmic drop

while remaining continous to prevent leakage. Mixed conductors such as those

for fuel cell electrodes may be used for these membranes, with the advantage

that only one continuous layer on a supporting substrate is needed to obtain a



working device. A large potential market in non-cryogenicoxygen separation

fromair existsfor suchdevices.

An attractivemethodfor producingverythin,dense ceramicfilms is the

sol-gelprocess.A variety of materialshas been producedas continuousfilms of

less thanone micronthicknessonfiat, continuoussubstrates1,2,3. A fuel cell

containinga thin film electrolytemade bythisprocesscouldbe operatedat the

comparativelylowtemperatureof 650°C or lesswith an acceptableohmicdrop.

However,an ordinaryelectrode capableof conductingonlyelectrons poses

difficultiesas a surface to depositsucha filmon, sincethe electrodemustbe

porous. This in turn placessomerestrictionson the processparametersof sol-

gel depositionof the electrolyte. The logicalchoicefor the supportingelectrode

is thereforea thin layer of mixed(electronicand ionic)conductor,so that both

dense and porousareas will conduct electricityand allowaccess by ionsor gas,

incidentallyincreasingthe currentdensityof the fuelcell. The dense or nearly

dense electrode layer can be depositedvia sol-gelon a graded-porosity

substrateand willprobablypresenta muchlessdifficultsurface to deposit the

unbrokenelectrolyte layer on.

The goal of this research is to studythe formationof thinceramic layers

on poroussubstratesusingthe sol-geltechnique. The solutionchemistry,phase

formation,and effect of substrateconditionswill be discussed. The sol-gel

solutionchemistry,processparameters and substratecharacteristicswhich are

necessary for successfulfilmformationare defined, and the suitabilityof this

processfor electrode and oxygen separation applications is alsodiscussed.
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1B: Factors Affecting Fuel Cell Efficiency

A fuel cell is a device used to produceelectricalenergyfromthe chemical

_ energy supplied by two gases, a fuelgas and an oxidizer. The gases are kept

separated and allowed to react only by ionic migration in one direction and
I

electronic migration through an external circuit in the other. This operation

depends on the presence of a thin separator, either a liquid or a solid, which

conducts only those ions desired for the chemical reaction; it must have good

ionic conductivity, negligible electronic conductivity, and be impervious to gas

molecules. An electrode on either side of this electrolytic layer is used to

conduct electricity out of the cell to the external circuit.

Fuel cells have a higher theoretical efficiency than more conventional

methods of energy conversion, which are subject to Carnot inefficiencies. This

feature of fuel cell_ is what has ?enerated so much ongoing interest in them. In

practice, of course, _hetheoretical efficiency of the cell is reduced in actual

operation. The cell design, which includes the electrodes, electrolyte, supports,

and seals, is vital to the determination of the true operating efficiency.

Normally, electricity is generated using the process of burning fuel to heat

steam to turn electrical generators. The Carnot cycle therefore places a definite

upper limit on the efficiency of electricity generation by this method, since it

depends on the temperature difference which can be produced, and is limited to

around 45% in most practical cases. This is because, as the high end

temperature is increased, gains from the larger temperature difference begin to

• be offset by increased frictional losses and heat wastage. A more direct

conversion of energy is achieved in fuel cell operation, where chemical energy is

converted directly into electrical energy and the Carnot cycle is avoided. In a

hydrogen-oxygen fuel cell, the following reaction occurs:



H2 + 11202 --_ H20 (1.1)

The theoreticalefficiencyof thisreaction dependson itsthermodynamics,and is .

definedas the ratioof the work obtainedto the energyconsumed. The Nernst

equationcan be usedto calculatethe work obtained. This equationalso sets

the voltage producedby the reaction,so

=_ [PIE AG AG° RTIn (1.2)
nF = nF nF _;

where n is the numberof molesof electronstransferred,F is the Faraday

constant,R isthe gas constant,T isthe temperature,and P' and P" are the

partialpressuresof oxygenat the air and fuel (hydrogenor hydrocarbon)

electrodes,respectively.AG is the molarchange in Gibbs free energy for the

cell reaction andAG° isthe molarchange in Gibbsfree energy for the cell

reactionmeasuredat a definedsetof thermodynamicstandardconditions. The

optimumefficiency4 can be describedby the equation:

--AG TAS
11=-------= 1-_ (1.3)-_H AH

for exothermicreactions. Inefficiency, in the formofwasted heat, is quantified

by the entropyterm inthisequation. Since this termwill increase as the
i,

temperatureincreases,low temperaturesprovidemore thermodynamically

efficient energyconversioninfuel cells.

The use of a thinelectrolytelayer allowsa cell to operate at a lower

temperature, which in turn increasesthe thermodynamic efficiency of the cell. In
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addition, less insulation is necessary and the time for thermal cycling is shorter.

Other advantages are that thermal stresses and electrode sintering are reduced,

and degradation reactions are slowed. More options are available for

construction materials, as weil.

• A loweroperatingtemperaturehas somedisadvantages,as well as the

advantageslistedabove. Decreasingthe temperaturealso decreasesthe rates

of electrodereactionsandgas diffusion. These inturn reduce the current

densityat whichthe device is capableof operatingwithoutdramaticvoltage

dropsdue to polarization.A primaryconcernas the temperatureis lowered is

the electrodereaction rates5,6. More expensivecatalyticelectrodes are

generallynecessary to improvereaction rates. However,the available options

maybe increasedby new materi_;_under investigation5,6,7. Another

disadvantageis that restrictionsare placed onthe fuel that may be used. Free

hydrogenis requiredat the fuel electrodeto react efficientlywith the ionic

oxygendiffusingthroughthe electrolyteto formwater, and at hightemperatures

(above 1000°C) this is obtainedas an in-situreactionproductfromsuch

convenientfuels as methanol,ammonia,or hydrocarbons.At lower

temperaturesthese hydrogen-producingreactionsare unfavorable,and itmay

therefore be necessaryto buildconversionfacilitiesto supplyhydrogento the

fuelcell.

The structureof the porosityin the supportandelectrode (or supporting

electrode)is very importantfor successfulfuelcell operation. Normally,

electrodereactionsmusttake place at the triple interfacejoiningthe electrode,

electrolyte,and gas phases. The total lengthof this tripleinterface per unitarea

of electrolytesurface thereforedetermineshow higha currentdensitycan be

obtainedfrom the fuel cell, and sothe supportand electrodemustcontainmany



extremelyfine poresat the electrolyteir _rface. At the sametime, however,the

poresshouldhave largediametersto providean _dequatesupplyof gas to the

interface. The crosssectionmustbe large in comparisonto the mean free path

of the gas moleculesto avoidKnudsendiffusion8. An idealsupportmaterialwill

therefore havea graded porosity,largeat the intersectionwittl the gas flow,and

smallat the intersectionwiththe electrolytephase.

lC: Other Devices

Electrolyte/electrodesystemswithqualitiessimilarto thosedesiredfor

fuel cells are necessaryfor a numberof other devices, includinggas sensing

and gas separationdevices. Gas sensorsoperate ina fashionvery similarto

fuel cells, in that a differencein gas compositionleadsto a potentialdifference

betweenthe twosurfacesof the electrolyte,whichis then usedto determinethe

compositionof the gas on one side of the membrane.Electrolyzersoperate

somewhatlikefuel cells in reverse,with an appliedvoltagedrivinga reaction

betweenthe twoseparatedgases. Oxygenseparationmembranesdo not

requireelectrodesandoperate like shortedfuel cells,where the difference in

oxygenpartialpressuresbetweenthe twocompartmentsdrivesthe ionicand

electronicfluxesacrossthe membrane9. Equation1.2 govemsthe behaviorsof

these applicationsas itdoes that of the fuel cell. Oxygenion conductors,such

as yttria-stabilizedzirconia,are used for mostapplications,butproton

conductors,suchas doped strontiumceriumoxideare usedfor some

applicationsinvolvinghydrogenreactions,and mixedconductorslike lanthanum

strontiumcobaltoxideare used as electrodes and oxygenseparators.
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lD: Fuel Cell Electrodes

Electrodesinfuel cellshave twobasicfunctions. The firstof these is to

conductelectricalcurrentthroughan externalcircuit. The second isto break

apartcatalyticallythe gas moleculesthat impingeon their surfaces,producing
m

the ionsthat are conductedthroughthe ele_rolyte. Withoutthiscatalyticeft_e,._,

ionizationwouldtake place too slowlyfor the fuelcell to be an effectiveenergy

source.

Overpotential and Polarization

The electromotivefor_:e,or emf, of a fuel cell is measuredas the potential

acrossthe two electrodesof the cell when nocurrentis being extractedand it is

workingreversibly, lt is foundtheoreticallyby usingthe Nernstequation(1.2).

This equation,however,givesno informationon the rate at ,shichthe cell's

electrochemicalreactionsoccur.

The conceptof the overpotentialof the cell is needed to quantifythe

amountof usefulelectrical work the cell can perform, lt is definedas the

differencebetweenthe measuredpotentialof the cell underworkingconditions

and the reversible(thermodynamic)potential. Each electrode is considered

separately,so thatthe cell overpotentialbecomesthe sumof the individual

electrodeoverpotentials.

Overpotentialmay also be subdividedand classifiedaccordingto the

phenomenathat produceit. These physicalandchemicalprocessesare

referredto as polarization. They can be thoughtof as tendingto set uppotential

differencesinoppositionto thoseeither producedby the overallchemical

reaction (fuelcell) or imposedby the externalcircuit(gas separator). There are

three maintypesof overpotential: activation,concentration,andohmic.
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Activationoverpotentialincells isanalogousto activationenergy in

chemicalreactions,and comesfromthe chemicalreactionsand physicochemical

adsorptionof moleculesor atomson the electrodesurfaces. Concentration

overpotertia_is producedwhenthe concentrationof reactantionsat the

electrode _;_,',_ac,e,.,is lowerthan inthe bulkelectrolyte,loweringthe available

concentrationof reactants. The electricalresistanceOfan electrolyteor a

nonporouselectrodeproducesohmicoverpotentials.

Concentrationand activationpolarizationare notusuallysignificant

factorsat operatingtemFeraturesover600°C. The onlysignificantsourceof

overpotentialin a solidoxidefuel cell isthereforethe ohmicpolarization. This

ohmicoverpotential,V, can be foundfromthe equation

V = iAR (1.4)

where R isthe resistance(_) of the oxide layer, i is the currentdensity (A cm'2),

and A is the cross-sectionalarea (cm2) of the adjoininglayer'scontactpoints(for

example, the cross-sectionalarea of the electrodestouchingthe electrolyte).

The conductivity,k (_'lcm'l), of the oxide layer is

x
k = _ (1.5)RA

where x is the layer thickness (cm). Substituting equation 1.5 into equation 1.4,

the overpotential relationship is now

ix
V = -- (1.6)

k
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From equation1.6 it is nowobviousthat for a constantcurrentdensity and

conductivity,the thinnerthe nonporousoxide layersare, the smallerthe ohmic

overpotentialwillbe.

• OxygenElectrodes ,

Fora solidoxide fuel cell usinga stabilized zirconia electrolyte (the most

commonkind) the following overall reaction takes place at the oxygen electrode:

4e- + O2(g) --_ 202- (1.7)

The ideal electrodematerialmustalso be resistantto oxidationbyan

oxygenor oxygen-enrichedatmosphereat fairly hightemperatures. In addition,

it mustbe capableof catalyticallyionizingoxygengas at the cell operating

temperatureby the sequence:

Adsorption: 1/202 _ O(ads) (1.8a)

Charge Transfer: O(ads)+ 2e" _ O2-(ads) (1.8b)

AbsorptionintoVacancy: O2-(ads)+ Vo" -_ Oo

(1.8c)

. where Vo is an oxide vacancy and Oo is a mobile lattice oxygen ion. Continuity

requiresthat inthe steady state

J= k(Ce-Cs)= -D --_ (1.9)

9



where J is the flux (atomcm-2 sec-1) of atomicoxygenthrough the boundary

layer, k is the surfaceexchangecoefficient(cmsec-1),Ce is the equilibrium

concentrationof atomicoxygen (atomcm-3)where Cs is the actual surface

concentrationof atomicoxygen (atomcre-3),D isthe diffusioncoefficient

(cm2 sec'l), and ac/ax is the concentrationgradientof oxygen acrossthe

thicknessof the boundarylayer (atomcre-3)9. This boundary layer may be

defined as half the average thicknessof the porewallsof the oxygen electrode

for simplicity.

In addition,the electrodemusthavea thermalexpansioncoefficient

matchingthat of the electrolyte,and itmustnotreact unfavorablywith the

electrolyte. Finally, itmusthave good electronicconductivityand (when

nonporous)oxide ionconductivityat leastas good as that of the electrolyte.

Some electron-conductingmetal oxideshave the bestmixtureof characteristics

of any classof materials.

lE: Lal.xSrxCoO3 and Lal.xSrxMnO3 Electrodes

Substitutedperovskite-typemetaloxides havea numberof advantagesas

fuel cell electrodesand oxygen separationmembranes. Specifically,the

Lal.xSrxCoO3 (LSC) and Lal.xSrxMnO3 (LSM) perovskiteshave excellent

prospectsas electrodes. Bothare stablein oxidizingatmospheresat fairly low

pressuresand neitherreactswith the yttria-stabilizedzirconia (YSZ) electrolyte

at 600°C. La2Zr207and SrZrO3 are formedby reactionsbetween LSC and

zirconia at 80O°C,while similar reactionsbetween LSM and YSZ begin to occur

between 1000°C and 1300°C1O,11,12. Manganesebeginsto diffuseintoYSZ

via grainboundariesat 1200°C. The formationof La2Zr207 and SrZrO3

produceshigh impedance layersand degradesthe qualityof the electrical

10



contact between the electrode and the electrolyte. Manganese diffusion into the

electrolyte decreases its ionic conductivity, as weil11 Cobalt diffusion probably

has a similar effect, and since cobalt is generally more active than manganese,

interdiffusion probably begins occurring at a significant rate at some temperature

- below 1200°C.

The thermal expansion coefficients of the electrode and electrolyte

materials must also be well-matched to prevent crack formation during

processing or operation. The thermal expansion coefficient of YSZ has been

reported as being between 9.7 and 11.6 x 10-6deg"110,13,14. Lao.6Sr0.4CoO3

has a reported thermal expansion coefficient of 18.8 x 10-6 deg"1 10, while that

of Lao.sSro.4MnO3 has been reported as both 10.8 x 10-6deg-1and 13.0 x 10-6

deg-1 10,13,14. Either way, La0.6Sr0.4MnO3 is better matched with YSZ than

La0.6Sro.4CoO3.

There are a number of different sources that report conductivity values for

these materials9,12,13,15,16,17. Most give total (electronic + ionic)

conductivities, but two provide separate ionic values, as weil. The total

conductivities are likely to be electronic conductivities, since the ionic

conductivity is usually three or four orders of magnitude lower than the electronic

conductivity. Direct comparisonsare difficult because of the different

compositions, processing methods, and test conditions used by different groups,

but some general conclusions can be drawn. Both materials have electrical

" conductivities on the order of 102 Scm -1, but Lal.xSrxCoO3 is much more

conductive than Lal.xSrxMnO3 at elevated (800°C and up) temperatures, and at

around 600°C their conductivities are approximately the same. LSC retains

significant conductivity at slightly lower temperatures (ca. 300°C) than LSM18.

Oxide ion conductivities on the order of 10-1 S cm-1 have been measured for

11



LSC between700°C and 860°C15. For LSM, oxide ion conductivityprobably

rangesbetween10-2 S cm-1at 700°C and 10-1 S cm-1 at 860°C9,16. In general,

therefore,LSC has betterconductivityin bothcategoriesthan LSM and is more

highlyconductiveovera wider temperaturerange. Table 1.1 givesa summary

of someconductivityvaluesreportedin the literature.

The magnitudeof the polarizationthat an electrode is subjectto is

another importantfactor indetermininga suitablematerial. Higher

overpotentialsmean a lessefficientelectrode,and thereforea lessefficientfuel

or oxygenconcentrationcell. Again,factors suchas contactarea, grain size,

and materialcompositionhavean important effecton cathodicoverpotentials,

butsomegeneral conclusionscan be drawn. Two studiesinvolvingLSC and

LSM obtained,for a 0.10 A cm-2currentdensityand a temperatureof 800°C,

somewhatdifferentoverpotentialsfor the two materials. The overpotentialfor

Lao.6Sro.4MnO3 was givenas 100 mV10, whilethat of Lao.7Sro.3MnO3was

reportedas 120 mV and that of Lao.7Sro.3CoO3 as 80 mV 12. ltwouldtherefore

seemthat LSC wouldbe the betterchoiceof cathode materialfor use at high

currentdensities.

A partic_Jlarlyimportantcriterionfor choosinglowtemperaturecathodesis

the rate atwhichthey can reduce oxygenmoleculesto oxide (0 2-) ions. This

rate is highlyaffectedby surfaceconditionsand materialcomposition,but in

general the LSC materialsseemto have bettercatalyticpropertiesthan the LSM

materials, consistentwith their generally better ionic conductivitiesat similar

compositions.

An additional observation should be made as to the rate of oxygen

diffusion into these electrodes. At low temperatures (around 500 to 600°C), the

oxygen coverage of the cathode is fairly high, and so the rate determining step

12



in the reaction is the charge transfer step (page 9). At high temperatures (above

600°C), the oxygen coverage of the surface is fairly low, and the dissociative

adsorption (page 9) becomes the rate determining step10,18.
,.

In conclusion, Lal.xSrxCoO3 with x between 0.3 and 0.5 has generally

• better electrical properties than Lal.xSrxMnO 3of similar composition. However,

the manganites have better mechanical properties and better sintering

characteristics, lt would therefore seem to be the best conclusion that

lanthanum strontium manganese oxide, perhaps cobalt-substituted to try and

improve the electrical properties without losing the good thermal expansion

match, would make the best fuel cell or gas sensorcathode. On the other hand,

in an oxygen separation cell the compatibility of the LSC with an electrolyte is

not a problem at all, since no other material needs to attach to it except for a

support structure that might be made from the same material. Its superior

electricai properties make LSC the better material choice in this case.

IF:Proton-Conducting Electrolytes: SrC:eo.95Yo.osO3

Someearly work inthis investigationwas performed on yttria-substituted

strontiumceriumoxide (SCY), and for this reasona brief introductionto this

materialand itspropertiesis made here.

Strontiumceriumoxide is a proton,or H+ ion,conductor. Its electrical

propertieshavebeen extensivelyinvestigatedby a group headed by Iwahara.

They have used it to construct experimental hydrogen concentration cells,

. hydrogen-oxygen fuel cells, and "steam concentration cells," possibly useful as

humidity sensors19. They report doped strontium cerium oxide as having two

types of conductivity: protonic and hole. Proton conductance is dependent on

the mean vapor pressure of water in the cell, and on the temperature at which it

13



operates, increasingwhen either of these factorsis increased. The conductivity

as a whole goes downas the mean humidityincreases,however,becausethe

lessmobileprotonsare beingconductedat the expenseof the holes. The hole

conductivityriseswith temperatureand the partialpressureof oxygeninthe cell.

These investigators'hydrogenconcentrationcells operatedstablybetween800°

C and 1000°C usingwet (PH20 -=-20 Torr) hydrogenand producedproton

conductivitieson the order of 10-2 Scm-1and electricconductivitiesof about

10-4S cm-120

The ohmicoverpotentialof thiselectrolyteisfairlysignificant(at 800°C

and0.10 A cm-1, the overpotentialfor a 0.5 mmthickelectrolyte is about0.7 V

addedto a 0.2 V potentialdifference) and these investigatorsemphasizethat if

thismaterialcouldbe synthesizedinthe formof a thinfilm that these devices

mightactuallybe made efficientenoughfor practicalapplications20.

1G: Current Methods of LSC Electrode and SCY Electrolyte Production

La l.xSrxCo03 Electrode Production

Currently,LSC electrodesare manufacturedfor testingby fairly

conventionalmethods. Someinvestigatorsuse ordinaryoxide/carbonate

powdersas precursorsand manufacuturepellets inthe conventionalway13,16.

Othermethodsinclude:makingpyrolyzedacetate powdersand paintingthem

ontothe electrolytepriorto firing10,18,21 manufacturingpelletsfrompowders

madeby dissolvingacetates15, and sputteringcoatings12. The paintedslurry

and sputteredcoatingsproduce the thinnest layers, but neither methodproduces

a surface suitablefor coatingwith a sol-gel derivedelectrolyte layer, being

designedto coatonto an electrolyte,notvice-versa. Both producecoatingswith

large (1 micron)poresthat wouldinducecrackingina zirconia sol-gelfilm.

14
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SrCe1-xYx03 Electrolyte Production

Doped strontiumcerium oxide electrolyteshave not been producedby

any methodotherthanconventionaloxide/carbonatemixingand sintering22 in

. the availableliterature. Pieces of about 0.5 millimetersinthicknesshavebeen

manufactured.

lH: Basic Sol-Gel Chemistry

The startingmaterialsin the sol-gelprocessare generallyalkoxidesof the

desiredmetals,althoughother materialssuchas metal2,4-pentanedionatescan

be usedas weil. The metalalkoxidesare dissolvedin a dry organicsolvent.

This solutionis thenconvertedto a gel via hydrolysis;for example,

La[OCH(CH3)2]3 + H20 --) LaOH[OCH(CH3)2]2 + HOCH(CH3)2 (1.10)

The hydrolyzedmoleculesmay thenreacttogether,forminga

condensationproduct:whereinthe two metalsare joinedby an oxygen link.

Largerpolymersformas the hydrolysisandcondensationreaction continue,

eventuallylinkingthe polymersintoa continuousgelnetwork. Precipitationmay

occurinsteadof gelation,unlessthe reactionprocessiscarefullymanaged.

For processesusingmultiplemetalalkoxidesthe chemistry of the sol-gel

solutionbecomesconsiderablymore complexthanfor singlemetal alkoxide

syntheses. Ideally,the condensationrates of ali the alkoxidesshouldbe closely

matched, so that theywill ali bond intoa single,stoichiometric,intimatelymixed

polymernetwork. Forexample:

15



RO-Ml-OH + RO-M2-OH + RO-M3-OH --+ (1.11)

RO-M2-O-M1-O-M3-OH + 2ROH

In practice,of course,matchingcondensationrateswithoutdeliberate

modificationis probablya fortuitousaccident, lt thereforebecomes necessaryto

modifychemicallyone or more of the alkoxidesto obtainmatchingrates of

condensation.

A problemfrequentlyencounteredin hydrolyzingmetalalkoxidesolutions

isthat one or moreof the alkoxideswillcondensewith itselfto form an insoluble

precipitate. These precipitatesdestroythe homogeneityof the alkoxidesol-gel,

and in thinfilmsthey may act as sitesfor cracknucleation. Again,modification

of the ligandsbondingto the offendingmetalalkoxideis possiblein order to

preventprecipitation.

Finally,solvatingali of the necessarymetalalkoxidesinthe same soivent

or mixtureof solventsmay be difficult. Care mustbe taken notto use chemicals

as solventsthat reactwiththe metalalkoxidesto formbondstoo strongfor the

hydrolysisreactionto break. Changingoneor moreof the ligandson the

insolublealkoxidescan be done while stillallowingthe hydrolysisand

condensationreactionsto take place.

Che/ating Ligands

Some chemicals, suchas diethanolamine (DEA) and acetylacetone

(acac), react with metal alkoxidesto producevery stronglybondedligandsthat
=

hydrolyzevery slowly. For example23,

,,O-CH2-CH2,"

RO-M-OR + (HOCH2CH2)2NH _ M"O-CH2-cH_NH+ 2ROH (1.12)
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This reactionmay have a combinationof three effectson the metal alkoxide

molecule, lt may increasethe solubilityof the alkoxideinthe chosensolvent;it

may retard,sometimesseverely, the ratesof hydrolysisandcondensationof the

alkoxide;and itoftenpreventsor reducesthe formationof precipitatesas the

• alkoxideundergoeshydrolysis24.

Acid Catalysts

Acids,for exampleacetic acid,may be usedfor a slightlydifferentkindof

metalalkoxidemodification.A reactionbetweena metalalkoxideand an

organicacid may looksomethinglike:

RO-M-OR + HOCOCH3 --> RO-M-OCOCH 3 + ROH (1.13)

Such reactionscan be usedto producemorestablesolutions,dissolve

precipitates,and sometimesspeed up or slowdownhydrolysisand

condensationreactions25. The effectof the acid dependson the type of metal

in the alkoxide. Acidsact as catalysts,changingthe hydrolysisand

condensationratesand even the structureof the condensedgel. They act to

protonatenegativelychargedalkoxidegroupsand enhance the reaction kinetics

by producinggoodleavinggroups,

H
RO-M-OR + H3O+ ---) M++--:O{ + H20 (1.14)

R

This removes the need for proton transferwithin the transition state. Acid-

catalyzed condensation occurs preferentiallyat the ends of polymer chains and
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thuscreates morelinearpolymers. High acid concentrationsseverely re_ard

condensationkinetics26.

Solvent Exchange Reactions

Exchangereactionswith the solventmay also changethe behavior of the

metalalkoxide. Alcoholsare commonlyusedas solventsand may react in the

followingmannerwiththe metalaikoxide:

RO-M-OR + R'-OH _ RO-M-OR' + ROH (1.15)

Suchreactionsgenerallyoccurto replace longeror bulkieralkoxideside group

withshorteror lessbulkyalcoholchains. These changesmay or may not have a

positiveeffect on the solubilityof the metalalkoxide,but in general the

hydrolysisand condensationrates of the alkoxideare increasedbecauseof the

removalof stericbarriersimposedby largeor bulkyside groups27.

11:An Introduction to Sol-Gel Processing

Sol-gel processing,unlikemostconventionaltechniques,is suitablefor

producingthin (<1 I_m),dense, and continuoussolidelectrolyteor electrode

films. As the solutiongels, itwill at somepoint reach a viscositysuitablefor film

deposition. Filmscan be formedby twotechniques,knownas dip-coatingand

spin-coating. In dip-coating,the substrateissubmergedin a bathand then

drawnout at a controlledvelocityand angle. Thistechnique is suitablefor

coatinglarge surfaceareas. The thicknessof thefilm can be controlledby three

factors: the viscosityof the solution,and the speed andangle of withdrawal. In

the spin-coatingprocess,a poolof liquidis droppedontothe substrate,which is
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then rotatedat high speed, distributingthe liquid uniformlyon the substrateand

throwingoff the excess. This techniqueis usefulonlyfor coating small surface

areas. The thicknessof the coatingis controlledby the viscosityof the solution

and the speed at whichthe substraterotates28.

• A thin layer of condensinggel is left onthe substrateby either method. At

thisstage the gel containspolymernetworksand someamount of solvent.

Dependingon the solventvaporpressure, it may readilyevaporatebefore heat

treatmentbegins,or be drivenoff duringthe initialstages of the heat treatment.

Residualorganicgroupstrapped by or bondedto the polymernetwork are

burnedoutby continuedheatingafter the solventis removed. This burnoutcan

be performedeitherby a low (400°C) temperatureholdor by slowlyheatingthe

coated substrateto the necessarycrystallizationtemperature. Some residual

carbonmay remaintrapped inthe filmand possiblyreduce the efficiencyof the

device beingmanufactured. The ceramicfilmbeginsto crystallizeat a fairly low

temperature(400-600°C) and so a dense, crystallinestructuremay formwithout

any hightemperaturesinteringbeing necessary29.

Advantages of the Sol-Gel Process

Sol-gel processingtends to producebetterpurityand homogeneity,

significantlylowersinteringtemperatures,and finercontrolof the morphologyof

the thinfilm,when comparedwithtechniquesthat relyonthe consolidationof

powders,suchas tape casting. The higherpuritycomesfromthe fact that the

startingmaterialsfor sol-gelsynthesesare usuallychemicals in solution. These

can be purifiedby suchmeth."dsas vacuumdistillationor recrystallization,

unlikebulk powders. Powderprocessingmethodsthemselvescan introduce

impurities,via such routesas grindingoperationsor sinteringadditives.
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Grindingprocessesare absent in sol-gelprocessing,and sinteringadditivesare

not necessarybecause the lowfiringtemperaturesused stronglysuppressgrain

growth. Filmssynthesizedfromsol-gelstherefore retaintheirpuritymuchmore

easilyduringprocessing.The componentsin a sol-gel solutionare mixedon a

molecularlevel, so homogeneityis also mucheasier to achieveby th;smethod

thanby powdermixing. Dense filmsmay be obtainedat muchlowerfiring

temperaturesbecausethe film is formeddirectlyfroma homogeneousliquid.

This rneardsthat there is no minimumthicknessbased on particlesize or

inherentpackingpolosity inthe coating.

The mostsignificantdisadvantagesof the sol-gelprocessare the

expenseof the chemicalsused and the highdegreeof shrinkagethat occurs

during firing. This lastproblemis due to solventevaporationandthe high

percentageof organicmaterialthat bums out of the gel. These characteristics

make the manufactureof bulkobjectsimpractical. The smallvolumesof

chemicalsused infilm manufacturemitigatetheir expense,however. Although

shrinkagecrackingof filmsis a problem,certainguidelinescan be followedto

producecrack-free films30.

1J: Device Substrates Under Consideration

Lanthanum Strontium Manganese Cobalt Oxide

Substratesunderconsiderationfor use in solidelectrolytedevices must

have a numberof properties. They mustprovidemechanical supportfor the

device, while being porousenoughto allow a free flow of gas. If a part of an

electrode,as LSMC wouldbe, they mustincludea means of electroniccurrent

collectionfromthe interfacewith the electrolyteand also serveas a sitefor

catalysisof surfacereactions.
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One possibledesignis a graded-porositysubstrateof LSMC. This

materialmatcheswellwithYSZ underthermalexpansion,and has good

electricalconductivity,fair mechanical strengthand controllableporosity.The

catalyticbehaviorof closelyrelatedmaterialsis alsogood10. A graded-porosity

, LSMC substratewillhave three orfour layersof material,goingfroma very

coarse grainsize (= 10 microns)at the bottomto a fine grainsize (_=0.1 l_m)at

the top. This stackwouldbe sinteredto producean abundantfine porosityat

the surfacewhichwouldthenbe coatedwiththe electrodesol-geland fired to

producea thin (< 1 I_m)smoothcontinuouslayerwhich couldbe coatedwiththe

zirconiaelectrolytesol-gel. This typeof substratewouldalso be suitablefor use

in oxygenconcentrationcells.

The maindisadvantageof thisLSMC substrateis that it is still

experimental,andsomeflaw may be discoveredthat willmake its manufacture

impractical. Similareffectshave been achieved commerciallyusingalumina,

however.

Contro//edPorosity Alumina Substrates

Anothermethodof substratefabricationis to use a materialthatwill

providea stablemechanical supportwith a highlyaligned porosityand thencoat

itwith anothermaterialthatwill providethe necessary electronicconductionand

catalyticactivity.

" There are commerciallyavailablealuminamembraneswith highly

controlledporositiesthat are applicableto highgas flowrate uses. One such

membraneis the Anotecfilter manufacturedby Whatman. The backsof these

membraneshave a linear, parallel arrangementof large pores, ratherlike a

honeycomb,which extent inwarduntil,by controllingthe fabricationprocess,
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they branch into smaller pores. These fine scaleporescan have diametersof

0.02 micronsor less. This layer is less than 1 micronthick,and is synthesized

ontopof a 52 micronthickregionof 0.2 microndiameterpores. The total

porosityof these membranesis approximately50%. The large poresextending

nearlyto the electrode interfaceallowfor highgasflowratesand eliminatethe

possibilityof diffusivepolarizationas a problemwiththesefilters. The relative

pore sizes and thicknessesof the two regionsal'e controllable,as is the size,

andso can be modifiedto suitthe application.

Aluminahas goodthermaland chemicalstabilityundermostconditions,

so applicationof thesemembranesto intermediate-temperaturefuel cells or

oxygenconcentrationcells is attractive. Aluminahasa thermalexpansion

coefficientsimilarto that of zirconia,and it retains itsrigidityand stabilityat high

temperatures. The pore wallsof these membranesseemto have a dense micro-

crystallinestructure. Therefore,they shouldnotbe subjectto sinteringor grain

growthat intermediate(650°C) temperaturesandshouldbe dimensionally

stable. Exposureto solventsand acidicenvironmentsduringthe sol-gel

depositionstepsshouldnotaffectthem becauseof theirchemical stability.

These membraneshave been usedfairlyextensivelyin thisresearch project;

however,they are subjectto a numberof problemsand limitationswhich willbe

discussedin laterchapters.

Anothertypeof controlledporosityfilter is the Membraloxy-aluminafilter,

manufacturedby U. S. Filter. These filtersare manufacturedfromsize-graded

layersof aluminapowderwitha layer of sol-gelaluminacoatedon top. lt has a

maximumpore diameterof 0.05 micronsand is manufacturedinthe formof small

cylindricaltubeswith an innerdiameterof 6.80 millimetersand a thicknessof 2.0

22



millimeters. The porosityof these filters;is the resultof microcracksin the sol-

gel layerformed duringthe sinteringstep.

The majordisadvantagesin usingaluminamembranesas substratesto

coat lanthanumstrontiumcobaltoxideelectrodeson is their lackof electrical

• conductivityand highdegree of reactivitywithcobalt. Multiplelayersof sol-gel

coatingwouldbe necessaryto obtaingood conductancethroughthe electrode,

and a low-levelongoingreactionbetweenthe eiectrodeand the substratecould

quicklydestroythe cell. A moredetaileddescriptionof theseproblemscan be

foundin laterchapters. Therefore,for _avariety of reasons,a graded porosity

LSMC-typesubstratewouldbe the best choice of these threepossibilities,if it

can be successfullydeveloped.
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Chapter 2: Experimental Procedure

2A: General Experimental Approach

• This sectionpresentsan outlineof the approachused inthisset of

experiments,inwhichthinfilmsof doped perovskite-typeceramicsare prepared

by the sol-gelmethod. A moredetailedexplana'_Uonof these techniquesis made

inthe followingsections.

Sol-Gel Solution Synthesis

The primarygoal that mustbe achieved in makingtheseso!-gelsis to

obtaina reasonablestable,fairlyconcentrated,and completelysolvatedmixture

of twoor three metalalkoxides. The solutionsneed to be stableunderan inert

atmosphereduringstorage,and fairlystableafter briefexposuresto the

moistureinair sothat the same solutioncan be usedfor at leasta few days in

coating samples. The solutionsshould have a concentration of at least 0.1

molar1 to encourage condensation to take place and to ensure an adequate

thickness in the ceramic layer. The metal alkoxides need to be completely

solvated so that the components will be mixed together on a molecular scale,

thus improving the chances of obtaining a highly homogeneous ceramic. The

metal alkoxide solutions developed in these experiments contained the

- proportions50 mol% strontium-50mol% cerium, and 30 mol% lanthanum-20

mol% strontium-50 mol% cobalt. A variety of different solvents and modifying

agents were used in developing the final recipes for these two solutions.
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Gelation

lt is possibleto minimize film shrinkage and stresscracking by controlling

the solution gelation conditions. Chelating ligands and water addition can be

used to control the extent of the hydrolysis and condensation reactions. The

amount of water added to the sol-gel controls the rate and extent of hydrolysis

and the chelating ligands block hydrolysis sites, lt is desirable to avoid forming

a three- dimensional polymer network because it is much more rigid and cracks

more easiiy than a two-dimensional gel. Two-dimensional gels are formed by

using chelating ligands to block ali but two of the hydrolysis sites on each metal

atom. Condensation therefore produces long polymer chains, which collapse

easily as the solvent evaporates, reducing shrinkage stress on the gel film. This

collapse also improves the degree of densification of the ceramic as the gel film

is fired. Bulky side groups and ligands on the metal alkoxides should be

avoided because they increase the amount of organic material that must be

burned out of the gel and thereby increase both the shrinkage during burnout

and the amount of densification that must take place in the final __mic film.

Solution Deposition on Porous Substrates

The metal alkoxidecoatingsolutionstend to wet the porous ceramic

substratesthat theyare depositedon. Flowof the solutionintopores isfavored

by capillary pressure. There are severalmethodsthat mightbe used to prevent
h

the poresfromfillingwith liquid. These include:manipulationof the ceramic's

surface energy, filling the pores with a volatile material prior to coating, or using

particulate sols.

In this project, however, the coating solution was not prevented from

flowing into the pores, lt has been shown2 that initially capillary pressure acts to
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rapidly saturate eventhe smallest pores, but, for pores under 10 micronsin size,

leakage of the coating solution through the substrate is extremely slow after

initial saturation has been achieved. Film formation is therefore unaffected by

this phenomenon for substrates with small pores, since an insignificant volume

• of coating solution is drawn into them. The coating solutions are relatively

dilute, effectively containing less than 0.2 M of perovskite; the final LSC or SCY

ceramic formed is less than 1% of the solution volume. Small pores are

therefore relatively free of solid perovskite, even though they were initially filled

with solution.

Film Continuity: Cracking and Porosity

The gel film undergoesconsiderableshrinkageas the solventevaporates

and the remainingorganicmaterialburnsoutas the specimenisfired to produce

the crystallineperovskiteceramic. This shrinkageis partiallyconstrainedby the

adhesionof the filmto the substratematerial. Mostof the shrinkageoccurs

duringthe solventevaporationprocess. Duringthis time, the film iscapable of

flowingplasticallyto relieve the buildingstresses. Organicburnoutand

crystallizationalso generate significantstrainswithin the film layer, and its

increasingrigidityleads to the formationof residualstresses. These stresses

maythen be relievedby the growthof cracksthroughthe film. Alternatively,the

film may notdensifycompletelyso that residualstressesmay not buildup to the

" point that crack growth is favorable.

The most important parameter for determining the favorability of crack

growth is the thickness of the film, however. Changing the viscosity of the sol-

gel or the deposition parameters can be used to control the thickness of the film.

The substrate characteristics also play an important role in determining the

29



probability of unstable crackingby _Jictatingthe degree of adhesion of the film to

its surface.

Obtaininga continuousfilm is alwaysan importantgoal. On fiat, dense

substrates,verythinfilmsmay break up duringfiringby diffusion3. On porous

substrates,a continuousfilm acrossthe topsof the pore openingsmay not be

present. The criticalrelationshipwhichdeterminesfilmcontinuityhere is the

one that existsbetweenthe film thicknessandthe diameterof the substrate

pores.

Film Characterization

X-ray diffraction(XRD) testinghas been usedto determinethe

crystallizationbehaviorof these filmmaterialsas a functionof firingtemperature

and of solutioncomposition. ScanningElectronMicroscopy(SEM) has been

usedto characterizefilmmorphologiesand thicknesses. Electrondiffraction

spectroscopy(EDAX) testingwas used to determinethe elementalcomposition

and homogeneityof the ceramics. The chemical characteristicsof the metal

alkoxidesolutionswere investigatedusing Fouriertransforminfrared

spectroscopy(FTIR).

2B: Preparation of Sol-Gels

A numberof differentmethodswere usedto prepare the sol-gel mixtures
D

used inthese experiments. The basictechnique remainedthe same throughout

but detailschangedas ways to improvethe solubilityand clarityof the solutions

were discovered. The best methodsare presentedhere, and theirevolutionis

discussed later.
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La-Sr-Co Alkoxide Sol-Gels

The lanthanum-strontium-cobalt alkoxide solutions were made by

weighing out,quantities of lanthanum isopropoxide, strontium isopropoxide, and

cobaltmethoxide(ali manufacturedby Johnson-Matthey)intoseparatebottlesin

• the drybox. Enoughdryethyleneglycolwas thenadded to each bottleto make

0.3 M lanthanumisopropoxidesolutions,and 0.4 M strontiumisopropoxideand

cobalt methoxidesolutions.The bottleswere thentightlyclosed, removedfrom

the dryboxandshakenfor frffeen minutesinan ultrasoniccleaner. They were

then returnedto the dryboxand a 1"1molarratioof glacialacetic acid to

alkoxidewasadded to each cloudymixture. The bottleswere then closedagain,

removedfromthe drybox, and replaced inthe ultrasoniccleaner,where they

were shakeninwarm( ---60°C) water untilthe metalalkoxidesdissolved. The

cobalt methoxideand strontiumisopropoxidebothdissolvedin less than halfan

hourunderthistreatment,while the lanthanumisopropoxidetookat least 1½

hoursto dissolvecompletely. The cobalt methoxidesolutionwas a clear, very

darkpurple;the strontiumisopropoxidewas a clear, lightyellow;and the

lanthanumisopropoxidewas clear andcolorless,with a slightwhitecloudto it.

This cloudingoccurredat any concentrationand may be lanthanumhydroxideor

oxidedecomposedfromthe alkoxide.

Ethyleneglycolwas finallychosen as the solventfor three reasons. First,

ali three metalalkoxideswere at leastweaklysolublein it; and second,the low

vaporpressurecoupledwitha high boilingpointare excellentcharacteristicsfor

, a solventin a thin, high surface area gel that mustbe dried slowly to prevent

stresscracking. Third, the relativelyhighviscosityof ethyleneglycolis

convenientbecauseby dilutingwith less-viscoussolventsitmightbe possibleto
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controlthe thicknessof the deposited films and, again, decrease their tendency

to crackingas they dry.

These three stock solutionswere thenmixedtogetherto make a solution
e

containingthe correctproportionof each metalalkoxide(30 tool%La, 20 mol%

Sr, and 50 mol% Co). This mixingwas sometimesdone into an equal volumeof •

dry 2-methoxyethanoland created a solutionhavinga concentrationof about

0.18 M metalalkoxide. When fresh, this final solutionis a clear reddishpurplein

color,whichdarkens as it ages to a dark brownishpurple. A smallamountof

greenishor purplishprecipitate(probablya Co species,fromthe color)mayform

fromthe solution,as weil. This indicatesthatthe solutionis somewhatunstable

when exposedto air, but that is expected fromany metalalkoxidesolution,

particularlyone containinga transitionmetal. The solutionappears to be stable

for at least two weekswhen not allowedto contact air. No large-scale

precipitationor gelationoccurswithinthreeweeks if the exposuresto air are

keptbrief.

Sr-Ce A/koxide So/-Ge/s

The strontium-ceriumalkoxide solutionswere madeby weighingout

stoichiometricquantitiesof strontiumisopropoxideand ceriumisopropoxide

(bothmanufactured by Johnson-Matthey)andaddingenoughdry

2-methoxyethanolto producea 0.2 to 0.4 M metalalkoxidesolution. The bottle

was then tightlycapped, removedfromthe drybox,andshaken inthe ultrasonic

cleaner until the metalalkoxides dissolved(approximately30 minutes), creating

a clear darkbrownsolution.

At this point,because itwas believedthat somevarietyof preferential

precipitationwas occurring,an attemptwas madeto use smallamountsof water
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as a catalystto link the twoalkoxides together and so prevent one from

precipitatingoutof solutionexclusiveof the other4 duringfilm deposition. This

was done by refluxingthe metalalkoxidesolutionfor severalhoursunderan

inertatmospherein driedglassware.A diagramof thisapparatus is shown in

• Figure2.1. These solutionswere reasonablystable and no visual signsof aging

were detecteduntil severalbriefexposuresto air had been made.

2C: Powder Preparations

To determinethe temperaturesat whichvariouscrystallinephases began

to appear and then to disappearfromthe LSC-precursorsol-gel, a series of

pelletswas preparedusingpowdercbtainedfrom the hydrolyzedand condensed

metalalkoxides. The procedureused to mixthe metalalkoxideswas less

sophisticatedthanthe one detailedin the first partof thissection,and so is

brieflydescribedhere. The three metalalkoxideswere mixedtogether in dryhot

ethyleneglycol,producinga partiallysolvatedmixture. A smallamountof DEA

wasadded, to no visibleeffect. This mixturewas then slowlyhydrolyzedover

severaldays, producingsomecolorchangesbutno visiblegelationor heavy

precipitation,and thenstirredand heated simultaneouslyto evaporatethe

solvent. The fir=alproductwasa heavilyagglomerateddark purplemottled

powder.

This powderwas thenpressedintopelletsthatwere fired at various

temperaturesto determinethe progressionof crystallinephaseformation,as

' detailed in Chapter 3. At the same time, powderswere prepared from a

standardmixtureof La(OH)3, SrCO3, and Co304, and from a La-Sr-Co nitrate

solutionin water. This solutionwas thenmixedwith eitherpolyacrylamide(PAC)

or polyacrylicacid (PAh.)to form a gel. The polymerwas added to the nitrate
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andwatersolutionto keep ali the nitrates inan intimatemixtureas the water

evaporated. C,ystallinephasesformedin the differenttypesof powderwas

comparedto determineprecursorhomogeneity. A similarprocesswas used to
B

obtainsomeSCY-precursorpowderalthoughgelationoccurredquicklyinthis

materialuponhydrolysisand so no mixingwas requiredduringthe solvent

evaporationstep.

2D: Sol-Gel Film Deposition

The sol-gel LSC filmsweredeposited on a varietyof substratesus!ngt,_e

two basicmethodsof dip andspin-coating. Initially,pieces of singlec.'ystsl

siliconwaferand fused quartzwere used as substrates,but th_e were s_on
L

abandonedfor varioustypesof aluminasubstrates_.;,causetheysuited the

experimentalparametersbetter. Smooth,nonporousdisksofo_-ahBmina,porous

y-aluminaU. S. Filterpieces,and disksof porous91_-aluminaAnotecfilterswere

used in mostexperiments. The twotypesof aluminadiskcouldbe eith=.r_pin-

or dip-coated. The U. SoFilterpiecescould only be clip-coatedbecause _ their

shape.

The hydrolysisand condensationreactionstakingplace inthe filmswere

notregulatedby any systematicadditionof water, it was assumed, fromthe

evidenceof other experiments2, that enoughwater reaches the sol-gelfilmfrom

the air du_ng depositionto encouragethese reactionsto take place. The

extremethinnessof the filmand the highsurfacearea it presentsto the air make

this a reasonableassumption.Althoughthe spin-coatingrotationspeed could

be controlled,the pull-uprate for dip-coatingcouldnot. In dip-coating,excess

solutionwas allowedto gather at the lowermostedge of the substrateand then

carefullyblottedoff, but noother methodof controllingthe film thicknesswas

34



available. However,the resultsobtainedwere good enoughto conclude,as

seen later, that the filmswere quite forgivingof the dip-coatingparameters.

The viscosityof these solutionswas relativelyhigh,sinceethyleneglycol

is noticeablymorevisco,Jsthan alcoholsolvents. This impliesthat the films

, depositedwillbe somewhatthickerthan filmsmadefromsolutionsusingthe

moreusualalcohols. Single and multiplecoatingspecimenswere made and

examinedto determinethe differencesinfilmmorphologyandmicrostructureas

the filmth,cknessincreased.

2E: Firing Parameters

There are twobasic problemsthat mustbe solvedin firingthese sol-gel

films. The firstof these is to removeali the solventand burnoutthe residual

organic groupsat a rate slowenoughto allowthe filmto collapseand plastically

flowto relievestress. The solutionto thisproblemis to use a v_ry slow(less

th_q 1 °C/min) temperatureramprate. The secondproblemis to obtaina dense

filmfrom th._initial,dilutesolution layer. Unfortunately,the solutionto this

problemisexactlythe oppositeof the solutionto the firstproblem,since good

densificationusuallyresultsfroma hightemperatureramprate. This somewhat

counter-intuitivebehaviormay be the resultof greaterhydroxylgroup retention

at elevated temperaturesby the rapidlyheatedsample. These hydroxylgroups

decrease the viscosityof the sample,allowingplasticflow of the filmmaterial to

continuefor a longertime underthe stimulusof a relativelyhightemperature5.

. However, this high ramp rate is likely to cause bloating and shrinkage cracking

at the beginningof the firingcycle,as the filmrapidlylosesali its solventand

organicswithouttimeto readjust.

35



The compromisesolution,then, is to use a very slowramprate until

organicburnoutiscomplete,at around400°C andthen increasethe ramprate to

reach the final firingtemperatureas rapidlyas possible. The firing temperature

is usually around700 to 800°C, for reasonsthatwill be explained later. The

resultsof this treatmentare presentedin Chapter3. 0

The LSC-precursorpowders,once pressedintopellets,were fired usinga

ramprate of I °Clmin to temperaturesbetween400°C and 1100°C. Severe

crackingand bloatingof the sol-geland polymer-gelpelletsbegan occurringat

around250°C. The pelletsdid notdensifycompletelybecause of their thickness

and the large quantitiesof organicmaterial that had to be burnedout. The final

massesof these pelletswere approximately50% of their originalmasses,and

extremelyfragile.

The filmand powderspecimenswere thenexaminedusingXRD and SEM

to determinetheir characteristics,as reportedin Chapter3.
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,.Chapter3: Experimental Results

3A: Lao.sSro.4CoO3 Results "

Solution Chemistry

The majorproblemencountered inobtainingagood qualityLSC sol-gel is

findinga combinationof solventsand modifying_chemicalsthatwill completely

solvateali three metalalkoxides,while leavingthemfree to hydrolyzeand

condense. Table 3.1 containsa chartof availablesolventsand the degree of

solvationthe three unmodifiedmetal alkoxidesexperience ineach one. From

these results,ethyleneglycolwouldappear to be the bestsolventavailable for a

mixtureof thesemetal alkoxides,butat a reasonable(0.1-0.2 M metal ion or

more)concentration,the qualityof the overallsolutionis extremelypoor.

Pre-Hydrolysis Chemistry and Behavior

ltwas determinedin someexperimentsthat adding very large quantities

of diethanolamine(DEA) to the metalalkoxidesolutionwouldsolvatelanthanum

isopropoxideandcobalt methoxidein isopropanolor methanol,and strontium

isopropoxidein isopropanol. However,such large quantitiesof DEA are

necessary that it seemvery likelythat ali of the alcohol ligandsare replacedwith

diethanolamineligands,so that a complexof the followingtype isformed:

M(OR)x + xNH(CH2CH2OH)2--->M[(OCH2CH2)2NH]x/2+ xROH (3.1)
q

This reactionproducesan unhydrolyzableproductand preventscondensation

polymerizationof the sol-gel. This in turntends to have the undesirableeffectof

retardingcrystallizationin the film. If a linkedcondensationproductis to be
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obtained, no DEA should be added to strontium or cobalt (11)alkoxides, and

nothing higher than a 1:1 molar ratio should be used with lanthanum (111)

alkoxides.

lt was discovered that adding a 1:1 molar ratio of glacial acetic acid to

, metalalkoxide significantly increasedthe solubilityof ali three of these metal

alkoxidesin ethyleneglycol, froma maximumconcentrationof lessthan 0.05 M

to 0.3 M for lanthanumisopropoxideand 0.4 M or morefor strontium

isopropoxideand cobalt (11)methoxide.Additionalexperimentsusingother

solventsrevealedthisbehaviorfor someof the alkoxidesin someof the other

solventsexamined,as showninTable 3.2. Cobaltmethoxidehad the most

consistentlyincreased solubility,and so ifa lessviscous,highervapor pressure

solventbecomesdesirable,it mightbe possibleto obtaina good solutionby

addingacetic acidonlyto this metalalkoxideandthenblendingthe productwith

the other,morewidelysoluble,alkoxides.

The aceticacid reactswith the metalalkoxideto forma metalalkoxide-

acetate, as shown below.

M(OR)x + CH3COOH ---) M(OR)x.I(OOCCH3) + ROH (3.2)

The acetate ligand is more polar than an alkoxide groupand is less bulky than

most alkoxides,givinga lessstericallyhinderedproduct. This metalalkoxide-

" acetate may then dissolvemore readily in polar solventssuch as methanol

, (CH3OH), ethylene glycol (HOCH2CH2OH), or 2-methoxyethanol

(CH3OCH2CH2OH). The substitutionof a carboxylate(any carboxylicacid

ligand)for an alkoxidegenerallyhas two additionaleffects. First, if it is a small

group, its presencemay speedthe rate of hydrolysisof the unsubstituted
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alkoxidesby removingsteric barriers. Second, the carboxylate group is

generally resistant to hydrolysis, and acts to block its reaction site to M-O-M

bond formation.
I'

An interesting result of this experimentation with chemical modification

was seen when the three 1"1 aceticacid-substitutedmetalalkoxideswere mixed 0

inethyleneglycol.At first the slightlycloudypinksolUtionseemedto be a stable

combination,butsome undesirabledevelopmentsoccurredwithintwelve to

twenty-fourhours. Large pinkish-whiteirregularlyshapedprecipitatesbeganto

formandwithintwoto three days the whole, unhydrolyzedmixturewould

graduallythickento producean opaque,pink, coarselygranulargel. The

rapidityof thischange depends inpart onthe amountof acetic acid added to

the solution. As the solutionpH goes downfrom8 to 4, precipitationand

gelationoccurmoreand morerapidly. Abovea pH of 8, the solutionis morea

lightvioletthan pink,and no granularprecipitationtakes place. The solutionwill

graduallythicken and growopaqueovera periodof twoor threeweeks,

however. A mixtureof these metal alkoxidesin ethyleneglycolwithoutany acid

or water addedhad a pH between 11 and 12. A solutionwitha one mole metal

alkoxideto one moleacetic acid ratiohad a pH between7 and 9. The pH of

these solutionschangesrapidlywith smalladditionsof acid from12 down to 6,

and very slowlythereafter.

The most active gel-forming component of these metal compounds is the

lanthanum diisopropoxidemonoacetate (La[OCH(CH3)2]2[OOCCH3]).Two or

more moles of acetic acid cause the formation of a gel without hydrolysis, so a

polymer is being formed by the reaction series:
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i. La(OOCCH3)(OCH(CH3)2)2 + CH3COOH _ (3.3a)

La(OOCCH3)2(OCH(CH3)2) + HOCH(CH3)2

1

ii. 2La(OOCCH3)2(OCH(CH3)2) ---) (3.3b)

' ((CH3)2CHO)(CH3COO)La(OOCCH3)2La(OOCCH3)(OCH(CH3)2)

where each repeatgroup in the lanthanumcomplexoligomer is probably

structuredsomethinglike:

\ CH,Hc

• ,.-o-c-o../[La]_,,, /

"'O- C- C O u_CH-CH3 ]I I a

CH3 CH3 CH3 / n

This structure is consistentwith the measuredFTIR absorptionspectrum

showinga chelated [C-O.--]- groupionstretchingvibrationat about 1580 cm-1,

butnotan unionizedC=O stretchingvibrationpeak at 1700 cm-1. These FTIR

resultsare consistentwith an ionized

-CH

lb

-type structure described in the bookMetal Carboxvlates,by Mehrotra and

Bohral. Since the FTIR spectra of the cobalt and strontium alkoxide acetate

compounds show similar peaks, it can be concluded that they, too, contain
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metal-oxygen bonds that are mostly ionic incharacter, and similar to the

_anthanumdialkoxidemonoacetatestructure.

The coordinationnumberof La(III) isusuallyeightor nine. The
P

coordinationsites remainingopenin the oligomericstructureare filled by

associationsbetween the metal ion and the ethylene glycolor 2-rnethoxyethanol e

-OH groups.

Some otherconclusionsas to the pre-hydrolysisbehaviorof these

materialscan be made from the resultsof mixingthe three acetate-substituted

metalalkoxidestogether. A mixtureof the lanthanumand strontiumcompounds

resultswithinminutesor hoursin the formationof a hard,opaquewhite gel. The

simplestexplanationof thisbehavioris that the strontiumisopropoxidedoes not

convertto Sr(OOCCH3)(OCH(CH3)2)as readilyas lanthanumisopropoxidedoes

to La(OOCCH3)x(OCH(CH3)2)3_x. Therefore, moreaceticacid is availablefor

exchangewiththe isopropoxideligandsin lanthanumdiisopropoxide

monoacetatewhen the lanthanumand strontium-containingsolutionsare mixed

together, and gelationof the lanthanumacetate via the reactiondescribedin

equation3.3b is produced. Gelationalso occursin a mixtureof acetate-

substitutedlanthanumisopropoxideand cobaltmethoxide.This reaction isfar

slower,takingplace overa span of weeks or months. This indicatesthat the

cobalt methoxideis far morestronglyacetate-substitutedthan the strontium

isopropoxideis, leavinga much smalleramountof acetic acid available for

exchange reactions with the remaining isopropoxideligands bonded with the

lanthanum ion. These gels are cloudy and opaque from the lanthanum polymer,

but are pinkfromthe solvatedcobaltcompound'sstrongpigmentation.

In additionto the exchangereactionsbetweenthe alkoxideligandsand

acetic acid,an exchangereactionbetweenthe alkoxideligandsand the solvent
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ethylene glycolmay take place. E_lhyleneglycol is more electronegativein

characterthan isopropanolor methanol,butmuchlesselectronegativethan

acetic _cid orwater. Alternatively,someethyleneglycolmoleculesmay simply
li

_bml a looseassociationaroundthe metalacetate alkoxidein orderto forma

• more highlycoordinatedcomplex. No direct evidence in the form of FTIR

spectralchangesor otherdata existsto supporteithertheory. In view of the

accumulateddata on alkoxide-glycG×idereactionsavailablein the bookMetal

Alkoxides2, however,it seems likelythat somesuchexchangereactionsmay

take place over time,followingthe form

M(OOCCH3)(OR)x.1+ HOCH2CH2OH--) (3.4)

(RO)x.2(CH3COO)M(OCH2CH2OH)+ HOR

where the M(OCH2CH2OH) group probably has the structure:

Such a glycoxide ligand is rather bulkier than the original alkoxide ligand, but

helps fulfill the metal ion's coordination number better. Since ethylene glycol is

being used as a solvent it is present in a large excess, lt therefore seems

" unlikelythat the following dimerizationreaction would occur for a large number

of molecules because of the mild solvation conditions, but it might be plausible

at lower glycol concentrations and more active reaction conditions:

43



2(RO)x.2(CH3COO)M(OCH2CH2OH) --_ (3.5)

/O-CH2-CH2-O.

(RO)x.2(CH3COO)M..o.CH2.CH2.o_M(OOCCH3)(OR)2-x
H

if the lessstericallybulkyand moreelectronegativeacetate ligands do not begin

constructinga polymerby linkinginthe formof equation3.3b first. In any case,

the glycoxideligandsare expectedto be nearlyas vulnerableto hydrolysisas

the alkoxideligandsthey replace,since they are notnearlyso strongly

electronegativein characteras an acetateor hydroxideligand.

A possiblesolutionto the problemof prematuregelationdue to acetate

bondinginthissystemwouldbe to decrease the amountof acetic acid addedto

the strontiumisopropoxideandthe cobaltmethoxidecomponents,particularly

the former. A 1"1ratio of metalalkoxideto aceticacid causes rapiddissolution

in boththesesystemsbutsomeaceticacid is notreactedwith the metal

alkoxide. A ratioof 1:0.5, for example,mightresultin lessrapiddissolution,but

lessfree aceticacid wouldbe availablefor exchangereactionswiththe

lanthanumdiisopropoxidemonoacetatesolutionwhen it is added in. An

additionaladvantageto thispossiblesolutionis that morestrontiumand cobalt-

oxygenchainscan form whenthe solutionis hydrolyzed.

Hydrolysis and Condensation Chemistry and Behavior ,J

If no chemical modifications are made to the three metal alkoxides before

adding water to the mixtures, the results can be quite different from the behavior

of modified solutions. Solution behavior can also be changed by modifying the

solvent used. For instance, a mixture of lanthanum isopropoxide, strontium

isopropoxide and cobalt methoxide, originally 0.1 M metal in a mixture of half
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ethylene glycoland half 2-methoxyethanol,condensesto forma soft,opaque,

blue-graygelafter water is graduallyaddedto obtaina final ratioof about 110

moleswater to one molemetalalkoxide. A similarmixtureusingonlyethylene

glycolas a solventproducedan opaque blue-greenliquidthatdid not gel either

duringor afterthe gradualadditionof about110 moleswater to one mole metal

alkoxide.

Unmodifiedlanthanumisopropoxidedoes not dissolvewell inethylene

glycoland the cloudywhite appearanceof the mixturedoes notchange even

afterconsiderablewater is added. Strontiumisopropoxidedissolvesmore

readily,buta precipitateformsandfalls outof solutionas ithydrolyzes. Similar

behaviorhas been observedin solutionswith2-methoxyethanol,methanol,and

isopropanol.A slightlysolvatedcobalt methoxidein ethyleneglycolmixture

becomesa softopaquegreenish-bluegel as it hydrolyzesand condenses.

AddingDEA to any of these mixturesdoes notseemto improvethe metal

alkoxidesolubilitiesto a significantdegree untilfar morethan a 2:1 molarratio of

DEAto metalalkoxidehas been reached. At these high levels,;_,_DEA

effectivelypreventsenoughhydrolysisand condensationfromoccurringto form

a gel. The color of the mixedalkoxidesolutionmay change from pinkto green

as water is added, probablyfromthe cobalt ions'coordinationnumberschanging

fromfour to six,but noother visiblechanges occur.

Modifyingthe mixedmetal alkoxidesolutionwith aceticacid slowsthe rate

" of hydrolysisand condensationof the solutionconsiderably.As water is added,

the characterof the solutionchangesconsiderably.The colorchangesfrom
J

pinkor violetto a lightbrown,and the slightwhitecloudfromthe lanthanum

isopropoxideseemsto disappear, beingreplacedby an equallyslightbrown

precipitate. This changetakes piaceeven after exposureto atmospheric
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moisture,if the solutionpH is above eight. This colorchange can be reasonably

attributedto a hydrolyticchange of coordinationnumberby someof the cobalt

(11)methoxidemonoacetate.The octahedrallycoordinatedcomplexestend to a

green or blue color,whilethe tetrahedrallycoordinatedcomplexestend to a red

or pinkc_,_r. A combinationof red and greenmakesbrown,the color of the

hydrolyzedsolution. The brownprecipitationisthereforecaused by the

condensationof someof thesehydrolyzedcompounds.

The seriesof reactionsthat may be takingplaceto producethisvisible

changeof the solutioncolorand character are then

Hydrolysis:

Co(OOCCH3)(OCH3)+ H20 --+Co(OOCCH3)(OH) + HOCH3 (3.6a)

Co(OOCCH3)(OH) . H20 --+Co(OOCCH3)(OH).H20 (3.6b)

Co(OOCCH3)(OH).H20 + H20 ---)Co(OOCCH3)(OH).2H20 (3.6c)

Co(OOCCH3)(OH).2H20 + H20 ---)Co(OOCCH3)(OH).3H20 (3,6d)

Co(OOCCH3)(OH).3H20 + H20 --) Co(OOCCH3)(OH)2.4H20 (3.6e)

Condensation:

2Co(OOCCH3)(OH) _ (CH3COO)Co-O-Co(OOCCH3) + H20 (3.6f) ,

Co(OOCCH3)(OH) + Co(OOCCH3)(OCH3) .--) (3.6g)

(CH3COO)Co-O-Co(OOCCH3) + HOCH3
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and similar reactions for the water-coordinated cobalt complexes. The

condensed compounds are ali dimers, so no gelation occurs in this system; only

precipitation of 3ome of the hydrated complexes.
J

An additional cause of this change in color is the presence of lanthanum

• diisopropoxide moneacetate in the solution. Adding water to a solution of cobalt

monomethoxide monoacetate by itself or mixed with strontium monoisopropoxide

monoacetate does not produce any color change or gelation, although too quick

or massive an addition will produce some precipitation. The white lanthanum

complex precipitates probably act as nucleation centers for the condensing

cobalt-complex dimers to adhere to.

Strontium monoisopropoxide monoacetate begins to form precipitates as

it hydrolyzes. This behavior is no worse than that of unmodified or 1:1 DEA-

modified strontium isopropoxide, which also forms fine precipitates when reacted

with water. Lanthanum diisopropoxide monoacetate forms a clear, rigid gel as it

hydrolyzes (approx. 100 moles H20:1 mole lanthanum ion) and condenses, but

the ever-present fine precipitates may form a surface layer, or be distributed

throughout the gel. The reaction sequence taking place here is definitely

Hydrolysis:

La(OOCCH3)(OCH(CH3)2)2 + H20 .--),La(OOCCH3)(OCH(CH3)2)(OH) + (3.7a)

HOCH(CH3)2
i

La(OOCCH3)(OCH(CH3)2)(OH) + I-t20 --+ La(OOCCH3)(OH)2 + (3.7b_

HOCH(CH3)2
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Condensation:

2La(OOCGH3)(OCH(CH3)2)(OH) --> (3.7c)

((CH3)2CHO)(CH3COO)La-O-La(OOCCH3)(OH) + HOCH(CH3)2
I,

extendspolymericallyas condensationcontinues

,o

2La(OOCCH3)(OH)2 .._ (CH3COO)(OH)La-O-La(OH)(OOCCH3) + H20 (3.7d)

extends polymericallyas condefisationcontinues

O(La(OOCCH3)(OH))2 + La(OOCCH3)(OH)2 -.-) (3.7e)

(CH3COO)La-(O-La(OOCCH3)(OH))2 + H20

extends polymericallyas condensationcontinues

and soon. Ali of the La-O- bondsare highly ionic in character.

A 0.2 M lanthanum-strontium-cobaltmixtureformsa soft, cloudylight

browngel about 10 daysafter a gradual,massive(approximately1O0moles

H20:1 molemetal ion) additionof water. The lanthanumcomplexesare

expectedto be the main sourceof networkbondingto formthis gel becausethey

retainthe largestnumberof sitesactive for polymerizationsince both acetate

and hydroxide-typeligandsare capableof bondingwithanother molecule. The

compoundscontainingstrontiumand cobaltremainfairlywell mixed intothe gel

on a molecularlevel withoutgellingmuch themselves,butsome inhomogeneous

precipitationof complexesof ali three metalsis probablypresent,and so this

typeof solution,while the bestso far developed, is notentirelyperfect. ti.

Decreasing the amountof acetic acid usedto solvatethe strontiumisopropoxide

and the cobaltmethoxidemay improvethe solutioncharacteristicsfor further

experiments.
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LSC Powder Preparations: Characteristics and Behavior

To evaluate the relative quality of the chosen alkoxide sol-gel ceramic

preparation method, a series of alternative preparations were also made and

their relative behaviors were compared. The first of these alternative

• preparations involved using lanthanum n-butoxide in place of lanthanum

isopropoxide in a sol-gel preparation. The lanthanum isopropoxide solution was

designatedB, and the lanthanumn-butoxidepreparationwas labeled C. Two

aqueoussolutionsof the metal nitrates,one withpolyacrylicacid (PAA) and one

withpolyacrylamide(PAC) as gellingagentsand an attritor-milledmixtureof

lanthanumhydroxide,strontiumcarbonate,and cobalt oxidewere also

synthesized. These three preparationswere designatedD, PAC, and E,

respectively.

The five preparationswere dried,hand-ground,and pressed intopellets.

Batchesof these pelletswere then firedat differenttemperaturesand examined

for percentweightloss(shownin Figure3.1), percentrelativeshrinkage(shown

in Figure3.2), and psrcentcrystallinetransformation,as deducedfromtheirX-

ray diffractionpatternsand shown in Figures3.3-3.6.

Ascan be seenfromFigure3.1, the nitratepreparationsgenerallyhave

the highestpercentweight loss(up to 56%), whilethe standardpreparationhas

the lowest(up to 12%). The B preparationlosesno significantweightabove

1000°C, while ali the other preparationscontinuelosingsignificantamounts

. between 1000 and 1100°C. Since the originalorganiccontent is removedbelow

400°C, thiscontinuedweight lossindicatesthatthe transformationto LSC at

1000°C is morecompletefor preparationB than for the other preparations. This,

in turn, impliesthat the componentmetalsare morehomogeneouslydistributed

by the B synthesisthan by any of the other syntheses.
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In Figure 3.2, the percent volumeshrinkageof the pellets as they are fired

are compared. The twonitratepreparationsare not includedbecause cobalt

nitrateand strontiumnitratemelt before theydecompose,producingsignificant
t

distortion in the cylindrical pellet. Largeblowholesand bloated "bubbles"also

formeven at lowtemperatureramprates in thesepellets. The amountof .

bloatingthe B and C pelletsundergomakethese shrinkagetrendsonly

approximate,but it is obviousthat the ceramicobtainedfrom preparationB

shrinksand densitiesfar betterthan that obtainedfrompreparationC. In ali

three cases, approximatelyone-thirdto one-halfof the shrinkageobtainedat

1100°C has occurredby 700°C. At 1100"C, the B pellethas obtained48% of its

theoretical density,whilethe C pellethas only13% of itstheoretical density,due

to severe bloating. Pellet E, with a muchhighergreendensity, is actuallyequal

to pellet B in itsfinaldensity. Fromthe standpointof shrinkageand

densification,therefore,the B-typepreparationproducesby far the bestresult in

a pellet, and willprobablyproduceequallygood resultsin a film.

Quantitativeexaminationof the X-ray diffractionpatterns obtainedfor the

differentpreparationsat differenttemperaturesincomparisonwith a standard

mixturereveals the proportionsof crystallineLSC, lanthanumhydroxide,

strontiumcarbonate,and cobalt oxide (Co304) presentfor each setof

conditions. These calculationswere made usingthe mixedcomponentmethod

of Chung3. A graphshowingthe relativeweight percentsof crystallineLSC vs.

temperature for the five differentpreparationsis shownin Figure 3.3.

Several factsaboutthese preparationsbecome apparent upon
J

examinationof the trendsinthisgraph. First,preparationB beginsto transform

significantlyintoLSC at 700°C, at least 100°C beforeany of the other

preparations. The weightpercentof crystallineLSC in B basically stops
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increasingat 900°C, where it reachesa value of 92%. Also, it can be seen from

Figures3.4-3.6 (weightpercentcrystallineLa(OH)3 versustemperature,weight

percentcrystallineSrCO3 versustemperature,andweightpercentcrystalline

CO304 versus temperature, respectively) that the majority of the untransformed

• materialabove900°C is strontiumcarbonate. There are twopossible

explanationsforthisobservation.

Firstof all, the strontiumcarbonatenot incorporatedintothe LSC may be

due to an excessof strontiumor lanthanumionsinthe preparation,leadingto a

deficiencyof cobalt ionsand causingsome of the strontiumionsto notbe

preferentiallyabsorbedintothe LSC phase. This explanationis rather unlikely

due to the fact that the B and C preparationswere actuallyslightlystrontium

deficientand so someexcesscobaltwas available inthe reactionmixture. The

second,and morereasonable,explanationis that insolublestrontiumcarbonate

precipitatesform duringfiringanddo not decomposeeasily intothe LSC matrix.

Similarbehavioris seen in the fired C material, althoughcomplicatedby other

factors.

The C preparationshowscharacteristicssimilarto thoseof the B

preparation,butwiththe undesirablepropertiesmagnified.A significantdegree

of transformationof the separatecomponentsto LSC occursat 700°C, but only

to a levelof 70 wt%, comparedto that of B, with86%. Evenat a firing

temperatureof 1100°C, only about80% of the totalweightof the C pellet is LSC.

• Significantquantitiesof Co304 and SrCO3 remain present, and the overall

. pattern of the LSC peaks is morecloselyrelatedto LaCo03 than

Lao.6Sro.4CoO3, indicatingthat littleof the strontiumis actually incorporatedinto

the perovskitephase. These resultsindicatethat a very inhomogeneoussol-gel

is producedby preparationC, probablydue to poorsolvationof the lanthanum
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methoxide in the originalsolution. In addition,the up-and down characterof the

C lines in Figures3.3-3.6 indicatesvery poormixingon the macroscale, with

differentproportionsof the three componentsendingup in each of the analyzed

pellets.

The transformationbehaviorof the D and E preparationsis very similar,

indicatingthat the PAh, in D hasvery littleeffect in holdingthe component

nitratesin solutiontogether. Separatedprecipitatesform, producinga beginning

materialno better than the standardpowderpreparationdoes. Majorperovskite

formationdoes notbegin until800°C, andcompletetransformationdoes not

occuruntila firingtemperatureof 1000 to 1100°C is used. However,100%

transformationis achieved, a distinctimprovementover the resultsof the

alkoxidepreparations.

The PAC-nitratepreparationhas convertedto 77 wt% LSC by 700°C,

better thanany otherpreparationexceptB. The convertedweightpercentof

LSC continuesto rise gradually,reaching93% at 900°C andfull conversionat

1100°C. This behaviorindicatesthat the PAC doesa much better job than PAh,

of holdingthe mixtureof nitrates in a microhomogeneoussuspension,leadingto

a highdegreeof transformationat the lowertemperatures.

Overall,the resultsof thisanalysisindicatethata highdegreeof

transformationcan be achievedby the sol-gel alkoxide or polymer-nitrateif the

degree of solvationis good. However,completeor nearlycomplete

transformationwillnot occurat anytemperaturebelow900°C, and firingat

1100°C is probablybestfor completecertainty. Figures3.7-3.11 compare the X- 4,

ray diffractionpatternsfor the five preparationsat 700°C and 1100°C. The

cobalt oxidepeaks inthe 1100°C E patterncan be ignored;excesscobaltoxide

was present in this mix';:uredue to an experimentalerror. This extra cobalt may
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have improvedthe transformationbehavior of thispreparation;a 5-10 mol%

excessof cobaltcouldalso helptransformationinthe otherpreparations,but

mightalso have a deleteriouseffecton the electricalpropertiesof the material.

• LSC Thin Film Characteristics and Appearance

The thinfilmsof LSC depositedonvariousporousand nonporous

substrateshad a verydifferentphysicalappearancethanwas initiallyexpected.

The yttda-stabilizedzirconia filmsfirst preparedby Kueper4 are nearly

featurelessin character,showingneithergrainboundariesnorcolor variations.

The LSC filmslaid downusingan acetic acid-modifiedmetalalkoxidesolution

showedboththese characteristicsas a rule, and experimentsattemptingto

removethese featuresare describedlater inthissection.

Aluminasubstrates,either 50 nmy-aluminaU.S. filters,20 nm 016-alumina

Anotecfilters,or nonporous(z-aluminadisks,were usedfor mostof these

coatingexperiments. Figure3.12 showsSEM micrographsof the surfacesof the

twofilters.

Sinale Layer Films

The firstattemptsat achieving a thinfilmof crystallineLSC were made

usingspin-coating. A 20 nmpore size Anotecfilterwas coated usinga speed of

1000 rpmand rampedat 0.5°C/rain to the final firingtemperatureof 700°C. Two

SEM micrographsof thisfilmare displayed in Figure3.13. The LSC film is

• granular in appearance, where the grains (vsible inFigure3.13) have an

average size of 0.25 microns. Threadlike microcracks, O.1-0.3 microns long and

less than 0.006 microns thick, are present between some of the grains. Surface

inclusions on the filter are also coated, although at their edges the film has
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peeledbackand bare areas are visible. The film appearsto be about0.05

micronsthickin thisarea, butoccasionalsurfaceinclusionsand large holes in

the poroussurface were notcoatedover. Shrinkagecrackingwas notfound in

the sample,and X-ray diffractionanalysisof bothsurfaces showednothingbut

the substratepattern. Single-layerLSC films onAnotecfilterswere alsofired at

800°C and 900°C, to see if the highertemperatureswouldincrease the amount

of sinteringpresent in these films. No improvementwas seen,and at 900°C the

underlyingsubstratebeganto turna brightbluecolor, indicatingthat enough

cobaltwas diffusingfromthe films intothe substrateto forma visiblecobalt

aluminatespinel. This inturn indicatesthatfiringthese LSC filmson aluminaat

900°C or above willhave the detrimentaleffectof pullingcobaltfromthe filmvia

diffusionand (as shownlater)causingit to break up insteadof sinter. Again,

X-ray diffractionanalysesshowonlythe aluminatefilter pattern.

The edges of someof these filmswere verythickand showeda high

degreeof shrinkagecracking,exposingthe substrateunderneath(Figure 3.14a).

At the same time, the centralregionof the filtercouldbe very lightlycoveredand

highlyporous(Figure3.14b). Decreasingthe spintime and speed decreases

thisthicknessvariation,butthe centerof the filter often stillsuffersfrom poor

coverage,indicatingthat spin-coatingis not reallythe bestway to obtain

uniform,uncracked,and nonporousfilms.

Inadditionto the Anotecfilter, a piece of single-crystalsiliconwas spin-

coatedwiththe LSC sol-gelmixtureand fired at 800°C. A micrographof this

specimenis shown in Figure3.15. Its appearance is somewhatdifferentfrom =

that of the Anotecfilms. On silicon,the coatingwas considerablythicker,about

0.3 micronsat one centralarea fracturesurface,which indicatesthat muchof

the liquidcoatedon the Anotecfilterswas sucked intothe pores. The surface of
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the film on silicon is lesshomogeneous in character,with scattered lighter-

colored precipitatesinthe matrixanddeep surface micropores/cracksbetween

0.1 and 0.8 micronsin length. Shrinkagecrackswere notpresent,and the X-ray

diffractionanalysisof thisfilmshowedonly the substratepattern.

• The successof coatingthesefilmswith a layer of sol-gelderivedYSZ

was nextexamined. A piece of 0.02 micronAnotecfilterwith a singlelayer of

LSC depositedon itwas used as a substrate. The YSZ was thendepositedon

top via dip-coating,and fired at a slowrate to 700°C. Inthe darkerareas, where

the LSC filmwasthickest,the YSZ filmwas smoothand unbroken,as shownin

Figure3.16a. The film is about70 nmthickin this region,and is broken by

surface inclusionsin someareas. As the underlyinglayer of LSC gets thinner,

the YSZ layer beginsto break up, resultingin the surface shown in Figure

3.16b.

A sinteredpelletmade of La0.6Sr0.4CoO3was spin-coatedwith a layer of

the sol-gelsolutionand fired. The resultantsurface, shown in Figure3.17a, is a

significantimprovementover the uncoatedsurfaceof the pellet,seen in Figure

3.17b. If the largerporesin the substratecan be eliminated,a sol-gel coatingof

one or more layersof LSC ontop shouldprovidean excellentsurface for

depositingthe YSZ on.

lt thereforeappears that singlelayerfilmson the poroussubstratesare

generallytoothin,and usuallyhaveareas that are inadequatelycovered. In

addition,any surface dustor overlylarge poresin the surfacewillbreak the

. continuityof a single layer of film. The logical conclusion is that using multiple

coatings of LSC may overcome these problems. As long as the total thickness

of the films remains below one micron, shrinkage cracking is not expected to be

a problem.
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.MultipleLayer Films

Initially,twosets of multiple-layerfilms weremanufactured,one dip-

coatedwithfour layersof LSC sol-gelsolution,andonewith five layers. After

each 0.02 micronporesize Anotecfilterwas dippedandthe excess liquidwas

drained off, itwas cured at 250°C after a slowramp rate. This allowed for

completeevaporationof the solvent,and for a portionof the organicsin the sol-

gel layer to burnout. This cycle was thenrepeatedthree or four more times,

beforethe resultingfilm was givena final firingat 700°C.

The four layerfilmswere 0.9 micronsthick,and, as seen in Figure3.18,

'weregranularand porousbothon and beneath the surface. Some areas, as

seen in Figure3.19a, were relativelydensewith irregular,unconnected

shrinkagecrackingandsmall precipitatesscatteredat intervals. More typical

areas, as shownin Figure3.19b, were lessdense,withpores and microcracks,

butno shrinkagecracks and no distinctprecipitates. Bothareas containedthe

larger,angularlyshaped inclusionsseen in Figure3.19b. An X-ray diffraction

pattern(Figure3.20a) of thisfilmwas analyzed, and showeda crystalline

contentof 43 wt% LSC, 35 wt% SRC03,and 22 wt% C0304. This is about half

the expected degree of conversionto LSC taken fromFigure 3.3, line B. The

reasonfor this lowerdegree of conversionis probablythat the B preparation

powderhad mostof the solventremovedbefore beingpressedinto a pellet,

resultingin a highergreen densitythan is obtainedinthe thinfilm.

The five layer filmswere somewhatdifferentinoverallcharacterthan the

four layerfilms. They were 1.1 micronsthick and containedwide, unstable A

shrinkagecracksthat brokethe films intolarge, unconnectedislands(Figure

3.21a), as expectedfor a film over the criticalthicknessof 1.0 micron. The

surfacesof the filmswere similar in character to the lessdense areas of the four
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layer films (Figure 3.19b) but were much rougher vertically and bubbled in

appearance, probably distorted from escaping vapors during the burnout stage

of firing. Analysis of the X-ray diffraction pattern (Figure 3.20b) of one of these

films produced a component proportion of 78 wt% LSC, 12 wt% 8rC03, and 10

• wt% 00304. An unknownamount of La203 was also present, probably lowering

ali these percentages by 3 or 4 points. Even so, the amount of material

converted to LSC issignificantly greater than for the four layer film, indicating

that the alumina substrate may have an effect in suppressing transformation of

the precursor sol-gel into crystalline LSC.

One of these five layer films was then re-fired at 1000°C, to determine

how the thicker layer would behave under these conditions. As shown in Figure

3.22, this treatment causes the film to break up completely, probably due to the

lossof cobalt from the film into the alumina substrate, turning it an intense, clear

blue. The remaining film material, while badly separated, does appear to have

sintered and lost its fine granular texture.

In general, these thicker coatings, particularly the four layer ones, give

much better coverage of the porous surface than single coatings, and definitely

contain some crystalline LSC. They are more porous and more likely to contain

fine precipitates (discussed later) and high temperature sintering on alumina

causes them to break up because of cobalt losses to the substrate. Using a

finely porous LSC or LSMC substrate would remove this last problem entirely;

• sintering at 1000°C would then increase the amount of crystalline LSC, dissolve

the precipitates, and densify the film.
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Hiqh RampRate Firing

The next variationwhichwas investigatedinvolved using a very high

ramprate fromthe 400°C burnouttemperatureto the firingtemperatureof

700°C. A regularlyfiredand a fast-rampedfour layer film are comparedin

Figure3.23. The regularlyfiredsample in Figure3.23a is distinctlygrainierthan

the fast-rampedsample in Figure3.23b, indicatingthat thistechnique is

successfulin aiding lowtemperaturedensificationin LSC. These coatingswere

laiddownon 50 nm pore size U.S. Filtersubstrates,andwere in general much

moreregular in naturethan the filmslaiddownon Anotecfilters. Unfortunately,

the curvedsurfacesof these filtersmade it impossibleto performX-ray

diffractionanalysesof the films.

LonQ-TermBehaviorat ElevatedTemperatures

Two fast-rampedfilms on U.S. Filter pieces, one made usingtwocoatings

andone made usingfour, was examinedto determinetheir long-termbehavior

undera constanttemperatureof650°C. Althoughthe additionof an electrolyte

layer and the other electrodewillhavea strongeffect on thissortof behavior,

theseresultsare valuable intermsof isolatedelectrodetesting,and for gas

separationdevices. The two layerfilm, as seen in Figure3.24a, brokeup

completelyafter beingheld at 650°C for only twenty-fourhours, ltwas about0.3

micronsthick.The four layer film,seen in Figure3.24b, remainedstable even

after 96 hoursat 650°C. ltwas notmuch thicker,being 0.4 micronsin depth, but

thisseemsto have been enoughfor continuingstability. Some of the surface

materialmay have peeled off,fromthe unusuallylargeamountof surface debris

present,but the film is visiblyintact. The film surface, seen in Figure3.24b, is

markedly moregranularthan the surfaceof the fast-rampedonlysample in
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Figure 3.23b, but contains no visible precipitates. The densification afforded by

the fast-ramp firing is therefore probably temporary, but the homogeneity of the

film may improve with time.

Some diffusion of cobalt into the surface of the y-alumina filter does take

- place during these 650°C heat treatments. The more thinlycoated filter, in

particular,takeson a slightbluishtinge after 96 hoursat 650°C, indicatingthe

formationof cobaltaluminatespinel. The operationallong-termstabilityof these

filmsisthereforeprobablydependenton an LSMC substratebeingused instead

of the reactivealumina.

PrecipitateIdentificationand Dissolution

The purposeof this experimentwas to try and identifythe fine precipitates

presentinmanyof the fired films. A thickcoatingof sol-gelsolutionwas

depositedona flat o_-aluminadisk,whichwas then fast-rampfired at 700°C as

usualand heattreated at 650°C for 48, 96, and 144 hours. Micrographsof the

filmafter eachof these heat treatmentsare displayedin Figure3.25. The

accompanyingX-ray diffractionpatternsare shownin Figure3.26. The

precipitatesdefinitelydecrease in size (froman averageof 0.10 l_mat 48 hours

to an averageof 0.06 p.mat 144 hours)as the heat treatmentcontinues,

indicatingthatthe filmqualitydoes indeed improveas the treatmentcontinues.

X-ray diffractionpatternanalysisindicatesthat the identityof the precipitate

" materialis probablylanthanumoxide(La203); the relativeintensityof the La203

2.97 d-spacingpeakdecreasesfrom1.4 at 48 hoursto zero intensityat 144

hours. No cobaltoxide is detected inany of these tests;strontiumcarbonate

may be presentbut its peaks,unfortunately,wouldbe maskedby the o_-alumina

peaks. Indirectevidence also suggeststhatthese particlesare lanthanum
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oxide: the lanthanumisopropoxidesolution is always slightly cloudy, indicating

the presenceof lanthanum-containingparticulatesin the sol-gel even at this

early stage.
@

CobaltDopin,qAnotecFilters

ltwas discoveredthatthe Anotecfilterscouldbe dopedwith cobalt,

forminga cobalt-aluminatespinel,withoutdestroyingthe physicalstructureof

the filter,althoughthe 0.02 micronlayerwouldpeel away, leavingthe 0.1 micron

underlayeravailableas the depositionsurface, ltwas thoughtthat perhaps

thesedopedfilterswouldnotabsorbcobalt fromthe LSC layer, leaving it intact

througha high temperaturedensificationtreatment. A three layer filmfired at

700°C, shownin Figure3.27, was continuousalthoughwith much largergrains

than usual (an averagesize of 0.10 micronswas observed),presumably

because of the largerporesin the substrate. With the same film,fired at

I000°C, the specimenturneda more intenseblue thanbefore and the filmbroke

up intofragments. Therefore, even thoughalreadyheavilydoped withcobalt,

the filtercontinuedto absorb cobaltfromthe film,causingit to destabilize.

polymer-NitrateDerivedFilms

In additionto the metal alkoxidesol-gelsolutions,a polyacrylamide-metal

nitratesolutionwas used to tryand coat somesubstrates. Even when heavily

diluted with water, however, films laid down usingthe solutiontended to be °

patchy,and to containbubblesof air. They alsotended, as seen in Figure3.28,

to crack ratherbadly, althoughgenerallynot into largeseparated islands.
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3B: SrCeO3 Sol-Gel Synthesis Results

Attemptsto manufactureSrCeO3 thinfilmsfroma sol-gelsolutionmet

with littlesuccess. The bestsolutions,withconcentrationsof up to 0.4 M metal

alkoxidein 2-methoxyethanol,were clear, darkbrownsolutionswith littleor no

visibleprecipitatedmaterialpresentbeforehydrolysis.If hydrolyzedin bulk,

these solutionsformed a firmorange-browngelwith a pale precipitatein

suspension. This precipitateprobablyconsistsmainlyof strontiumcomplexes,

while the gel is mostlyceriumcomplexes,as concludedfromobservingthe

behaviorof the separatelyhydrolyzedmetalalkoxides.

The filmsmadeusingthese solutionswereusuallydepositedon single

crystalsiliconwaferchipsfor easy X-ray diffractionanalysis. If spunon, they

were usuallyuncrackedinappearance. However,noneof these films,fired at

temperaturesrangingfrom600°C to 1100°C, ever gaveanythingbuthigh

intensityceriumoxide, lowintensitystrontiumcarbonate,and occasional

strontiumsilicate-relatedX-ray diffractionpatterns. Figure3.29 showsa typical

X-ray diffractionpattern fromone of these films, firedat 700°C.

The onlytimea true SrCeO3 patternwas detectedfor a sol-gelprepared

materialwas froma pellet firedat 800°C, seen in Figure 3.30. Filmsmadeusing

thissolutiondid nottransformintoSrCeO3. A highpercentageof CeO2 material

was also present inthissample. Pelletsmade frommixedCeO2 and SrCO3

powdersfired for 20 hoursat 1400°C showeda clear SrCeO3 patternbutagain

accompaniedby a significantlyintense CeO2 pattern.

- The lackof SrCeO3 inthe thinfilms isexplainedby a recent paper

presentedby Scholtenet al.5. Strontiumcerate is shownto be unstablein CO2-

containingatmospheresbelowa certaintemperaturerange. The thinfilms in our

experimentsare fired, cooled,and storedin ordinaryair. Their extremethinness
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and relativelyhigh surfacearea make them veryvulnerableto this sortof

decompositionreaction,sothat even ifstrontiumcerate is formedduringfiringit

decomposesas the filmis cooled. A chart includedwiththe paper reveals that

in air strontiumcerate is subjectto decompositionbelowapproximately900°C.

The presenceof SrCeO3 inthe fired pellets is explainedby the fact that material

belowthe immediatesurfaceof the pellet is notexposedto air and remains

stable. With the thinfilms,however,thisexposedsurface layer is practicallyali

that is present. Manufacturingthinfilms of SrCeO3 andpreventingthemfrom

decomposingisthereforea much moredifficultproblemthanwas originally

expected.
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Chapter 4: Conclusions

' 4A: Lao.sSro.4CoO3 Thin Film Synthesis Summary

. An almostcompletelysolvatedLSC metal aikoxide solution can be

synthesizedby modifyingthe three alkoxideswith aceticacid and usingethylene

glycolas the solvent. Aceticacidreactspreferentiallywith cobaltmethoxideor

lanthanumisopropoxideoverstrontiumisopropoxide.Too muchacetic acid

causesthe lanthanumacetate-alkoxidecompoundto gel throughacetate

bonding,so as littleacetic acidas possibleshouldbe used to preventpremature

gelation. Some lanthanum-containingprecipitatesremainundissolvedinany

solutionand are probablylanthanumhydroxidesor oxidesformedby

decompositionof the lanthanumisopropoxide.

A comparisonbetweenthe responsesof five differentpowder

preparations(twohydrolyzedmetalalkoxidesol-gel,two polymer-metalnitrate

gels,and one metaloxide-carbonatepreparation)to heat treatmentrevealed that

significantquantitiesof LSC formed fromthe metalalkoxidesol-gelsand the

PAC-metalnitratepreparationsat 700°C, butfull conversioncannotbe expected

at firingtemperaturesbelow900°C. The lanthanumisopropoxide-strontium

isopropoxide-cobaitmethoxidepreparationhad the bestdensificationand low-

temperatureLSCformationcharacteristicsof the five materials.

. The thin films of LSC manufacturedusing a metal alkoxide sol-gel

precursorwere uniformlyunsinteredandfinely granular inappearance. Many of

themalso containsmall inhomogeneousprecipitatesthat are probably

lanthanumoxide(La203). Thicknessesof up to 0.9 micronscan be achieved by

multiplecoatingswithoutinducingshrinkagecracking. If depositedon an

aluminasubstrate,the film is notstable ifheated over900°C. This is due to the
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formation of cobalt-aluminate spinel at the interface. Sintering may take place at

1000°C, but not at lower temperatures. Long heat treatments at 650°C will

gradually dissolve the inhomogeneous precipitates into the surrounding film, but
L

films less than 0.3 microns thick may break up under this treatment. A sintered

porous LSC disc spin-coated with LSC sol-gel showed significant improvement

in its surface characteristics.

In general, it can be concluded that finely porous LSC or LSMC is the

best material to use as a supportive substrate for these LSC thin films. Firing

the film at 1000°C is necessary to obtain a sintered film and to ensure complete

transformation of the sol-gel precursor solution to LSC. Despite this requirement

for high temperature treatment, the sol-gel technique remains valuable because

of the homogeneity and smooth, even surfacecharacteristics it imparts to the

deposited films. Multiple coatings (total thickness 0.4 l_m< x < 1.0 l_m)are

desirable to fill in larger pores, smooth surface roughnesses, and give the film

enough strength to withstand high temperatures for long periods and remain

intact.

4B: SrCeO3 Thin Film Synthesis Summary

Synthesisof an SrCeO3 thin film usingthe sol-gel method was not

successfulbecause of the instabilityof thismaterialin carbondioxide-containing

atmoSpheres.The highsurface area of the experimentalfilmsallowed any
i,

SrCeO3 thatformed duringfiring to decomposeagainuponcooling. A pellet

pressedfrom sol-gel derived powder and fired at 800°C did contain SrCeO3,

mixedwith CeO2. Ordinarily,SrCeO3 does notform untila temperatureof 1000

to 1100°C is reached. Relativelylow-temperatureSrCeO3 formationusinga
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metalalkoxide precursor is therefore a valid synthesistechnique if the synthesis

is performed and the film maintained in a C02-free atmosphere.
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Table 1.1" Ionic and Electronic Conductivity Values for LSC and LSM

,, ,,. ,, i

MATERIAL TEST TEMPER- CONDUCTIVITY TEST TYPE REFERENCE

" ATURE (_Scm-l_) NO.

Lan7Srn._CoO._ 600°C o. = 150 4-pt DC 12

Lan_SrnaCoO_ 700°C a i =0.15 4-pt ionic.DC 15

Lan _SrnaCoO._ 800°C., ai = 0.40 4-Ft DC , 15

LanRSrn4CoO3 800°C a_ = 800 4-pt DC 15 _

Lan7Srn_CoO_ 800°C ap,= 400 4-pt DC 12

Lan_Sr_4CoO_ 860°C a i = 0,,:80 4-pt ionicDC 15

Lan._Srn_CoO_ 1000°C ap.= 5000 ? 13

Lan7Srn._MnO_ 600°C a_ = 180 4-pt DC 12

La R_Srt_MnO 3 600°C aP,= 90 4-pt DC 17

La ;,qSrn_MnO3 700 C ..... a i -- 0.01 ptntiostatic_ep 9, _6

Lan7Sm ,3Mn_.',, 800°C ap,= 260 , 4-ptDC , 12

La R_Srl._MnO_ 800°C ap,= 100 4-ptDC 17

La 7_SrnoMnO_ 860°C a i=_0.10 ptntiostatic_ep 9, 16

Lan._Srn._MnO3 1000°C ap,= 300 ? . 13

LaR_Sri ._MnO3 1000°C ae.= 110 4-pt DC 17
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Table 3.1 SolvationCharacteristicsof UnmodifiedLa, Sr,.andCo Alkoxides

Hill"

Solvent (Dry) Lanthanum Strontium Cobalt

Isopropoxide Isopropoxide Methoxide v
Methanol Partial < 0.1 M Soluble0.1 M No

Ethanol << 0.1 M ? No

Isopropanol Soluble0.1 M Partialf0.1 M No

2-Methoxyethanol Soluble0.1 .M Soluble0.1 M No

EthyleneGlycol < 0.1 M Soluble0.05 M Partial <0.1 M
Partial < 0.05 M Partial < 0.05 M NoToluene ..... .

Table 3.2 SolvationCharacteristicsof AceticAcid ModifiedLSC Metal Alkoxides

Increased Solubilit' of:

Solvent (Dry) Lanthanum Strontium Cobalt

_oxide _ide Methoxide
Methanol No No Yes

Ethanol No _ Yes

Iso__l._anol _ _

2-Metho__ethanol Yes "_ S__.ht

Yes Yes Yes
Toluene No No No
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Figure 2.1 Reflux apparatus for SrCeo.95Yo.0503 sol-gel synthesis.
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Percent Weight Loss vs. Firing Temperature
for Five Different LSC Preparations
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Figure 3.1 Percent weight lossversus temperature comparison for pellets
synthesizedfromthe five preparations.
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Percent Volume Shrinkage vs. Firing
Temperature for Pellets
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Figure 3.2 Percent volume shrinkage of the pellet versus temperature for the B

and C sol--gel alkoxide preparations, and the standard powder preparation, E.
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Weight Percent LSC Formed vs. Firing
Temperature
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Figure 3.3 Graph of the percentageof crystallineLao.6Sro.4CoO3 versusfiring
temperaturefor pellets made from preparationsB, C, D, E, and PAC. The
quantitativeanalysiswas performedusingthe methodof Chung, and has an
accuracyof +5 wt%.
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Weight Percent La(OH) 3 Present vs. Firing
Temperature
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Figure 3.4 Graph of the percentage of crystalline La(OH)3 present versus firing
temperaturefor pelletsmade frompreparationsB, C, D, E, and PAC. The
quantitativeanalysiswas performedusingthe methodof Chung, and has an
accuracyof +5 wt%.
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Figure 3.5 Graph of the percentage of crystallineSrCO3presentversusfiring
temperaturefor pelletsmade from preparationsB, C, D, E, and PAC. The
quantitativeanalysiswas performedusingthe methodof Chung, and has an
accuracyof +5 wt%.
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Figure 3.6 Graphof the percentageof crystallineCo30 4 presentversusfiring
temperatureforpelletsmadefrompreparationsB, C, D, E,andPAC. The
quantitativeanalysiswasperformedusingthemethodof Chung,and hasan
accuracyof +5 wt%.
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Figure 3.7a X-ray diffractionpattern recordedfor the B sol-gel alkoxide
preparationpowderfired at700°C. a=Lao.6Sro.4CoO3, b=La(OH)3, c=SrCO3,
d=Co304.
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Figure 3.7b X-ray diffraction patternrecorded for the B sol-gelalkoxide
preparationpowderfired at 1100°C. a=Lao.6Sro.4CoO3, c=SrCO3.
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Figure 3.8a X-ray diffractionpattern recorded for the C sol-gel alkoxide
preparation powder fired at 700°C. a=Lao.6Sro.4CoO3, b=La(OH)3, c=SrCO3,
d=Co304.
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Figure 3.8b X-ray diffractionpattern recorded for the C sol-gelaikoxide
preparationpowderfired at 1100°C. a=Lao.6Sro.4Co03,c=SrC03, d=Co304,
e=La203.
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Figure 3.9a X-ray diffractionpattern recordedfor the D polymer-nitrate
preparationpowderfired at 700°C. a=Lao.6Sro.4CoO3, b=La(OH)3, c=SrCO3,
d=C0304, e=La203.
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Figure 3.9b X-ray diffractionpattern recordedfor the D polymer-nitrate
preparationpowderfired at 1100°C. a=Lao.6Sro.4CoO3.
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Figure 3.10a X-ray diffractionpatternrecordedforthe E oxides/carbonate
preparationpowderfired at 700°C. a=Lao.6Sro.4CoO3, b=La(OH)3,c=SrCO3,
d=Co304. Note: Co304 peaks inthispatternare due to surpluscobalt,notto
cobalt that has notbeen assimilatedintothe Lao.6Sro.4CoO3 matrix.
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Figure 3.10b X-ray diffractionpatternrecordedfor the E oxides/carbonate
preparationpowderfired at 1100°C. a=Lao.6Sro.4CoO3,d=Co304. Note: Co304
and CoO peaks inthispatternare due to surpluscobalt,notto cobalt that has
notbeen assimilatedintothe Lao.6Sro.4CoO3 matrix.
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Figure3.11a X-ray diffractionpatternrecordedfor the PACpolymer-nitrate
preparationpowderfired at 700°C. a=Lao.aSro.4CoO3,b=La(OH)3,c=SrCO3,
d=Co304.

i i m i , , i

P_C £ L_$RCO PHDRfPELLE_ 9e0 C
ss: 0.1000 tm'. 1.00 CttKal+2

Figure 3.11b X-raydiffractionpatternrecordedfor the PACpolymer-nitrate
preparationpowderfiredat 900°C. a=Lao.6Sro.4CoO3,c=SrCO3,d=Co304.
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330 nm

Figure 3.12a SEM micrograph of the surface of a 0.02 micron pore size Anotec
filter.

250 nm

Figure 3.12b SEM micrograph of the surface of 0.05 micron pore size U.S.
Filter tube.
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-48 nm

Figure 3.13a SEM micrograph of a single layer LSC film spin-coated onto a
0.02 micron pore size Anotec filter and fired at 700°C. The film has cracked
away from the sides of the large surface inclusion.

Figure 3.13b Higher magnification view of above film.

82



Figure 3.14a SEM micrograph of a thick area in a single layer LSC film spin-
coated onto a 0.02 micron pore size Anotec filter and fired at 800°C. Shrinkage
cracking and exposure of the underlying filter surface have occurred.

I

• 333nm

Figure 3.14b SEM micrograph of a thin area in the same film as above.
Incomplete coverage of the filter is present.
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Figure 3.14a SEM micrograph of a thick area in a single layer LSCfilm spin-
coated onto a 0.02 micron pore size Anotec filter and fired at 800°C. Shrinkage
cracking and exposure of the underlying filter surface have occurred.

333

Figure 3.14b SEM micrograph of a thin alea in the same film as above.
Incomplete coverage of the filter is present.
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500 nm

Figure 3.15 SEM micrograph of a single layer LSC film spin-coated onto a
single crystal silicon wafer chip and fired at 800°C. Surface pores and
inhomogeneous precipitates are present.
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500 nm

Figure 3.15 SEM micrograph of a single layer LSC film spin-coated onto a
single crystal silicon wafer chip and fired at 800°C. Surface pores and
inhomogeneous precipitates are present.
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Figure 3.16a SEM micrograph of a single layer YSZ film dip-coated on top of a
continuous LSC film spin-coated onto a 0.02 micron pore size Anotec filter and
fired at 700°C (LSC film surface shown in Figure 3.13). Film is broken around
the edges of the surface inclusions.

- 250 nrn

Figure 3.16b SEM micrograph of a single layer of YSZ film dip-coated onto a
discontinuous LSC film spin-coated onto a 0.02 micron pore size Anotec filter
and fired at 700°C. Discontinuous coverage by the YSZ is present.
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Figure 3.17a SEM micrograph of a single layer LSC film spin-coated onto a
sintered porous LSC pellet. Film is discontinuous over large pores.

w

5 pm

Figure 3.17b SEM micrograph of the surface of the uncoated, sintered, and
porous LSC pellet used above.
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250 nm

Figure 3.18 SEM micrograph of a fracture surface of a four layer LSC film dip-
coated onto a 0.02 micron pore size Anotec filter and fired at 700°C. Film was
photographed at a 15° tilt. Interior porosity of the film is clearly visible.
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250nm

Figure 3.19a SEM micrograph of a four layer LSC film dip-coated onto a 0.02
micronpore size Anotecfilterand fired at 700°C. Shrinkagecrackingand
inhomogeneousprecipitationare present.

n

250 nm

Figure 3.19b SEM micrographof same film as above takenfrom a lessdense
area. High porosityand possibleinhomogeneousprecipitationare present.
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Figure 3.20a X-ray diffraction pattern recorded for a four layer LSC film dip-
coated onto a 0.02 micron pore size Anotec filter and fired at 700°C.
a=Lao.6Sro.4CoO3, b=SrCO3, c=Co304, d=La203.
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Figure 3.20b X-ray diffraction pattern recorded for a five layer LSC film dip-
coatedontoa 0.02 micronpore sizeAnotecfilter and fired at 700°C.
a=Lao.6Sro.4CoO3, b=SrCO3, c=Co304, d=La203.
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Figure 3.21a SEM micrographof a five layer LSC filmdip-coatedontoa 0.02
micronporesize Anotecfilter and fired at 700°C. Shrinkagecrackingand
surfaceroughnessare visible.

Figure 3.21b Surface view of above film. High porosity and surface roughness
are visible.
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,. 1.25 pm

Figure 3.22 SEM micrograph of a five layer LSC film dip-coated onto a 0.02
micronpore size Anotecfilterand fired at 1000°C. Filterhas turned an intense
bluecolor and the filmhas brokenup intounconnectedmasses.
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250nm

Figure 3.23a SEM micrographof a four layer LSC film dip-coated onto a 0.05
micronpore size U.S. Filter tube piece andfired at 700°C. Microporesand
inhomogeneousprecipitatesare present.

m

250 nm

Figure 3.23b SEM micrographof a four layer LSC film dip-coatedonto a 0.05
micronpore size IJ.S. Filter tube piece andfast-rampedto the firing temperature
of 700°C. Inhomogeneousprecipitatesare present,but poresare absent and
matrixgrainboundariesare lessdistinctthan inabove micrograph.
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1.00 pm

Figure 3.24a SEM micrograph of a two-layer LSC film dip-coated onto a 0.05
micronpore size U.S. Filterand heat-treatedat 650°C for 24 hours. Film
breakup is complete.

1.00 pm

Figure 3.24b SEM micrograph of a four layer LSC film dip-coated onto a 0.05
micronpore size U.S. Filter tubepiece andheat treated at 650°C for 96 hours.
The film is intact.
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Figure 3.25a SEM micrograph of a thick LSC film dip-coated onto an o_-alumina
discand heat treated at 650°C for 48 hours. Distinctinhomogeneous
precipitatesare presenton the film surfacevisibleto the rightin the micrograph.

33nra

Figure 3.25b SEM micrograph of above film heat-treated at 650°C for 96 hours.
Inhomogeneousprecipitatesare present butgenerallysmaller.
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333nm

Figure 3.25c SEM micrograph of 3.25a film heat treated at 650°C for 144 hours.
Inhomogeneousprecipitates are present butsmallerand lessdistinct.
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Figure 3.26a X-ray diffraction pattern recorded for a thick LSC filmdip-coated
onto an (z-aluminadisc and heat treated at 650°C for 48 hours, a=LSC,
b=La203, c=cc-AI203.
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Figure 3.26b X-ray diffraction pattern recorded for a thick LSC film dip-coated
onto an oc-aluminadisc and heat treatedat 650°C for 96 hours, a LSC,
b=La203, c=(_-AI203.
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Figure 3.26c X-ray diffractionpattern recorded for a thick LSC film dip-coated
onto an o_-aluminadisc and heat treated at650°C for 144 hours, a=LSC,
b=La203, c=(z-AI203.
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658 nm

Figure 3.27 SEM micrograph of a three layer LSCfilm dip-coated onto a 0.1
micron pore size cobalt-doped Anotec filter and fired at 700°C. Grain size is
much higher than usual, due to larger substrate pores.
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b.58pm

Figure 3.28 SEM micrograph of a thick LSC film from a PAC-nitrate solution
spin-coated onto a piece of single crystal silicon wafer and fired at 700°C.
Bubble pores and shrinkage cracks are present.
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Figure 3.29 X-ray diffractionpatternrecorded for a film spin-coatedonto a
piece of singlecrystalsiliconwafer usinga strontium-ceriumalkoxidesolution
and fired at 700°C. a=SrCeO3, b=CeO2
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Figure 3.30 X-ray diffraction pattern recorded for pellet made using a
hydrolyzed st_or_,ium-ceriumalkoxide solution and fired at 800°C a=SrCeO 3,
b=CeO 2, c=SrCO 3
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