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3. OBJECTIVES:

The objectiveof thiscontractis to test the feasibilityof eliminatingthe pollutant
speciesNOandSO2 incombustionexhaustgasesbypumpingoffoxygenemployinga
dry solid-oxide,oxygen-iontype electrolytesystem.At the same timeto conserve
electricalpower for pumpingit is desirablenot to haveto pumpoff any unreacted
0 2 thatmay remainin theexhaustgases.The applicationsin mindare treating
exhaustgasesfromsuchdevicesas internalcombustionengines,gasturbinesand
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power-plantflue gases in the 400-700°C temperaturerange (employing
stabilized-bismuthoxide electrolytes)as well as the cleanupof high pressure,
combustiongas priorto enteringa gas turbinein the 700-1000°C temperature
range (employingstabilized-zirconiaelectrolytes).In optimizingthe design of an
electrochemicalpollution-abatementreactorit is necessaryto have a quantitative
understandingof thebasicchemicalprocessesocurringin the system.To thisend,a
studyof the effectthationicdefectpopulationas well as electrolytecompositionhas
on electrocatalyticreactionrates is beingundertaken.The precisenatureof the
electrocatalyticrole playedby ionicdefects,suchas F-centers,is beingelucidated.

4. BACKGROUNDSTATEMENT:

In previous work, the feasibility of eliminating the pollutants NOx and SOx in
combustion exhaust gases employing a solid-oxidepollution abatement reactor has
been described (Wachsman,ctal.). In such a system,NOx (NO and NO2) and SOx (SO2
and SO3) are electrolyticallydissociated on the cathodicside of a solid-oxide
electrolyte, under an applied potential, forming N2 and gaseous sulfur (which can
be readily condenseddownstream),with oxygen being pumped through the
electrolyte.Th_ advantagesof such a system,as compared to other formsof pollution
abatement,are numeroussince the basicsystemis clean, dry and employsno
moving parts. The concept for employing solid-oxide electrolytes for a pollution
abatement reactor, operating in the oxygen-pumpingmode, is shown schematically
below:
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Numerouspollutionabatement reactionswere performedusingboth yttria-
stabilizedzirconia (YSZ) and erbia-stabilizedbismuthoxide (ESB) electrolytes.
Thesereactionsindicatethat sucha pollutionabatementreactor,as describedabove,
is at least scientificallyfeasible.In addition,the heterogeneousreactivityof 0 2 and
its conductivitythroughthe electrolytewere carefullystudiedin order to shed light



on the fundamentalkineticmechanismof cathodicdissociationof these gaseous
polyatomicoxygencompounds.TheArrheniusbehaviorof thesetwophenomna
indicatea commonmechanismbetweenthe ratecontrollingstepof the heterogeneous
reaction_d conductionthroughtheelectrolyte.The commonspeciesto these two
phenomenaareoxygenvacancies.Thesevacanciesare emptyoxygenlatticesitesand
are the conductingspecies in solid-oxideelectrolytes.Furthermore,we believe that
thecatalyticsites for thecathodicdissociationreactionsare thesesame oxygen
vacancies.Evidencefor thisconclusionincludestheone to threeordersof magnitude
increasein the electrocatalyticreactivityof YSZ upon"blackening".Blackeningis a
term usedto describethe reductionof zirconiaelectrolytesand the resulting
darkening(blackening)observedin polycrystallinesamples.We believe that
reductionof zirconiaelectrolytesresultsin the formationof neutral (electron
occupied)oxygenvacanciesand it is theseneutralvacanciesthat are responsiblefor
"blackening"and the resultingincrease in reactivity.

The roleof oxygenvacanciesinthe conductivityof ESBwasstudiedusingsuchsolid-
state techniquesas differentialthermalanalysisand x-ray diffraction.A change in
the slopeof conductivityvs. reciprocaltemperature,at ~600°C, indicatestwo
differentconductivityregions.The above techniqueswere usedtc showthat the
changein slope is due to an order-disordertransitionof theoxyf,lensublattice.At
high temperatures,the oxygensublatticeis disorderedresultinfjin a high mobility
of oxygenvacanciesand a low apparentactivationenergy.At Io,q temperaturesthe
oxygensublatticetendsto order, withthe vacanciesaligningir_(111) planes.The
higheractivationenergyin this temperatureregime is then du,_to the extra energy
requiredto free a vacancyfromthe orderedstate. Furthermore,a reversibleaging
phenomenonintheconductivityof ESBwasobserved.ForESB_'nnealedin thislower
temperatureregion,theconductivitywas observedto decaywith time as theoxygen
sublatticeordered. Heating above the transitionpointwill completelyreversethis
processby disorderingthe oxygensublattice,and returningthe conductivityto its
initial value.

The roleof oxygenvacanciesin boththeconductivityof ESBandthe "blackening"of
YSZ wasstudiedusingfluorescencespectroscopy.Commonlightabsorbingand
fluorescingspecieswere foundin thesetwo chemicallydissimilarcompounds.The
onlypossiblecommonfluorescingspeciesto theseoxidesare theoxygenvacancies.
Changesin the emisionintensityof thiscommonfluorescingspeciesare shownto
followboth the agingprocessin ESBandtheblackeningprocessinYSZ.

A modelwas proposedfor the incorporationof oxygenspeciesintothe oxygen
sublatticeof the electrolyte,at the cathode.Thismodel andan equilibrium
relationship,betweenoxygenspeciesinthegas phaseandneutraloxygenvacancies
in the electrolyte,are consistentwithali of the observeddata.

5. PROJECTDESCRIPTION:

While the scientificfeasibilityof a solid-oxidepollutionabatementreactor has t,'_een
demonstrated (Wachsman, et al.), many of the resultsof thatinvestigationare based
on preliminarydata. Furthermore,the derivationof rate equationsbasedon the
massactioneffecthas yet to be accomplished,lt is thegoalof the initialphaseof this
researchto further investigatethe role of oxygenvacanciesin electrocatalysisand
thenaddressthemassactioneffect.

6. RESULTS/ACCOMPUSHMENTS:



During the secondquarterof this grant, the majoraccomplishmenthas been the
nearcompletionof the DTA, XRD &,ld conductivitydata for publicationof the order-
disorderandagingphenomenain ESB.Sampleswereagedat 500 °C for up to 500
hoursand the DTA and XRD data confirmsour thesisof an order-disordertransition
of the oxygensublatticein this material.While the as-receivedsampleshowsa
changein slopeand henceheatcapacityat theconductivitymechanismtransition
point(as previouslyreportedin Wachsman,et.al.), the samplesaged for an
extendedperiodof time notonly showthis changein heat capacitybut also exhibita
strongendothermuponheatingthroughthis transitionpoint.This endothermis
exhibitedonlyon the firstheatingcycleas the orderedstate is relaxed.Subsequent
heatingandcoolingcyclesonlyexhibitthechangein heatcapacityobservedinthe
as-receivedsampleand is consistentwith the observedreversibilityof the
conductivityagingphenomenon.XRD of theaged samplesiscurrentlybeingdoneand
we expectsimilarlyconsistentresultswith what we previouslyreported
(Wachsman, et.al.).

The conductivitydata is beingobtainedin the new quartz-tubereactorutilizingan
HP 4284-A PrecisionLCR Meter. This instrumentjust arrivedthisquarter and a
considerableamountof effortwas expendedin orderto calibrateand verifythe
readingsof this high precisioninstrument,usingknownelectricalcircuitsas
references.Initialconductivitymeasurementsandcompleximpedanceplotsof ESB
have beenobtainedand are consistentwithourpreviouslyreportedresults
(Wachsman,et.al.). In order to utilizethe full potentialof this instrum6ntsome
fine tuningof the highfrequencyresponseis stillnecessaryat whichtime the
conductivityresultswill be completedand the resultspublished.

7. FUTUREWOBK:

The relationshipbetweensolid-stateionicdiffusionand the heterogeneousreaction
rate (conductivityvs. currentexchangedensity)previouslydescribed(Wachsman,
ct al.; Wachsman,Naixiong& Mason)will be repeated for ESB in the more pristine
environmentof the new ,eactor. In addition,this relationshipwillbe investigated
for differentcrystalographicorientationsof singlecrystal YSZ, also in the new
reactor.

The natureof electrolytic"blackening"willbe studiedusingsinglecrystal YSZ,
where the processturns thecrystal orange.Thisorangecolorationconfirmsthe
hypothesisof the formationof color-centersas being responsiblefor "blackening"
and the resultingenhancementof electrocatalyticreactivity.Fluorescence
spectroscopywillbe employedto obtaina better understandingof the natureof the
ionicdefects formedby "blackening"and to quantifytheir population.Ldentification
of the specificchromophoresresponsiblefor each of the excitationand emission
peakswill be attempted. An in-situfluorescencetechniquefor determiningthe
color-centerpopulationand subsequentreactivityof the electrolyteis being
developed.By implantingquartz opticalfibers in the new reactor,adjacentto the
disk,real-timefluorescencedata can be obtainedduringthecourseof
electrochemicalreactions.

The two researchdirectionsdescribedabovewill quantifythe electrocatalysis
oxygen-vacancydependence,whichat thistimeappearsto be firstorder.The gas-
phasemassactioneffectwillthenbe investigatedanda rate equationdeveloped
whichincludesboththeelectrolyteand gas phasecompositions.
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