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Abstract

Thechemicalloopingprocessesutilizelatticeoxygeninoxygencarrierstoconvertcarbonaceous
fuels ina cyclic redoxmodewhilecapturingCO2.Typicaloxygencarriersarecomposedof a
primary oxide for active lattice oxygen storage and a ceramic support for enhanced redox
stabilityandactivity.Amongthevariousprimaryoxidesreportedtodate,ironoxiderepresentsa
promisingoptiondue to its lowcostandnaturalabundance.Thecurrentwork investigates the
effect of support on the cyclic redox performance of iron oxides as well as the underlying
mechanisms. Three ceramic supports with varying physical and chemical properties, i.e.
perovskite-structured Ca0.8Sr0.2Ti0.8Ni0.2O3, fluorite-structured CeO2, and spinel-structured
MgAl2O4,are investigated.Theresults indicate that theredoxpropertiesof theoxygencarrier,
e.g. activity and long-term stability, are significantly affected by support and iron oxide
interactions. The perovskite supported oxygen carrier exhibits high activity and stability
comparedtooxygencarrierswithceriasupport,whichdeactivatebyasmuchas75%within10
redoxcycles.Thehighstabilityofperovskitesupportedoxygencarrierisattributabletoitshigh
mixedionic-electronicconductivity.Deactivationofceriasupportedsamplesresultsfromsolid-
statemigration of iron cations and subsequent enrichment on the oxygen carrier surface.This
leadstoagglomerationandloweredlatticeoxygenaccessibility.ActivityofMgAl2O4supported
oxygen carrier is found to increase during redox cycles inmethane.The activity increase is a
consequenceofsurfaceareaincreasecausedbyfilamentouscarbonformationandoxygencarrier
fragmentation.Whilehigher redoxactivity is desired for chemical loopingprocesses, physical
degradationofoxygencarrierscanbedetrimental.
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1. Introduction

CO2emissionsfromtheoxidationoffossilfuelscanleadtounintendedconsequencesofclimate
change.[1,2]Thus,novelapproachesforCO2capture,utilization,andsequestration(CCUS)are
highly desired. The chemical looping strategy offers a potentially viable option for efficient
carbonaceousfuelconversionwithreducedcarbonfootprints. In thechemical loopingprocess,
anoxygencarrierisreducedandoxidizedinacyclicmannertoconvertcarbonaceousfuelsinto
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separatestreamsofconcentratedcarbondioxideandcarbon-freeproductssuchasheat/electricity
orhydrogen.[3–9]Duringthereductionstep,theoxygencarrier,a.k.a.redoxmaterial,donatesits
latticeoxygentothefuelwhilegettingreduced,therebyconvertingthecarbonaceousfuelstoa
gaseousmixture of carbon dioxide andwater vapor.  In the subsequent oxidation step(s), the
oxygendeprivedoxygencarrier is regeneratedwithgaseousoxygenand/or steam, resulting in
heat and/or hydrogen products.[4,10]Since the effectiveness of chemical looping processes is
largely affected by the performance of the oxygen carrier, i.e. its physical robustness, redox
activity, stability, cost, etc., oxygen carrier development and optimization is a key area for
chemicalloopingresearch.

A key component of an oxygen carrier is its activematerial or primary oxide,which directly
participates in the abovementioned cyclic redox operations. Resulting from their suitable
thermodynamic properties, oxides of first row transition metals such as iron, nickel, copper,
manganese, and/or cobalt are among the most frequently used primary oxides for chemical
loopingapplications.[3,11–16]Withmostunsupportedmetaloxidesshowingdiminishingredox
activitiesovermultiple redoxcycles[3,17],asupport,which is typically selectedfromceramic
materialswithrelativelystablestructures, isusuallyadded to theprimaryoxide to improve its
long-term redoxperformance.Among thevariousprimaryoxides, ironoxide(s) is particularly
attractiveduetoitslowcost,highoxygencapacity,andabundance.[3,18]Inaddition,reduced
iron andwustite can be effective for hydrogen production throughwater-splitting.[5,12,19]A
keychallengeforironoxidebasedoxygencarrierdevelopmentistoobtainoxygencarrierswith
improvedactivityandrecyclability.Toaddresssuchachallenge,additionofsupportsincluding
Al2O3,MgAl2O4,CeO2,TiO2,andYSZhavebeeninvestigated.[11,15,20–25] Whilesupports
canimprovetheactivityandstabilityofironbasedoxygencarriers[3,11,20,24,26,27],relatively
fewstudieshaveinvestigatedtherolesofsupportforoveralloxygencarrierperformance.

Activity changes, i.e. deactivation or activation, for supported iron oxide overmultiple redox
cycleshavebeenreported.[28–31]Bleekeret.alreporteddeactivationofironoxideinasteam-
iron process.[29] The authors attributed deactivation to the decrease in surface area by iron
(oxide)sintering. Incontrast, ironoxideoressuchasilmeniteareshowntoactivateduringthe
chemical looping combustion (CLC) processes, possibly due to an increase in porosity over
cyclic redox reactions.[28,30] Li et al. investigated TiO2 supported iron oxides.[32,33] Slight
increaseinactivityoftheoxygencarrierwasobservedwithdecreasingsurfaceareaandporosity
through redox cycles. Based on inert marker experiments and density function theory (DFT)
calculations, theauthorsproposedthathighconductivitiesofelectronsandlatticeoxygen(O2-)
ofthesupportedsampleareresponsibleforimprovedredoxactivityofthesupportedironoxide.
A recent study by Galinsky et. al. have indicated that a mixed ionic-electronic conductive
(MIEC)lanthanumstrontiumferrite(LSF)supportsignificantlyimprovestheredoxactivityand
stabilityofironoxidebasedoxygencarriers.[34]Theactivityincreaseisbelievedtoresultfrom
theexcellentmixedconductivityoftheLSFperovskitesupport.Shafiefarhoodet.al.examineda
novelstrategyofcoveringironoxidewithanLSFshellformethanepartialoxidation.[35]The



LSFshellhelpedtoachievehighactivity,stability,andsyngasselectivityoverdurationof100
redox cycles. Similar to LSF, ceria is a frequently studied mixed-conductive support.[36–47]
Ceriasupported ironoxide is reported topossessgoodredoxstability forcyclic reactionswith
CH4 (reduction) and steam (regeneration).[23] Bhavsar and Veser deposited Fe2O3 onto
synthesizedceriaviaan incipientwetnessmethod.[40]Theauthorsreportstableactivityof the
Fe-Ce-Ooxygencarrierinhydrogenat800°CwithH2andCH4for10cycles.Heetal.showed,
at850°CinCH4, thatCe-Fe-OwithaCe/Feof7/3hadstableactivitybetweenFe2O3andFeO
phases over 20 redox cycles.[42] Contrast to the mixed-conductive perovskite and ceria,
MgAl2O4 is a commonly encountered inert support.[22, 24, 31, 48-52] Johansson et al.
concluded that sintering temperaturehasa significanteffect to theactivityofFe2O3 supported
withMgAl2O4.[22]Theyobservedaslight increase in redoxactivityover9-17cycles ina1:1
ratioofCH4andH2O.Theauthorspostulatedthattheactivationisresultedfromcracksandpore
sizechange.Tosummarize,althougha largenumberof supported ironoxidesare tested, their
deactivation/activationmechanismshavenotbeenthoroughlyinvestigated.

Thisarticleaimstoinvestigatetherolesofsupportontheredoxactivityandlong-termstability
of iron oxide based oxygen carriers. Three ceramic supports, i.e. perovskite-structured
Ca0.8Sr0.2Ti0.8Ni0.2O3, fluorite-structuredCeO2, andspinel-structuredMgAl2O4 are investigated.
Of these supports, Ca0.8Sr0.2Ti0.8Ni0.2O3 and CeO2 represent mixed-conductors with distinct
crystal structures. MgAl2O4, on the other hand, is a frequently encountered inert support.
Throughdetailedinvestigationoftherelationshipbetweenoxygencarrieractivation/deactivation
and its support conductivity, surface and phase compositions, morphology, and surface area,
generaldesignprinciplesforhighlyactiveandrecyclableoxygencarriersareobtained.

2. ExperimentalMethods


2.1 OxygenCarrierSynthesis:

Severaloxygencarriers are synthesizedusing three approaches, i.e. solid state reaction (SSR),
co-precipitation (CP), and citric acid (CA)methods. The oxygen carriers tested are shown in
Table1.OxygencarriersamplespreparedviaSSRreactionsaresinteredat1,000-1,050°Cwhile
those prepared through CP and CA methods are sintered at 800-1,000°C. X-ray powder
diffraction(XRD)isusedtoconfirmtheformationof thedesiredphases. Abriefsummaryof
thesesynthesismethodsisgiveninthefollowingsection.Furtherdetailscanbefoundinseveral
references. [34,53,54]To ensure generality of themechanistic findings, synthesismethod and
compositionsofceriaandMgAl2O4supportedoxygencarriersareconsistentwiththosereported
inliterature[22,24-26,35,36,39-47].Activityandrecyclabilityoftheceriabasedoxygencarriers
in the current study are comparable, if not higher, than those reported in previous literatures
undersimilaroperatingconditions(seeSupplementalFigureS3).

Table1.Listofoxygencarrierssynthesized.



Material Methodandcomposition

1) Fe2O3:CeO2 SSR(3:7molarratio)

2) Fe2O3:CeO2 Co-precipitation(3:7molarratio)

3) Fe2O3:CeO2 Co-precipitation(4:6molarratio)

4) Fe2O3:Ca0.8Sr0.2Ti0.8Ni0.2O3 citricacid(3:7molarratio)

5) Fe2O3:MgAl2O4 SSR(3:7weightratio)



SSRsamplesarepreparedbymeasuringcalculatedamountsofprecursorsFe2O3(99.9%,Noah
Chemicals), CeO2 (99.9%, Noah Chemicals), and MgAl2O4 (99.9%, Noah Chemicals) and
placingthemfor6hoursinaplanetaryballmill(XBM4X,ColumbiaInternational)atarotation
of 250 rpm. Following the milling step, the resulting mixture is pressed into pellets by a
hydraulic press (YLJ-15T, MTI Corporation) at a pressure of 20MPa. The pellets are then
annealed,fractured,andsievedtopowder(<150microns)fortesting.

The co-precipitation method involves taking calculated precursor nitrates Fe(NO3)3�9H2O
(98+%,Sigma-Aldrich)andCe(NO3)3�6H2O(99%,Sigma-Aldrich)intosolutionwithdeionized
water.The solution is thenmixed at 70°Cwhere a 10%ammonia solution is introduced drop
wisetoincreasethepHofthesolutionto9.Thesolutionisallowedtoprecipitateat70°Cfor1
hour. It is then aged for 2 hours. The resulting solids are subsequently filtered and washed
thoroughly with deionized water and ethanol. They are then dried at 110°C for 24 hours.
Calcination is performed at 300°C to convert the hydroxide groups into oxides, and then the
particlesarecrushedintopowderandsinteredfor6hoursat800°C.Asinteringtemperatureof
800°CisusedforCPsampletoreproduceoxygencarriersreportedinliterature.[53]

The citric acidmethod is used to prepare the Fe2O3:Ca0.8Sr0.2Ti0.8Ni0.2O3 oxygen carrier from
Fe2O3 nanoparticles (<50nm, Sigma-Aldrich), nitrate salts, and alkoxides. First, Fe2O3
nanoparticlesaredispersedinethanolviasonication.Thesolutionissettledfor6hourstodeposit
the nanoparticles and to remove the upper liquid of the solution. The nanoparticles are re-
dispersed in deionized water and sonicated. A second solution comprised of the precursors
Ca(NO3)2�4H2O (≥99.9%, Sigma-Aldrich) , Sr(NO3)2 (ACS Reagent, Noah Chemicals), and
Ni(NO3)2�6H2O(Sigma-Aldrich)areplacedintodeionizedwater.CitricacidandEDTAareused
aschelatingagents.AnammoniasolutionisusedtochangethepHofthesolutionto8.Athird
solutioncontainingethanolandcitricacidisusedtodissolveTi(OC4H9)4(97%,Sigma-Aldrich).
Solutions containing the metal ions are mixed thoroughly. The dispersed nanoparticles are
introducedtothesolutionandheatedat80°Cundermixingconditionsuntilgelformation.The
gelisthendriedat120°Cfor6hoursfollowedbycalcinationat1,000°Cfor6hours.



2.2ReactivityStudies

Reactivity studies are conducted in a SETARAM SETSYS Evolution Thermal Gravimetric
Analyzer(TGA).Upto75mgpowderysamplesareloadedintotheTGA.BothH2andCH4are
usedasthereducinggasandO2isusedastheoxidizinggas.Gasflowratesareadjustedsothat
there is 10% reducing (H2 or CH4) or oxidizing (O2) gas balanced with inert (He). Unless
otherwise specified, the temperature inside theTGA isheldat900°Cwitha total flowrateof
300mL/min.Carbonformationsarequantifiedonsamplesreducedinmethane.Carboncontentis
estimatedusingtheTGAcurvesbyexaminingtheweightgainafternearcompletereductionof
the oxygen carrier samples. Such an analysismethod, whichwas reported in prior literatures
[55,56], assumes that sample weight loss from further reduction is minimal compared to the
weightgainfromcokeformation.

2.3SampleCharacterizations

A number of characterization tools are utilized to characterize surface areas, pore size
distributions,bulkcompositions,crystalstructure,andmorphologyoftheoxygencarriersbefore
andafterredoxreactions.X-raypowderdiffraction(XRD)iscarriedouttoanalyzecrystalphase
compositionsandcrystallitesizesbeforeandafterredoxcycles.XRDpatternsarerecordedusing
aRigakuSmartLabX-ray diffractometerwithCu-Kα (λ=0.1542) radiationoperating at 40kV
and44mA.Scansareperformedstepwisewitha0.1°stepsizeholdingfor3.5secondsateach
stepbetweena20-80°anglerange(2θ).Surfaceareasandporesizedistributionsaremeasured
using a BET surface analyzer (Quantachrome QuadraSorb Station 1) using nitrogen
physisorption at 77.3K. For image capturing, a scanning electronmicroscope (SEM,Hitachi
S3200) is used to observe surfacemorphology and structure. The same instrument is used to
performX-rayspectroscopy(EDX)scansontheparticlestoobtainbulkandareacompositionsat
awide range of accelerating voltages (10-30 keV). TransmissionElectronMicroscopy (TEM,
JEOLJEM2010F)with200keVacceleratingvoltageareusedtocharacterizecarbonformation
on theMgAl2O4 sample.X-rayphotoelectronspectroscopy (XPS)wasused toprobe thenear-
surface composition of the fresh and cycled ceria supported oxygen carrier. The custom built
systemwascomprisedofaThermo-FisherAlpha110hemisphericalenergyanalyzer,aThermo-
FisherXR3,300wattduelanodex-raysource,andachamberwithabasepressure1*10-9Torr.
TheMganodewasused.Surveyspectraweretakenwithapassenergyof100eV,andnarrow
scansweretakenwithapassenergyof20eV.ThespectrawereprocessedinCasaXPS. 
 

3. Results

3.1ActivityComparisons

RedoxactivitiesofoxygencarriersunderH2andCH4environmentsaresummarizedinFigure1.
Secondcycleactivitydataisusedforcomparisonpurposesincetheytendtobemorestablethan
firstcycleresults.Averageconversionrates(conversion%/min.)toachieve11%conversionand



33%conversion,whichcorrespondtoFe2O3toFe3O4andFe2O3toFeOrespectively,areusedto
characterizetheactivitiesoftheoxygencarrier.TheconversionprofilesareprovidedinFigure
S1ofthesupplementaldocument.OxygencarrierconversionisdefinedbyEquation1:

��� �
����	
��������

���	���
(1)

wheremint.istheinitialweightoftheoxygencarrier,mi ismassattimeiduringthereduction,
andxO2istheamountofactivelatticeoxygenintheoxygencarrier.Averageconversionratesare
determinedbytakingtheconversionof11%or33%anddividingitwiththetimetoachievethe
correspondingconversion.

AscanbeseenfromFigure1,theperovskitesupportedoxygencarrierhasahigheractivitythan
those of CeO2 and MgAl2O4 supported oxygen carriers in both hydrogen and methane.
Comparedtotheactivitytoachieve11%conversion,oxygencarriersexhibithigheractivityto
achieve33%whenH2isthereducinggas.Thisindicatesthat,between0and33%conversionof
theoxygencarrier,reactionratestendtoincreasewithdeeperreductionoftheironoxide.Sucha
sigmoidal behavior has been reported in previous literatures for ilmenite reduction.[57] An
activationperiod,which isassociatedwith ionmigration, isproposed toberesponsible for the
relativelylowactivityattheinitialstageofthereduction.WhenCH4isusedasthereducinggas;
however, oxygen carrier activity tends to decrease with increasing degree of reductions. The
difference in reductionbehaviorof ironoxide inH2 andCH4 canbepartiallyattributed to the
differenceindiffusivitiesofH2andCH4moleculesaswellasthesurfaceactivationscheme.All
the oxygen carriers investigated exhibit lower activities inCH4 than those inH2. This can be
explainedbythehighstabilityC-Hbondinmethane.

Figure2comparestheactivitychangefortheoxygencarriersbetweenthe2ndand10threduction
cycles.Ascanbeseen, theperovskitesupported ironoxidedeactivatesbyapproximately16%
fromcycle2to10.Whilealltheceriasamplesexhibitdeactivation,4:6(Fe:Ce)co-precipitated
ceria supported oxygen carrier deactivates to the largest extent (~75%). In contrast,MgAl2O4
supportedoxygencarriershowedactivityincreasebyalmost60%overthe9redoxcycles.The
potentialcausesofactivitychangesarediscussed in thefollowingsections. It isnoted that the
currentstudyfocusesonreductioncyclessinceoxidationratestendtobesimilarto,ifnotfaster
than, the reduction steps when CH4 is used as the fuel (See Figure S2 in Supplemental
document).



Figure1-Comparisonofthe2ndcyclereductionofthevariousoxygencarriers
ofaverageconversionrate(�����)toachieve
10%CH4at900°C.
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Whencycledfurther,theperovskitesupportedoxygencarrierismorestable,showingonlyslight
deactivation(<1%)betweencycle5and50.Deactivationintheshorttermislikelytobecaused
by phase instability of the support.While the surface area also decreases, our previousworks
show very weak correlation between activity and surface area with regards to perovskite
supportedironoxide.[34,35]

XRD spectra of the fresh and ten cycle (ending on oxidation) perovskite supported oxygen
carrierareshowninFigure4.AsindicatedbytheabsenceofNioxides,Niisincorporatedinthe
perovskiteB-site in the fresh sample.A slight additionofNi to theB-sitedidnot change the
diffraction pattern of the parent perovskite (Orthorhombic Ca0.8Sr0.2TiO3) to any significant
extent.After 10 cycles, a distinctNi-Fe spinel structure is observed. This indicates thatNi is
likelytobepartiallysubstitutedbyFesincesubstitutionofNi2+withFe3+islikelytoresultina
more stableCaxSr1-xTiyM1-yO3-δ structure from a charge balance standpoint. This is consistent
withrefinementresultswhichindicatealowerlatticeconstantinthebdirection,causingunitcell
volumetodecreasebynearly0.6%(SeeSITableS1).Suchadecreasecanbeexplainedbythe
additionofasecondaryB-sitedopant,asFe3+ isnotablysmaller thanNi2+.Theactivityof the
oxygencarrierbecomesstableoncethephasetransformationiscompleted.

FromTGAcurvesshowninFigure5,notablecokeformationstarts tooccurwhen theoxygen
carrier isclose tobeing fully reduced.This isexpecteddue to thehighactivityof reducedNi
(andFe)formethanedissociation.[58–60]CokeformationiscalculatedfromtheTGAcurvesas
showninFigure5.FromtheTGA,itcanbeobservedthatcarbonformationdoesnotbeginuntil
nearcomplete reductionof theironoxidetometallic iron(~9%weight loss).Thisagreeswith
our previous work on perovskite supported iron oxides.[34] It is noted that oxygen carrier
conversionistypicallylimitedtolessthan50%forironoxidebasedoxygencarriers.Therefore,
carbonformationinactualprocessoperationscanbelow.BETsurfacearearesults(seeTable2)
indicate decreasing surface areawith increase redox cycles. The surface area is decreased by
almost a factorof4over the first 10 cycles.The correspondingdeactivation;however, is less
than15%.Novolume expansion isobserved for thisoxygen carrierover50 redoxcycles.To
summarize,perovskitesupportedironoxide,althoughdeactivatesslightlyinthefirstfewredox
cycles,exhibitshighredoxactivityandstabilityovermultipleredoxcycles.Thehighelectronic
andionicconductivitiesarelikelytoberesponsibleforthehighactivityoftheoxygencarrier.
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Figure5-Oxygencarrierweightloss
(CA) inCH4at 900°C. Vertical lines represent the estimated coke formation
with methane.  Lower horizontal line
Fe3O4/FeO;Upper horizontal line represents the
(calculatedbasedonaverageoxidationstate)



Table2.CarbonFormation(within10mins.
CSTNsupportedironoxideoxygencarrier



CarbonFormation(%)(10
minutereduction)

BETsurfaceareas(oxidized
samples)(m2/gm)



3.3CeO2supportedFe2O3

AsshowninFigures2and6,CeO2
However, their activities decrease
precipitatedFe2O3:CeO2(4:6)sampleis
theoxygencarrierdecreasesfromcycle1onwards
decreased by 75%. When the oxygen carrier is cycled further, it is unable to achieve 33%
conversionduringthe10-minutereduction


xygencarrierweightloss(TGA)curvesforcycle2andcycle10oftheFe

Vertical lines represent the estimated coke formation for the reaction
Lower horizontal line represents the demarcation between Fe2O3/

epresents the demarcation between Fe3O4/FeO and
(calculatedbasedonaverageoxidationstate).

10mins.ofreductioninCH4)andBETsurfaceareasofthe
CSTNsupportedironoxideoxygencarrier

2ndreduced 10thcyclereduced

5.7 4.7

4.39 1.24

supportedironoxidesexhibithighinitialactivitywithCH
 over multiple redox cycles. Change in activity

sampleisfurtherillustratedinFigure6.Ascanbeseen,
fromcycle1onwards.Bycycle10,thesamplereductionratehas

hen the oxygen carrier is cycled further, it is unable to achieve 33%
reductionperiod.Thedecreasingreductionratealso

Fe2O3:CSTN
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/Fe3O4 and
and FeO/Fe

andBETsurfaceareasofthe

reduced
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ctivity for a co-
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hen the oxygen carrier is cycled further, it is unable to achieve 33%
Thedecreasingreductionratealsoaffectsthe



onset of coke formation.While carbon
coke formation is insignificant in the subsequent cycles.This canbe explainedby incomplete
reduction of the oxygen carrier: The cycled oxygen carriers, being less active, are not fully
reducedduring the10-minutes reductionperiod andcontain activ
metallic iron on oxygen carrier surface and the high lattice oxygen conductivity of the CeO
supportleadtoreducedcokeformationby(i)decreas
ofsurface-carbonwithactivelatticeoxygen.

Figure 6- Average reduction rate
preparedviaaco-precipitationroute
Reducinggas:methane;Oxidizinggas:oxygen;


XRDspectraofthefresh,1stcyclereduced,50
are summarized inFigure 7.As can be seen,
indicateonlytheprimarymetaloxide
intenseafter50cycles,whichcorrespondstosmaller
tothereducedoxygencarriers,1stcyclereducedoxygencarrier iscomposedof
phases. The results are consistent with TGAweight loss as well as
Galvita et. al.[36] The 51st reduced oxygen carrier
metalliciron,CeO2,andCeFeO3perovskite
previous literatures. [23]As canbe seen
nearlyanorderofmagnitudeduring50cycles.PSDsindicate
thecycledsample,likelyduetosintering



coke formation.While carbon formation is observed during the first 5 redox cycl
coke formation is insignificant in the subsequent cycles.This canbe explainedby incomplete

The cycled oxygen carriers, being less active, are not fully
minutes reductionperiod andcontain active latticeoxygen.The lackof

metallic iron on oxygen carrier surface and the high lattice oxygen conductivity of the CeO
supportleadtoreducedcokeformationby(i)decreasingmethanedissociationrate;(ii)oxidation

iceoxygen.



 (�����) to achieve 33% conversion of Fe2O3:CeO
overthefirst10redoxcyclesduringa50cycleexperiment.

Reducinggas:methane;Oxidizinggas:oxygen;Temperature:900°C.

reduced,50thcycleoxidized,and51stcyclereducedsamples
As can be seen, oxidized oxygen carriers (fresh and 50

indicateonlytheprimarymetaloxide(Fe2O3)andsupport(CeO2)phases.Fe2O3peaksareless
correspondstosmallercrystallitesizes(seeTable3).Withrespect

cyclereducedoxygencarrier iscomposedof iron
phases. The results are consistent with TGAweight loss as well as observations reported

reduced oxygen carrier; however, consists of a ternary phase of
perovskite.TheformationofCeFeO3hasalsobeen

Ascanbe seen inTable3, surface areaof the sample is reducedby
nearlyanorderofmagnitudeduring50cycles.PSDsindicateasmalleramountofmeso

likelyduetosintering(seeFigureS5inSupplementalDocument).
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:CeO2 (4:6)
experiment.

reducedsamples
oxidized oxygen carriers (fresh and 50th cycled)
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ations reported by
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, surface areaof the sample is reducedby
amountofmeso-poresin

inSupplementalDocument).



Figure7-XRDofthe(a)freshand
theredoxinmethaneandoxygenofthe(



Table3.SummaryofBET,crystallitesizes,andcarbonformationstudyontheFe
CPoxygencarrier



CarbonFormation(%)(10
minutereduction)

BETSurfaceArea(oxidized
samples)(m2/gm)

CrystalliteSizeCeO2(Å)

CrystalliteSizeFe2O3(Å)

To further investigate the sintering behavior, m
carriersareexaminedusingSEMand
and S3). As the material is cycled, sintering of these particles take place
particleswith reduced porosity. This is consistent
EDX analyses are performed to obtain the average (near surface) composition of the oxygen
carrier.Fe:Ceratioforas-preparedsampleincreasesfrom
decreasesfrom30keVto10keV(FigureS6)
a fewmicrometers from the sample surface, ironoxide is likely to
oxygencarriersurface.Todeterminethesurfacecompositionchangesoverredoxcycles,
area scans on the fresh, 51st oxidation, and 52



XRDofthe(a)freshand50thcycleoxidized(b)1streducedand51streduced
methaneandoxygenofthe(4:6)co-precipitationFe2O3:CeO2sample.

SummaryofBET,crystallitesizes,andcarbonformationstudyontheFe2O3:

Fresh(2ndreduced) 50thcycle

2.0 0

14.6 1.6

410 570

680 140



To further investigate the sintering behavior, morphology and compositions of the oxygen
andEDX(seesupplementaldocumentfigureS6andtablesS

material is cycled, sintering of these particles take place, leading to larger
. This is consistentwith the changes in surface area and PSD.
to obtain the average (near surface) composition of the oxygen

preparedsampleincreasesfrom2.1to6.5whenaccelerationvoltage
(FigureS6).SinceEDXdetectselementalcompositionswithin

wmicrometers from the sample surface, ironoxide is likely to havebeen enrich
Todeterminethesurfacecompositionchangesoverredoxcycles,

oxidation, and 52nd reduced samples are conducted



reducedduring

:CeO2(4:6)

cycle

and compositions of the oxygen
andtablesS2

leading to larger
the changes in surface area and PSD.

to obtain the average (near surface) composition of the oxygen
whenaccelerationvoltage

SinceEDXdetectselementalcompositionswithin
enrichedon the

Todeterminethesurfacecompositionchangesoverredoxcycles,EDX
conducted (See



Supplemental Table S2). Redox reactions appear to enhance the surface enrichment of iron
oxides.Forinstance,theFe:Ceratioof51
as-preparedsample.Largeagglomeratesof ironoxide
carriers tend to be more homogeneous although isolated regions enriched with iron are
nevertheless identified. Increased homogeneity of the
CeFeO3phaseformationthroughsolidstatereactionsbetweenFeandCeoxides
byXRD.

X-rayphotoelectronspectroscopy(XPS)isperformedonfreshand51
as shown in Figure 8. XPS results indicate that nearly 40
surfaceisiron.Uponexaminingthe51
at.%wasobserved.SinceXPSissensitivetoatomswithin
theseresults,alongwiththeEDXdata,furtherconfirmironcationdiffusionandenrichmenton
thesamplesurface.



Figure8-XPSofthe(a)freshand(b)51


While surface iron enrichment onCeO
growth of iron in unsupported iron oxides
literature.[29,33]ThiscanbeexplainedbylowerionicdiffusivityofO
or 3) in bothmagnetite andwustite.As a result, cations of iron
oxide lattice to react with oxygen during the oxidation step
migrate back during the reduction cycles, continued redox cycles
enrichment of iron oxide layers. A similar
Zhao et al.[57]  for the reduction of ilmenite (FeTiO
possessesgoodmixed-conductivityforelectronandlatticeoxygentransfer,
Cecationsarelikelytooccurthroughouttheredoxcycles,asevidencedbymixedFe
formation.Tocompare,theenergybarrierforFe

edox reactions appear to enhance the surface enrichment of iron
oxides.Forinstance,theFe:Ceratioof51stoxidizedsampleis2.4timeshigherthanthatofthe

Largeagglomeratesof ironoxidearealsoobserved. Thereducedoxygen
carriers tend to be more homogeneous although isolated regions enriched with iron are

. Increased homogeneity of the reduced sample can be explained by
throughsolidstatereactionsbetweenFeandCeoxides,asconfirmed

rayphotoelectronspectroscopy(XPS)isperformedonfreshand51stoxidizedoxygencarrier
XPS results indicate that nearly 40 at.% of the initial oxygen carrier

51stoxidizedoxygencarrier,enrichmentofirontoalmost80
%wasobserved.SinceXPSissensitivetoatomswithinafewnmbelowthesamplesurface,

data,furtherconfirmironcationdiffusionandenrichmenton
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enrichment onCeO2 supported iron oxide has not been reported
unsupported iron oxides during redox cycles has been reported

ThiscanbeexplainedbylowerionicdiffusivityofO2-comparedtoFe
or 3) in bothmagnetite andwustite.As a result, cations of iron need tomigrate out from the
oxide lattice to react with oxygen during the oxidation step. Since the iron cations
migrate back during the reduction cycles, continued redox cycles leads to continued

A similar phenomenon of ironmigration is also reported
the reduction of ilmenite (FeTiO3) toFe andTiO2 inH2.AlthoughCeO
conductivityforelectronandlatticeoxygentransfer,migrationofFeand

cationsarelikelytooccurthroughouttheredoxcycles,asevidencedbymixedFe
,theenergybarrierforFe3+diffusioninCa0.8Sr0.2Ti0.8Ni0.2O3perovskiteis

edox reactions appear to enhance the surface enrichment of iron
higherthanthatofthe
Thereducedoxygen
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,asconfirmed

oxidizedoxygencarrier
of the initial oxygen carrier
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belowthesamplesurface,
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Since the iron cations may not
continued surface

of ironmigration is also reported by
AlthoughCeO2
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perovskiteis



likely to be high: typical energy barrier for the diffusion of B
perovskites is ~3 eV compared to
Ca0.8Sr0.2Ti0.8Ni0.2O3 supported ironoxidepossesses amore stable structureby allowing facile
latticeoxygenexchange.Incontrast,
CeFeO3,sinceoxygenvacancywithinCeFeO

Basedon the above findings, threepossible causes
carriers can be identified: (i) formation of a
surface area, and (iii) the enrichment and segregation
surface.Whilemechanism (i)may
primarycausesinceonewouldexpecttheredoxactivityoftheoxygencarriertostabilizeonce
CeFeO3 is formed.This; however, is notobserved (FigureS
surfacearealoss(mechanismii)isthemaindeactivationfactor,a
preparedbysinteringanidenticalsample
temperature compared to the reference sample
initialsurfacearea.

Activity comparisonsof the low sintering temperature (800°C) andhigh sintering temperature
(1,100°C)samplesareshowninFigure
sinteredoxygencarrierhasalmost6timesloweractivity
800°C sintered sample, indicating that surface area plays a role in
800°C sintered sample deactivates from the
activatesoverthefirst10cyclesbyapproximatelyafactorof3beforedeactivating
pace. The initial activation is resulted
thoroughly sintered oxygen carrier.
indicatethatlossofsurfaceareaduringhightemperatureredoxreactionsisnottheprimarycause
fordeactivation.

Figure9-Averageconversionrate(��
800°C1,100°CsinteredCeO2supportedFe
precipitationmethod.Thelowersinteredoxygencarrierdoesnotachieve33%conversioninthe
25thand50thcycles.


typical energy barrier for the diffusion of B-site cation in acceptor
compared to <1 eV for O2- diffusion.[63,64]

supported ironoxidepossesses amore stable structureby allowing facile
Incontrast,Fecationsmaybeeasiertomigratethanoxygenanions

,sinceoxygenvacancywithinCeFeO3islikelytobeverylow.

, threepossible causes fordeactivationof ceria supportedoxygen
: (i) formation of a stable CeFeO3 perovskite phase, (ii) decrease in
enrichment and segregation of iron oxides on the oxygen carrier

 partially account for the decrease in activity, it is
primarycausesinceonewouldexpecttheredoxactivityoftheoxygencarriertostabilizeonce

This; however, is notobserved (FigureS8). Inorder todeterminewhether
surfacearealoss(mechanismii)isthemaindeactivationfactor,alowsurfaceareaFe2
preparedbysinteringanidenticalsampleat1100°Cfor8hours.The300°Cincreaseinsintering
temperature compared to the reference sample leads to an oxygen carrier sample with lower

of the low sintering temperature (800°C) andhigh sintering temperature
showninFigure9.Withrespecttothefirstreductioncycle,t

sinteredoxygencarrierhasalmost6timesloweractivity(for33%conversion)comparedto
indicating that surface area plays a role in sample activity.
deactivates from the 5th cycle onwards, the 1,100 °C sintered

overthefirst10cyclesbyapproximatelyafactorof3beforedeactivating
resulted from the formation of cracks and pores from the

oxygen carrier. Such activation-slow deactivation phenomen
indicatethatlossofsurfaceareaduringhightemperatureredoxreactionsisnottheprimarycause
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To further validate the migration of
Fe:Ceoxygencarrierand800°C3:7
andEDX scans of the 1,100°C sintered oxygen carrier indicate amore homogeneous starting
materialcomparedtothe800°Csinteredsample.EDX
sample also show an enrichment of iron.
1,100°Csample is likely tobe responsible for the slowerdeactivationof thehigh temperature
sinteredsample.Figure10summarizestherelationshipbetweenoxygencarrieractivityandnear
surfaceFe/Ceratioforallthreeceriasupportedironoxides.Ascanbeseen,surface
ofFeoccursinallthreeceriasupported
withincreasingnearsurfaceFe/Ceratio.
oxide aggregation on the surface,
deactivationof ceria supportedoxygencarriers.
throughincreasedgaseousandsolid-
as observed in 800 °C sintered sample,
opposedtotheprimarycausefordeactivation

Figure10-ComparisonoftheactivityofCeO
thesurface.Cycle5and50dataareused
fortheothersamples.


3.4MgAl2O4supportedFe2O

UnlikeCeO2,MgAl2O4supportedoxygencarrier
asthenumberofcyclesincrease.Figure
supportedoxygencarrierinH2andCH
isfoundtodecreaseby30%fromcycle2to10
cycle 2 and 5. To further investigate

the migration of Fex+, Fe/Ce ratios are obtained for both the 1100°C
°C3:7Fe:Ceoxygencarrier(seeFigureS7andTableS3)

andEDX scans of the 1,100°C sintered oxygen carrier indicate amore homogeneous starting
materialcomparedtothe800°Csinteredsample.EDXscansonthe50thcycleoxidized1,100°C
sample also show an enrichment of iron. The lower rate of iron phase segregation for the
1,100°Csample is likely tobe responsible for the slowerdeactivationof thehigh temperature

Figure10summarizestherelationshipbetweenoxygencarrieractivityandnear
surfaceFe/Ceratioforallthreeceriasupportedironoxides.Ascanbeseen,surface

ceriasupportedsamples,leadingtoageneraltrendofloweringactivity
Fe/Ceratio.Basedontheabovefindings,itisconcluded

oxide aggregation on the surface, through Fex+ migration, is the primary cause for the
deactivationof ceria supportedoxygencarriers.Aggregationof ironoxide causes deactivation

-statediffusionresistances.Decreaseinsamplesurfacearea
as observed in 800 °C sintered sample, is a consequence of iron migration/agglomeration

deactivation.


ComparisonoftheactivityofCeO2supportedironoxidesversustheFe/Ceratioon
ycle5and50dataareusedforthe1,100°Csample.Cycle1and50dataareused

O3

oxygencarrierbecomesmoreactiveformethaneconversion
Figure11(a)and(b)illustratetheconversionrateofMgAl

andCH4,respectively.Interestingly,activityofthesampleinH
by30%fromcycle2to10whileCH4activityincreasesby30%between

To further investigate this fuel-dependent activation phenomenon

for both the 1100°C 4:6
(seeFigureS7andTableS3).SEM

andEDX scans of the 1,100°C sintered oxygen carrier indicate amore homogeneous starting
cycleoxidized1,100°C

The lower rate of iron phase segregation for the
1,100°Csample is likely tobe responsible for the slowerdeactivationof thehigh temperature

Figure10summarizestherelationshipbetweenoxygencarrieractivityandnear
surfaceFe/Ceratioforallthreeceriasupportedironoxides.Ascanbeseen,surfaceenrichment

floweringactivity
concludedthatiron

is the primary cause for the
deactivation
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agglomeration as

supportedironoxidesversustheFe/Ceratioon
forthe1,100°Csample.Cycle1and50dataareused

formethaneconversion
ofMgAl2O4

ofthesampleinH2
by30%between

dependent activation phenomenon, a second



MgAl2O4 supported oxygen carrier with increased amount of iron oxide (6:4 instead of 3:7
weightratiobetweenFe2O3andMgAl2O4)sinteredat1,200°Cisprepared.Thesampleisfound
to “activate” inmethane at a faster rate, as shown inFigure11 (c).Carbon formation for this
samplebasedonsampleweightgain,whichtendstounderestimateactualcarbonformation, is
muchmoreseverethantheCeO2supportedmaterial.

XRD spectra of the oxygen carrier developed in Figure 11 (c) are shown in Figure 12. The
phasesare fairlyconsistent intheoxidizedsamplesalongwithironoxidecrystallitesize. The
phase analysis of the reduced samples; however, presents significant difference overmultiple
redox cycles. Initially, the iron oxide is only reduced to FeOwithin the 10minute reduction
cycle;thisisconsistentwiththelowactivityofthesample.ItisalsoobservedthatFeispartially
substitutedintothespinelstructureofthesupport.Astheactivityoftheoxygencarrierincreases,
anewironcarbidephaseisobserved.Thisindicatescokeformationandincreaseddegreeofiron
oxidereduction.Inthemeantime,BETsurfaceareaofthesampleisfoundtoincreaseby15%
overthe5redoxcycles.Asummaryofthesurfacearea,crystallitesizes,andcarbonformation
areshowninTable4.ThePSDsoftheMgAl2O4supportedoxygencarrierindicateanincreasein
meso-porevolumeswithincreasingnumberofredoxcycles(SeeFigureS10).

FurthercharacterizationofthesampleunderTEMindicatesnotablecarbonfilamentsinreduced
oxygencarriersamplesaftermultiple redoxcycles (SeeFigure13).WhileTEMimagesof the
firstcyclereducedsampledisplaylittlecarbonformation(SeeFigureS11),TEMimagesof6th
cyclereducedsampleillustratesgraphemelayerscoveringthesurfaceoftheoxygencarrierand
growingout in“thread” like filaments.Mostof thehollowfiber strands canbecategorizedas
filamentouscarbonormulti-walledcarbonnanotubes.Theseobservationsareinagreementwith
whatwasobservedbyErmakovaet.al.[65]

Thenanotubegrowthon thesamplehas led to thebreakageofactivecatalystgrains, i.e. iron,
from the oxygen carrier surface, thereby compromising the structural integrity of the oxygen
carrier. The deformation of the particle is due to growth of the filamentous carbon causing
interstitialgapswithintheoxygencarrier.Theseeffectscorrespondwelltosurfaceareaincrease
ofthesample.Visualinspectionofthesamplealsoindicatessignificantexpansionoftheoxygen
carrier sample over multiple redox cycles. In contrast, deactivation of the same sample is
observedinH2duetothelackofcarbonformationandhencecontinuedsinteringoftheoxygen
carrier.Itshouldbenoted,whilehighredoxactivityofoxygencarriersisasoughtafterfeature
inchemicalloopingprocesses.Physicaldisintegrationoftheoxygencarriercanbedetrimentalto
CLC, which is operated in fluidized bed and/or moving bed reactors. Based on the above
discussions, formation of filamentous carbonon theMgAl2O4 supported oxygen carrier is the
primary cause for its activation phenomena in CH4-O2 redox cycles and the corresponding
surfaceareaincreasethroughstructuraldisintegration.



Figure 11- Average conversion rate
supportedFe2O3(7:3)viaSSRtestedin(a)10cycleswithH
cyclesinCH4of1200°Csintered4:6



Figure12-XRDofthe(a)freshand5th
(b)ofthe1stand6threducedoxygencarrier.
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Table4.Summaryofcarbonformation,crystallitesizes,andBETsurfaceareasofthe
MgAl2O4:Fe2O3(4:6)oxygencarrier



CarbonFormation(%)(60
minutereduction)

BETSurfaceArea(oxidized
samples)(m2/gm)

CrystalliteSizeMgAl2O4(Å)

CrystalliteSizeFe2O3(Å)





Figure13-TEMimagesofthe6threducedMgAl


4. Conclusion


The present study investigates supported
properties for chemical looping applications
conductive perovskite (CaxSr1-xTiyNi
activity,CeO2supportedironoxidenotably
Tocompare, perovskite supported ironoxideonly slightlydeactivateswithin the first 5 redox
cycles,resultingfromsubstitutionofNi
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supported iron oxides with distinct structural and
for chemical looping applications. While oxygen carriers supported by mixed

Ni1-yO3-δ) and fluorite (CeO2) both exhibited high initial
notablydeactivateswithincreasingnumberofredoxcycles.

Tocompare, perovskite supported ironoxideonly slightlydeactivateswithin the first 5 redox
cycles,resultingfromsubstitutionofNi2+onperovskiteB-sitebyFe3+.Completesubstitutionof
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with distinct structural and conductive
While oxygen carriers supported by mixed-

) both exhibited high initial
withincreasingnumberofredoxcycles.

Tocompare, perovskite supported ironoxideonly slightlydeactivateswithin the first 5 redox
.Completesubstitutionof



Ni2+ leads to stable redox activity. XRD, SEM, and EDX analyses indicate that continued
deactivationofceriasupportedironoxideinmethane,underdeepredoxcycles,canbeexplained
by ironmigration, enrichment, and agglomeration on the sample surface overmultiple redox
cycles. The inability for Fe to stabilize inside the CeO2 supported particle has led to large,
segregatedironoxideonthesurface.ThiscausesdecreasedaccessibilityofO2-togaseousfuels.

Unlikethemixed-conductorsupportedoxygencarriers,MgAl2O4supportedironoxideisfound
toactivateoverCH4-O2redoxcyclesbutdeactivateinH2-O2redoxcycles.Furtherinvestigation
by TEM confirms significant carbon formation during CH4-O2 cycles. The graphitic carbon
appearstocovertheoxygencarrierwhereitthreadsoutintofilamentouscarbonormulti-walled
carbon nanotubes. The nanotube growth on the sample has led to breakage of active catalyst
grains,i.e.iron,fromtheoxygencarriersurface,therebycompromisingthestructuralintegrityof
the oxygen carrier while increasing its surface area and meso-pore volume. While the
deformationoftheoxygencarriercansignificantlyenhancetheactivityoftheoxygencarriers,it
leadstoundesiredstructuraldegradationoftheoxygencarrierovermultipleredoxcycles.

Fromanoxygencarrierdesignandoptimizationstandpoint,supports thatstabilizeiron(oxide)
grainsinamixed-conductivematrixcanresultinhighlyactiveoxygencarriersthatexhibitstable
activityandstructural integrity.Oneshouldavoidsupports thatpromoteoutwardsdiffusionof
Fex+orcarbonfilamentformationsincesuchsupportscouldleadtooxygencarrierdeactivation
orapparent“activation”throughstructuralexpansion/disintegration.
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Figure 1- Comparison of the 2
nd

 cycle reduction of the various oxygen carriers by comparison of 

average conversion rate to achieve 11% and 33% conversion in (a) 10% H2 and (b) 10% CH4 at 

900°C. 

Figure 2- Average conversion rate (%/min.) to 33% conversion comparison between 2
nd

 and 10
th

 

cycles of the various oxygen carriers at 900°C in 10% CH4. 

Figure 3- Average conversion rate to achieve 33% conversion of Ca0.8Sr0.2Ti0.8Ni0.2O3 supported 

Fe2O3 via CA method with (a) 10 cycles with H2 and (b) 50-cycles with CH4 at 900°C. 

Figure 4- XRD analysis of the (a) fresh and (b) 10-cycled CSTN supported iron oxide samples. 

Figure 5- TGA curve of oxygen carrier weight loss TGA curve of cycle 2 and cycle 10 of the 

Fe2O3:CSTN (CA) in CH4 at 900°C.  Vertical lines represent the estimated coke formation for 

the reaction with methane. 

Figure 6- Average reduction rate to achieve 33% conversion of CeO2 supported Fe2O3 (6:4) 

prepared via a co-precipitation route over the first 10 redox cycles during a 50 cycle experiment. 

Reducing gas: methane; Oxidizing gas: oxygen; Temperature: 900°C. 

Figure 7- XRD of the (a) fresh and after 50 cycles (b) 1
st
 reduced and 51

st
 reduced in methane 

and oxygen of the (6:4) co-precipitation CeO2:Fe2O3 sample. 

Figure 8- XPS of the (a) fresh and (b) 51
st
 oxidized ceria supported oxygen carrier 

Figure 9- Average conversion rate to (a) 11% and (b) 33% conversion comparison of the 800°C 

1,100°C sintered CeO2 supported Fe2O3 (6:4) in CH4 at 900°C synthesized by a co-precipitation 

method. The lower sintered oxygen carrier does not achieve 33% conversion in the 25
th

 and 50
th

 

cycles. 

Figure 10- Comparison of the activity of CeO2 supported iron oxides versus the Fe/Ce ratio on 

the surface. Cycle 5 and 50 data are used for the 1,100 °C sample. Cycle 1 and 50 data are used 

for the other samples. 

Figure 11- Average conversion rate (%/min) to 33% conversion of the MgAl2O4 supported Fe2O3 

(7:3) via SSR tested in (a) 10 cycles with H2 and (b) 5-cycles with CH4 and (c) 5 cycles in CH4 of 

1200°C sintered 4:6 Fe2O3:MgAl2O4 at a reaction temperature of 900°C. 

Figure 12- XRD of the (a) fresh and 5th oxidized samples of Fe2O3 MgAl2O4 SSR sample and 

(b) of the 1
st
 and 6

th
 reduced oxygen carrier. 

Figure 13- TEM images of the 6
th

 reduced MgAl2O4 supported iron oxide. 
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