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A strategyfor finding newelectrocatalystsfor theoxygenreductionreaction(ORR)in acidicsolutionsis outlined
andillustratedwith resultsfor Pd-Co catalysts.This is basedon establishingguidelinesfor selectingtestsystems,
rapidpreparationof arrays,andrapidscreeningby scanningelectrochemicalmicroscopy.Promisingcandidatesare
furthertestedassupportedelectrocatalystsby largerscaleelectrochemicalmethodsandin fuel cells,with optimization
of the compositionand structure.Thosethat emergeare characterizedby a variety of methods,including X-ray
diffraction,scanningelectronmicroscopy,andX-ray photoemissionspectroscopy.Finally, densityfunctionaltheory
is usedfor detailedcalculationsof oxygenadsorptionanddissociationon thematerialandprovidesbetterguidelines
for further testing.

Theultimateadoptionof fuel cellsaspowersourcesdepends
stronglyon their costandefficiency. A key factor in both of
theseissuesis thefuel cell cathodewheretheoxygenreduction
reaction(ORR) occursandimportantquestionsaboutwhether
the currently favored electrocatalystfor polymer electrolyte
membranefuel cells (PEMFC),Pt supportedon C, is a viable
option.1,2,3 The cost of Pt and the limited world supply are
significantbarriersto thewidespreaduseof PEMFC.Moreover,
most of the power lost in a fuel cell at reasonableoperating
currentsoccurs at the cathode(>0.4 V at practical current
densities),evenwith high loadingsof Pt in theelectrocatalyst.
We,aswell asmanyothers,havebeenengagedin a searchfor
non-platinum-basedcathodematerialsandin obtaininga better
understandingaboutguidelinesfor selectingmaterialsto testfor
this purpose,i.e., the replacementof platinum with a less-
expensivemetalthatalsoplaysa synergeticrole (e.g.,Co, Ni,
Ti).4-8 Anotherapproachto thisproblemis to designnewmetal
combinationsthat do not containPt but metalslessexpensive
andwith catalyticactivity at leastequalto that in Pt; 9,10 some
additionalgeneralreferencesto fuel cellsandto earlierwork in
this areahavebeengiven in a recentpaper.11 Becauseof the
largenumber of possibleelementary stepsandmechanisticroutes
in the reductionof O2 to H2O, the detailedmechanismof the
ORR,evenat Pt, is still controversial.12

Theapproachwehavetakenis basedon thefollowing steps:
1. Find guidelinesto aid in the selectionof materialsfor

investigation,e.g.,bimetallic andtrimetallic catalysts.
2. Devisesyntheticapproachesfor the rapid preparationof

electrocatalyst test arraysof different compositiononaconductive
substrate,e.g.,glassycarbon.

3. Use the scanningelectrochemicalmicroscopy(SECM)
approachto testthearraysin stronglyacidicmediaandto select
promisingcandidatematerials.

4. Optimizesyntheticmethods(e.g.,by water-in-oil micro-
emulsion or template methods), prepare carbon-supported
catalystswith theseandtestwith arotatingdiskelectrode(RDE)
configuration.

5.Preparefuel cell catalystsandtestin PEMFCfor efficiency
andlifetime underactualoperatingconditions.

6.Characterizegoodmaterials(e.g.,byXRD,SEM,andXPS)
to obtaina betterunderstandingof their composition(particle
size,oxidationstate...).

7. Carry out theoreticalstudiesof the catalystto improve
modelsfor how they work andfor new materialselection.

In this paper,we briefly providean overviewof the results
of items 1-5 as they apply to electrocatalystsof Pd and Co,
which havebeensomeof themostsuccessfulones.We mainly
deal with items 6 and 7, the characterizationof Pd-Co and
theoretical modelsfor itsbehavior intheORR.Several theoretical
approachesthat involve quantumchemicalcalculations(e.g.,
ASED-MO, DFT) havebeenappliedin recentyearsto predict
the relationshipbetweenthe natureof the catalystsurfaceand
ORR activity on transition metals,mainly Pt.13-20 In these
treatments,the interactionbetweenmolecularoxygenandthe
surfacemetalatomsis consideredassumingpossiblereaction
pathwaysandenergies.Recent reportsshow that theORRactivity
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is relatedto the strengthof the metal-oxide (M-O) bond,20

whichrelatestoanadsorbedoxygenatomasanORRintermediate.
Metalswith verynegativeoxygenbindingenergyeasilycleave
molecularoxygenbutsubsequentlyformstronginertoxidesand
thereforehaveaninappropriate(not sufficiently positive) cathode
potential.Metalswithvery positiveoxygenbindingenergy, such
asAgandAu,arenobleandhaveahighbarrier for thedissociative
adsorptionof oxygen,sothey alsotendtobepoor ORRcatalysts.
Platinumis the besttransitionmetalORR catalyst,havingthe
optimalbalancebetweenbeingableto bothcleaveandreduce
oxygen.In this context,a rational designof improvedmulti-
metallic ORR catalysts,for example,by the combinationof a
noble metal with a secondmetal,was proposedas a guiding
mechanisticprinciple that needsto be supportedby detailed
quantumchemistrycalculations.Forexample,recenttheoretical
calculationshavesuggesteda synergeticmechanismfor a Pt-
Coalloy, inwhichCoformssubsurfacealloysonPt(111) leaving
aPt skinonthesurface.Thisskinis, in fact,proposedtobemore
noblethanPt,bringingthealloy closerto themaximum-activity
peak of the volcano curve and thereforemore catalytically
active.18,19

Experimental Section
Chemicals. (NH4)2PdCl4 (Aldrich, Milwaukee,WI), Co(NO3)2-

(H2O)6 (Aldrich), NaBH4 (Aldrich), glycerol (Alfa Aesar), and
sulfuric acid (98 wt %, Alfa Aesar)wereall of reagentgradeand
wereusedasreceived.Reagent solutionswerepreparedusingMilli-Q
water.Glassy carbonplates(1mmthick) andVulcanXC-72Rcarbon
black werepurchasedfrom Alfa AesarandCabot,respectively.
Preparation of Pd-Co Catalyst Spots. Two differenttypesof

Pd-Cocatalyst spotswereanalyzed,whichareidentifiedassamples
A andB, respectively.

SampleA wasaPd-Co(80at.% Pd)spotdepositedonaglassy
carbonplateby reductionof metal saltswithhydrogenby aprocedure
similar tothat describedfor preparationof catalyst spot arrays.Briefly,
0.1 µL (a singledropof near1 mm diameter)of a solutionof the
metal salts (ammoniumtetrachloropalladateand cobalt nitrate)
containing0.3 M metalin water-glycerol (3:1) wasdepositedon
aglassycarbonplateusingamicropipet.Thedropwasdriedat150
°Cunderargonfor 30minandimmediatelyreducedunderhydrogen
(1atm) at 350°Cfor 1husingatubefurnace(BarnsteadInternational,
Dubuque,IA). The resultingmetalspotwasrinsedwith water.

SampleB wasa Pd-Co (80 at. % Pd) spotafter operationas
oxygencathodein acidic medium.A spotpreparedidentically to
sampleA wasimmersedin O2-saturated0.5M H2SO4 solutionand
polarizedat 0.2V vsahydrogenreferenceelectrodefor a2hduration.
Under theseconditions,the Pd-Co spotcatalyzesthe 4-electron
reductionof O2 to waterundermass-transfercontrol.Thespotwas
thenthoroughlyrinsedwith wateranddried in air.
Preparation of Carbon Supported Pd-Alloy Electrocatalysts.

Carbon-supportedPd-Cocatalystwith ametalloadingof 20wt %
waspreparedby theborohydridemethod.Therequiredamountsof
metalsalts(ammoniumtetrachloropalladateandcobaltnitrate)were
addedto aconstantlystirringcarbonslurrypreparedby suspending
160 mg of Vulcan XC-72R carbonblack in 100 mL of deionized
water.This suspensionwasagitatedin anultrasonicwaterbathat
roomtemperaturefor 30 min. A few dropsof 1 M NaOHsolution
werethenaddedto thismixtureto raisethepH to 10beforeadding
10 mL of a 5 wt % sodiumborohydridesolution. The resulting
reactionmixture wasstirredfor 15 min, allowedstandovernight,
andfiltered.Thecarbon-supportedcatalystwasthoroughlywashed
with deionizedwateranddried in air. A final thermaltreatmentat
350 °C in Ar for 1 h wasappliedto the catalyst.To preparethe
samplefor surfaceandcompositionalanalysis,10mgof thecatalyst
weresuspendedin 1 mL of ethanolusinganultrasonicbath.A 0.1
µL dropof thissuspensionwasdepositedontoaglassycarbonplate
anddried in air at 80 °C. This sampleis identified in this work as
sampleC.

Compositional and Surface Analysis. Localizedcompositional
analysisof thePd-Cocatalystspotswerecarriedoutusingenergy
dispersivespectroscopic(EDS) analysisin a scanningelectron
microscope.EDSanalysisandSEM imageswereperformedusing
aLEO 1530scanningelectronmicroscopeequippedwith anIXRF
EDSsystem,thelatteroperatedwith a10 kV electronbeamand60
µm aperture(averagecountsrangingfrom 1500to 2000s-1). For
XPSanalysis,spectraweretakenonaPHI 5700XPSsystemusing
amonochromaticAl X-raysourceoperatedatpassenergiesof 117.4
eV for surveysand11.7eV for high-resolutionscans.Thebinding
energywascalibratedusingAu4f, Cu2p,andAg3d.

Results and Discussion
Array Synthesis andSECMScreening.A recent report from

our group21 proposeda guidingprinciplefor thedesignof non-
platinumelectrocatalystsfor theORRthatfocuseson themetal
oxide route to oxygenreduction(i.e., the direct four-electron
route)thatwaslaterfurtherrefinedby DFT calculations.17 This
pathwayinvolvescloselypairingagoodoxygen-bondcleaving
metal (e.g., Co) for first splitting of the O-O bond to form
adsorbedoxygen, with a good metal (e.g., Pd) for efficient
reductionof adsorbedoxygenatoms,whicharethenreducedto
water.In this synergeticmechanismappliedfor exampleto the
Pd-Co alloy, molecularoxygenbindsto a surfacecobaltatom
anddissociativelyadsorbsinto theneighboringhollow siteson
thealloy surface.Thecharacter of thesehollow sitesisdominated
by palladiumso that the oxygenatomsarereadily reducedto
form water.

Followingthesethermodynamicguidelines,several bimetallic
combinationsthat shouldverify increasedelectrocatalyticactivity
for theORRwerepreparedandtested.21,22A rapidSECM-based
techniqueallowedapreliminary ORRactivity test of theproposed
combinationsoverarangeof possiblecompositionstobecarried
out.Thus,selectedgroupsof bimetallicmaterialsandrangesof
compositionsthat showedclear synergeticeffectswereidentified
andlaterpreparedandevaluatedunderconditionscloserto those
in PEMFC.Theseexperimentsprobedthatalloysof PdandAu
with Co,V, andTi cancatalyzetheORRasefficiently andeven
better than Pt.21-23 This selection and testing process is
summarizedin Figure1 for thecaseof Pd-Cocombinations.21

The ORR SECM activity mapsof Pd-Co spotspresentedin
Figure1adetectedalloysof Pd-Co with 10-20 at. % Co that
could efficiently catalyzethe electroreductionof oxygen at
overpotentials(! ) whereno activity is observedfor pure Pd.
Carbon-supportedPEMFC-typeelectrodeswerefabricatedwith
these Pd-Co combinationsand evaluatedin rotating disk
experiments(Figure1b),whereit wasverifiedthattheyalsoare
goodoxygencathodeswhenthemetalsaresupportedoncarbon,
with a performancethat canevencompetewith Pt.
Surface and Compositional Analysis of Sample A (Array

Spot Before Use).ThePd-Cospot(80at.%Pd in theprecursor
solution)obtainedby thermalreductionat 350°C with H2 was
investigatedby SEM with simultaneousEDS analysis and
mappingof thePd andCo compositions.Figure2-I shows(a)
theSEMmicrographsandcorrespondingPd(b) andCo(c) EDS
maps,and Table 1 summarizesthe measuredcompositions.
Additional SEM micrographscanbeseenin FigureSI1 of the
Supporting Information. Thespot is inhomogeneous in morphol-
ogyandin composition,with Pd-rich(97at.% Pd)andCo-rich
(40 at.% Pd)regions.Thephasediagramof thePd-Co binary

(21)Ferna«ndez,J.L.; Walsh,D. A.; Bard,A. J.J. Am. Chem. Soc. 2005, 127,
357.

(22)Walsh,D. A.; Ferna«ndez,J. L.; Bard,A. J. J. Electrochem. Soc. 2006,
153, E99.

(23)Ferna«ndez,J.L.; Raghuveer,V.; Manthiram,A.; Bard,A. J.J. Am. Chem.
Soc. 2005, 127, 13100.
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systematthistemperatureindicatestheformationof anfccsolid
solutionandof aCo-richcphsolidsolution,but theequilibrium
betweenthesetwo phasesis unknown.24 Thus,bothphasesare
expectedto bepresentin thespot,andthe ratio betweenthem
is controlledby the fast evaporationof the precursorsolution,

as well as the temperatureand time of the thermalreduction
treatment,whichprobablywasnotsufficientto attaincomplete
homogenizationby solid-statereorganizationof thecomponents.
TheXPSspectraof thespotaroundtheCo2pandPd3dsignals
areshownin Figure3-I (spectrumi). Accordingto thebinding
energyof thesesignals,Pd is metallic (335.4eV) while Co is
found as a mixture of metal and oxide (778.3and 780.4eV,
respectively).Themeansurfacecompositionismoreconcentrated
in Co(40at.%Co)thanthebulkcompositionmeasuredbyEDS
(30 at.% Co), indicatingsegregationof Co towardthesurface.
After ashorttreatmentof thesurfaceby etchingof afew atomic
layerswith anAr+ beam,theXPSanalysisshowsthatthepeak
intensitiesof bothPd3dandCo2pincreased(spectraii), which
resultedfrom the removal of contaminantsadsorbedon the
surface.Moreover,after surfacecleaning,the ratio of metallic
Co to oxidizedCo increasedsignificantly, demonstratingthat
oxidizedCo is concentratedat the surface.
Surface and Compositional Analysis of Sample B (Array

Spot After Use As Oxygen Cathode). SEM andEDSstudies
wereperformedon a Pd-Co spot that operatedasan oxygen
cathodein the acidic medium.The SEM micrographsof the
spotsat low magnification(FigureSI2inSupportingInformation)
showmorepronouncedmorphologicalnonuniformitythanthat
observedin thespotbeforetheusefor theORR.However,the
SEM micrographsandcorrespondingPdandCo EDSanalysis
shown in Figure 2-II and 2-III indicate that the spot is
homogeneousin composition.Thereis only onePd-richphase
with about74 at. % Pd (seeTable1), which indicatesthat the
Co-rich phasedetectedin the as-preparedspot (sampleA)
dissolvedduringtheORRat thespotin acidsolution.Thus,the
remainingphaseis probablyanfcc Pd-Cosolidsolution.From
theanalysisof theCo2pandPd3dbindingenergy valuesobserved
in theXPSspectraof thespot(notshown),thesesignalsareseen
to begeneratedfrom metallicpalladium(335.4eV) andcobalt
oxide(780.4eV). Incontrast totheas-preparedsample,nosignal
correspondingto metallic cobaltwasobserved.Moreover,the
surfacecomposition(78at.% Pd)is similar to thatmeasuredby
EDS(74 at.% Pd),which indicatesthatsegregationof Co was
diminished.
Surface andCompositional Analysis of Sample C (Unused

Sample Supported on Carbon). EDSanalysiswasperformed
onaspot madewithcarbonblack-supportedPd-Conanoparticles
preparedbychemicalreductionof metalprecursorswith sodium
borohydride. This analysis showed uniform distribution of
components,which indicatesthe existenceof a single phase,
most likely anfccPd-Cosolidsolutionwithameanconcentration
of 80.2at.% Pd (seeTable1).Thesimilarity betweenthisvalue
and the metal concentrationin the precursorsolution is the
consequenceof a slow and more controlled methodfor the
preparationof the alloy comparedto the array spots.Surface
analysisbyXPS(Figure3-II) indicatedthatPdismetallic,while
Co is fully oxidized,andthat thereis somesegregationof Co
towardthe surface(68 at. % Pd).
Calculations of Oxygen Dissociation on a Co/Pd(111)

Surface. The hypothesesthat make the foundationsof our
proposedrulesfor predictingORR synergeticeffectsbetween

(24) Ishida,K.; Nishizawa,T. In Binary Alloy Phase Diagrams; Massalski,
T., Okamoto,H., Subramanian,P. R., Kacprzak,L., Eds.;ASM International:
MaterialsPark,OH, 1990;pp 1222-1224.

Figure 1. (a) SECMtip generation-substratecollectionimagesof
ORRactivity measuredon Pd-Co binaryarraysin 0.5 M H2SO4.
Tip-substratedistance) 30µm, tip current) -160nA, scanrate
)50µmeach0.2s. (b) Polarizationcurvesof carbonblack-supported
20wt % Pd-Cowith 20at.% Co (solid line),Pd(dashedline),and
Pt (dottedline) rotatingdisk electrodesin O2-saturated(1 atm)0.5
M H2SO4. Rotationrate: 2000rpm (adaptedfrom ref 21).

Figure 2. (I) SEM micrographs(a), Pd (b), and Co (c) EDS
compositionmapsof sampleA. (II andIII) SEM micrographs(a),
Pd(b), andCo(c) EDScompositionmapsof sampleB obtainedon
two regionswith different morphologies.

Table 1. Compositions Measured by EDS and XPS on Pd-Co
Catalysts

at. % Pd

sampleA sampleB sampleC

EDS Pd-rich Co-rich meanvalue 74.0 80.2
97.1 40.4 68.8

XPS edgearea centralarea meanvalue 78.3 67.8
68.0 51.0 59.5
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twometalsareintuitiveandarebaseduponthermodynamicdata
of bulk materials.Suchamodelmaynotbesuitableto describe
thebimetallicsurfacebehavior.Moreover, thereareseveral factors
that are not taken into account in this simplified model and
compromisethepredictions.Thesurfaceatomicstructureof the
alloy could clearly be a very important factor for predicting
activity, andbondingbetweenmetalatomsmay alsoresult in
alloy propertiesthat aremorecomplicatedthanjust acombination
of their individual properties.Catalyticreactionscanalsotake
placeat surfacedefectssuchasstepandkink sites.Theformation
of intermediates, such as hydroxyl, could also dominate the
kinetics, or thesecould bind irreversibly to oxygencleavage
sites.20However,evenwhenit isclear that theproposedguidelines
arebasedon anoversimplifiedmodel,theyhavesucceededin
leadingto improvedcatalysts.

To maketheseguidelinesmorerigorousandto understandin
moredetailhowandwhy thisprincipleworksandwhenit fails,
it is necessaryto makea moreprecisedescriptionof themetal
catalyst surface by quantum chemistry calculations.These
calculationspermit oneto form a morerealisticpictureof the
surfacereactionprocesses,to establishtheir feasibility, andto
obtainquantitativethermodynamicinformation.

In this context,to betterunderstandhow the additionof Co
to PdaffectstheORR,we haveuseddensityfunctionaltheory
(DFT) calculationsto comparethemechanismandbarrierof O2

dissociativeadsorptiononamodel Pd(111) surface,withasurface
containingCo.All DFT calculationsweredonewith thePW91
functional25 using the generalized gradient approximation as
implemented in the VASP code.26,27 Valance electrons were
treatedexplicitly in the Kohn-Sham equations,28 and core

electronswere incorporatedinto pseudopotentialswith the
projectoraugmented-wave(PAW) method.29,30All calculations
includedspin-polarization,whichwasfoundto beimportantfor
the surfaceswith Co andadsorbedO.

The Pd(111)catalystsurfacewas modeledas a four-layer
periodicslabcontainingnineatomsperlayer.Theatomsin the
bottomtwo Pd layerswereheld at the DFT latticeconstantof
3.97•, whichisafewpercentlargerthantheexperimentalvalue
of 3.89• .Theselower atomswereheldfrozeninall calculations.
The3 × 3 unit cell in theplaneof theslabis outlinedin Figure
4a.TheBrillouinzonewassampledwitha2×2×1Monkhosrt-
Packk-pointmesh31 andaplanewavebasissetcutoff of 268eV
wasused.Theenergeticsof oxygendissociationwasnot found

(25)Perdew,J. P.; Wang,Y. Phys. ReV. B 1992, 45, 13244.

(26)Kresse,G. Phys. ReV. B 2000 62, 8295.
(27)Kresse,G.; Hafner,J. Surf. Sci. 2000, 459, 287.
(28)Kresse,G.; Furthmuller,J.Comput. Mater. Sci. 1996, 6, 15.
(29)Blochl, P. E. Phys. ReV. B 1994, 50, 17953.
(30)Kresse,G.; Joubert,J. Phys. ReV. B 1999, 59, 1758.
(31)Monkhorst,H. J.; Pack,J. D. Phys. ReV. B 1976, 13, 5188.

Figure 3. (I) XPSspectraaroundPd3d(a) andCo2p(b) signalsof sampleA as prepared(i) andaftercleaningwith anAr+ beam(ii). (II)
XPS spectraaroundPd3d(a) andCo2p(b) signalsof sampleC.

Figure 4. Mechanismof O2 dissociationon Pd(111).Molecular
oxygenbindsto the surfacewith an energyof 1.47eV in a top-
hollow-bridge(t-h-b) geometry (a).Themechanismof dissociation
hasbothO atomscrossingbridgesitesat thesaddlepoint (b). The
energybarrierfor dissociationis foundto be0.37eV. In thefinal,
dissociatedstate(c), bothO atomshavemovedto differenthollow
sitesthaninitially occupiedby the O2 molecule.
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to changesignificantlyuponincreasingthek-pointmeshto 3 ×
3 × 1 or usinga higherplanewavecutoff of 400 eV.

Our calculationsshow that molecularoxygenbinds in the
hollow siteonPd(111)alignedin a top-hollow-bridge(t-h-b)
geometry.Thebindingenergy of O2 is1.47eV, takenwithrespect
to thegas-phasemolecule.A Baderanalysis32,33showsthat0.73
electronsaretransferredto theO2 moleculewhenadsorbedon
thesurface.This strongelectronicinteractionindicatesthatthe
O2 molecule chemically adsorbsto the metal surface.The
molecularadsorptiongeometryis consistentwith whathasbeen
found in previouscalculations.37

Thereactionpathwayfor O2 dissociationwasfoundusingthe
nudgedelasticbandmethod.34 In this method,a setof images
is usedto connectthe initial (molecularlyadsorbed)statewith
a final (dissociated)state.Typically, eight imagesareusedto
resolvethepathway,whichisoptimizedtotraceout theminimum-
energypathconnectingthechosenendpoints.A climbing-image
algorithm35 wasusedto ensurethat the highestenergyimage
along the path rigorously convergesto the saddle point.
Subsequent optimizationsof thesaddlepoint (for example,using
a finer k-point meshor uponadditionof Co) weredoneusing
thedimer method.36Thisminimummodefollowingmethodtakes
aninitial geometryto anearbysaddlepoint,withoutneedingto
specify the reactionpathway.A minimizationwasdonefrom
each calculatedsaddlepoint to verify the geometryof the
associatedinitial andfinal states.

Thereactionmechanismfor O2 dissociationhasbothOatoms
crossingbridge sites into hollow sites(seeFigure 4). At the
saddlepoint, the ÔtopÕatom from the (t-h-b) molecularstate
movestoabridgesitein anadjacenthollow(seeFigure4b).This
is interestingbecausethe O atomsdissociateinto hollow sites
that are well separated(by two sites)on the Pd surface(see
Figure4c).Thisisdifferent fromthemechanismof O2dissociation
thathasbeenpreviouslyreportedonPd37andPt,18 in whicheach
O atomdissociatesto an adjacenthollow.

The additionof Co to the Pd surfacedoesnot qualitatively
changetheO2 absorptiongeometryor dissociationmechanism,
buttheenergylandscapeisverydifferent.Wehavemodeledthis
by addingoneCo atomto thePdsurfacelayer.Theadditionof
oneCoatomin nineatomsgivesasurfaceconcentrationof 11%.
A comparisonof the O2 dissociationlandscapeon Pd1.0 and
Pd0.89Co0.11 is shownin Figure 5. The inset figures show the
geometryof oxygenontheCo-dopedsurface,althoughtheyare
very similar to thoseon purePd,asshownin Figure4. These
sameconfigurationsareshownschematicallyalongthereaction
coordinateaxis.

TheO2 moleculehasa bindingenergyof 2.76eV at theCo
atom(Figure5a); 1.29 eV strongerthanon Pd. The Co atom
lowersthesaddlepointenergyby evenmore,reducingthe0.37
eV dissociationbarrier on Pd to a negligible 0.01 eV. The
dissociatedstate(Figure5b)is alsolowerin energybecauseone
O atomis boundstronglyat a hollow sitenext to theCo atom.
By removingeachof the individual O atomsfrom thesurface,
we find that thestrongbinding in thedissociatedstate(Figure
5b)canbedecomposedinto abindingenergyof 2.63eV for the

O atomadjacentthe Co and1.84eV for theO atomin thePd
hollow site.This laterbindingenergyis similar to thatof O on
pure Pd, 1.79 eV, showing that the Co hasa very localized
interactionwith O. This dissociatedstateis metastable;when
bothO atomssit in hollow sitesnextto theCoatom,thebinding
energyis 2.52eV per O atom.

A goodcatalyststrikesabalancebetweenloweringthesaddle
point energy without increasingthebindingenergy of theproducts
somuchastomakefurther reactionsenergetically unfavorable.38

It appearsthata singleCo atomon thesurfaceof Pdis enough
toswingthisbalancetowardstrongproduct binding.Todetermine
how difficult it is for theCo-boundoxygento furtherreact,we
havecontinuedthereactioncoordinatein Figure5by adiffusion
step(from Figure 5b to c). On Pd (uppercurve),an O atom
diffusesbetweenhollow siteswith a barrierof 0.28eV, but for
anO atomto diffuseawayfrom Co(lowercurve),it mustbreak
the strongCo-O bond.This barrierof 1.50eV is too high to
overcomeatroomtemperature,sothatoneof theO atomsbinds
irreversibly toCoastheO2iscleaved.Theother Oatom,however,
dissociatesinto a hollow sitesurroundedby Pdatomsandcan
be reducedas on pure Pd if the reductionrate is faster than
diffusion backto the Co atom.

This O2 dissociationmechanismat Co into a neighboringPd
hollow sitecouldexplaintheobservationthat 10-20%Coalloyed
with Pd is bestratio for an ORR catalyst.A single Co atom
essentiallyeliminatesthebarrierfor O2 cleavage.Thereshould,
however,beenoughCoonthesurfaceto maximumthenumber
of such cleavage sites. However, once the Co concentration
becomestoo high, therewill be few hollow sites,madeup of
threePdatoms,for theO atomsto cleaveinto. A perfectarray
of Co atomsin everyfourth siteon thesurfacewould be ideal
(25%Co),butasa randomalloy, onewouldexpecttheoptimal
concentration(maximizing the number of active Co sites
surroundedby Pd hollow sites)to be lower.

SincesurfaceCowill oxidizeirreversiblyduringtheORR,it
is importantto investigatetheequilibriumoxidationstateof the
metalsurfaceduringcatalysis.A full investigationisbeyondthe
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Press:New York, 1990.
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(35)Henkelman,G.; Uberuaga,B. P.;Jo«nsson,H. J. Chem. Phys. 2000, 113,
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(38)Bligaard,T.; N¿rskov,J.K.; Dahl,S.;Matthiesen,J.;Christensen,C.H.;
Sehested.J. Surf. Sci. 2004 224, 206.

Figure 5. Energypathwayfor the dissociationof O2 on Pd(111)
(uppergraycurve)anduponadditionof 11%Coin thesurfacelayer
(lower blue curve).O2 bindsin a hollow site next to the Co atom
(a) with a binding energy1.29eV strongerthanon purePd.The
energybarrier for dissociationdropsfrom 0.37 to 0.01 eV in the
presenceof a surfaceCo atom.DissociationleavesoneO bound
nearthe Co atom,andthe otherin a Pd hollow site (b). The 1.50
eV energybarrierfor O diffusion (b to c) in thepresenceof a Co
atom showsthat O binds irreversibly to Co. EachO atom hasa
binding energyof 1.84eV in a Pd hollow site adjacentto the Co
hollow (c). This is similar to thebindingenergyof 1.79eV on the
Pd surface,indicating that the Co-O interactionis short ranged.
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scopeof thiswork,butwehavestartedbydeterminingif another
O2 moleculecandissociateat the Co atomafter an O atomis
boundirreversiblyin thehollow sitenextto it. Whatwe find is
illustratedin Figure6. WhenasecondO2 moleculeis placedin
a t-h-b site(Figure6a),themoleculespontaneouslydissociates
(Figure6bandc).Thissuggeststhattheactiveformof thePd/Co
catalyst involvesoxidizedCoinor onthePdsurface, inagreement
with the surfaceanalysisof sampleB describedabove.

Anotherpossiblestructureof the activePd/Cocatalysthas
beensuggestedin which theCo atomsoccupysubsurfacesites
belowaPd skin.18,19ThestrongCo-Pdbondsfavorsubsurface
Coandserveto makethePdskinmorenobleandperhapsbetter
asanORRcatalysts.Wehavecalculatedthatthebindingenergy
of Co is 1.14 eV larger in a subsurfacesite ascomparedto a
surfacesite.This energydifferencewill drive Co subsurface.It
is possible,however,thatin thepresenceof O, thestrongCo-O

bondswill keepCo on thesurface.A singleO atombindsnext
to a Co atom1.00eV strongerthanin a purePdhollow site,so
that it isiso-energetictomoveCofromthesurfacetoasubsurface
sitein thepresenceof anO atom.With two O atoms,Co favors
the surface.

Thesecomputationsare for a gas-phasesystemanddo not
includetheeffectsof water,solventions,or changingpotentials
of the electrodesurface.It is interesting,however,that they
roughlygivethesamekind of pictureof theORRthatonefinds
in the primitive thermodynamicapproachthat was originally
usedto selectthe Pd-Co system.

Conclusions
A low-cost efficient catalyst for the ORR remainsto be

discoveredbut is a key factor in thewidespreaddeploymentof
PEMFC.We believethe strategyandresultsoutlinedhereare
useful in makingprogresstowardthis goal.
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Figure 6. O2 is found to dissociateat a Co atomin the presence
of an adsorbedO atom. Surprisingly, there is no barrier for O2
dissociationat this partially oxidizedCo atom.Thesecalculations
suggestthat the ORR catalyticactivity takesplaceon a partially
oxidizedsurface.
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