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A strategyfor finding newelectrocatalystfor the oxygenreductionreaction(ORR)in acidicsolutionsis outlined
andillustratedwith resultsfor Pd—Co catalysts.This is basedon establishingyuidelinesfor selectingtestsystems,
rapid preparatiorof arrays,andrapid screeningoy scanningelectrochemicaiicroscopy Promisingcandidatesre
furthertestedassupportectlectrocatalystby largerscaleelectrochemicaihethodsandin fuel cells,with optimization
of the compositionand structure.Thosethat emergeare characterizedy a variety of methods,including X-ray
diffraction, scanningelectronmicroscopy andX-ray photoemissiorspectroscopyrinally, densityfunctionaltheory
is usedfor detailedcalculationsof oxygenadsorptioranddissociatioron the materialandprovidesbetterguidelines

for further testing.

Theultimateadoptionof fuel cellsaspowersourcegsiepends
strongly on their costand efficiency. A key factorin both of
theseissuess thefuel cell cathodewvherethe oxygenreduction
reaction(ORR) occursandimportantquestionsaboutwhether
the currently favored electrocatalystfor polymer electrolyte
membranduel cells (PEMFC), Pt supportedon C, is a viable
option123 The cost of Pt and the limited world supply are
significantbarriersto thewidespreadiseof PEMFC.Moreover,
most of the powerlost in a fuel cell at reasonableperating
currentsoccurs at the cathode(>0.4 V at practical current
densities) evenwith high loadingsof Ptin the electrocatalyst.
We, aswell asmanyothers havebeenengagedn a searchfor
non-platinum-basedathodematerialsandin obtaininga better
understandingboutguidelinedor selectingmaterialgo testfor
this purpose,i.e., the replacementof platinum with a less-
expensivanetalthatalsoplaysa synergetiaole (e.g.,Co, Ni,
Ti).4~8 Anotherapproacho this problemis to designnewmetal
combinationghat do not containPt but metalslessexpensive
andwith catalyticactivity at leastequalto thatin Pt; 10some
additionalgenerareferenceso fuel cellsandto earlierwork in
this areahavebeengivenin a recentpapert! Becauseof the
large number of possible elementary stepsand mechanistic routes
in the reductionof O, to H»0, the detailedmechanisnof the
ORR, evenat Pt, is still controversial?
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Theapproactwe havetakenis basedn thefollowing steps:

1. Find guidelinesto aid in the selectionof materialsfor
investigation,e.g., bimetallic and trimetallic catalysts.

2. Devisesyntheticapproachesor the rapid preparationof
electrocatalyst test arraysof different composition onaconductive
substratege.g.,glassycarbon.

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

4. Optimize syntheticmethods(e.g., by water-in-oil micro-
emulsion or template methods), prepare carbon-supported
catalystwith theseandtestwith arotatingdiskelectrodg RDE)
configuration.

5. Preparduel cell catalystsandtestin PEMFCfor efficiency
and lifetime underactualoperatingconditions.

6.Characterizgoodmaterialge.g.,oy XRD, SEM,andXPS)
to obtaina betterunderstandingf their composition(particle
size,oxidation state...).

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

In this paper,we briefly provide an overview of the results
of items 1—5 as they apply to electrocatalyst®f Pd and Co,
which havebeensomeof the mostsuccessfubnes We mainly
deal with items 6 and 7, the characterizatiorof Pd—Co and
theoretical model sfor itsbehavior inthe ORR. Several theoretical
approacheghat involve quantumchemicalcalculations(e.g.,
ASED-MO, DFT) havebeenappliedin recentyearsto predict
the relationshipbetweenthe natureof the catalystsurfaceand
ORR activity on transition metals, mainly Pt13-20 |n these
treatmentsthe interactionbetweenmolecularoxygenandthe
surfacemetal atomsis consideredassumingpossiblereaction
pathwaysand energies. Recent reportsshow that the ORR activity
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is relatedto the strengthof the metal-oxide (M—0O) bond2°
whichrelatesto an adsorbed oxygen atom asan ORR intermediate.
Metalswith very negativeoxygenbindingenergyeasilycleave
moleculamxygenbutsubsequentlform stronginertoxidesand
thereforehaveaninappropriate (not sufficiently positive) cathode
potential. Metal swith very positive oxygen binding energy, such
asAgandAu, arenobleand haveahigh barrier for thedissociative
adsorption of oxygen, so they also tend to be poor ORR catalysts.
Platinumis the besttransitionmetal ORR catalyst,havingthe
optimal balancebetweenbeingableto both cleaveandreduce
oxygen.In this context,a rational designof improved multi-
metallic ORR catalystsfor example by the combinationof a
noble metal with a secondmetal, was proposedas a guiding
mechanisticprinciple that needsto be supportedby detailed
guantunchemistrycalculationsForexamplerecentheoretical
calculationshavesuggeste synergetianechanisnfor a Pt—
Coadlloy, inwhich Coformssubsurfacealloyson Pt(111) leaving
aPt skinonthesurfaceThisskinis, in fact,proposedo bemore
noblethanPt, bringingthealloy closerto themaximum-activity
peak of the volcano curve and therefore more catalytically
activel81?

Experimental Section

Chemicals. (NH,4),PdCl, (Aldrich, Milwaukee,WI), Co(NGs),-
(H2O)s (Aldrich), NaBH, (Aldrich), glycerol (Alfa Aesar), and
sulfuric acid (98 wt %, Alfa Aesar)wereall of reagentgradeand
were used asreceived. Reagent solutionswere prepared using Milli-Q
water. Glassy carbon plates (1 mmthick) and Vulcan XC-72R carbon
black were purchasedrom Alfa Aesarand Cabot,respectively.

Preparation of Pd—Co Catalyst Spots. Two differenttypesof
Pd—Co catalyst spotswere analyzed, which areidentified assamples
A andB, respectively.

SampleA wasaPd—Co (80at.% Pd)spotdepositedbnaglassy
carbon plate by reduction of metal saltswith hydrogen by aprocedure
similar tothat described for preparation of catalyst spot arrays. Briefly,
0.1 L (asingledrop of nearl mm diameter)of a solutionof the
metal salts (ammoniumtetrachloropalladat@nd cobalt nitrate)
containing0.3 M metalin water—glycerol (3:1) wasdepositecbn
aglassycarbonplateusingamicropipet.Thedropwasdriedat 150
°Cunderargonfor 30minandimmediatelyreducedinderhydrogen
(1atm) at 350 °Cfor 1 husing atubefurnace (Barnstead I nternational ,
Dubuque,lA). The resultingmetal spotwasrinsedwith water.

SampleB wasa Pd—Co (80 at. % Pd) spotafter operationas
oxygencathodein acidic medium.A spotprepareddentically to
sampleA wasimmersedn O,-saturated.5M H,SO, solutionand
polarizedat 0.2V vsahydrogen reference el ectrodefor a2 h duration.
Undertheseconditions,the Pd—Co spot catalyzesthe 4-electron
reductionof O, to waterundermass-transfecontrol. The spotwas
thenthoroughlyrinsedwith wateranddriedin air.

Preparation of Carbon Supported Pd-Alloy Electrocatalysts.
Carbon-supporteBd—Co catalystwith ametalloadingof 20 wt %
waspreparedy theborohydridemethod. Therequiredamountsof
metalsalts(ammoniuntetrachloropalladat@ndcobaltnitrate)were
addedo aconstantlystirring carbonslurry preparedy suspending
160 mg of Vulcan XC-72R carbonblackin 100 mL of deionized
water. This suspensionvasagitatedin an ultrasonicwaterbathat
roomtemperaturdor 30 min. A few dropsof 1 M NaOH solution
werethenaddedo this mixtureto raisethe pH to 10 beforeadding
10 mL of a5 wt % sodiumborohydridesolution. The resulting
reactionmixture wasstirredfor 15 min, allowed standovernight,
andfiltered. Thecarbon-supportedatalystwasthoroughlywashed
with deionizedwateranddriedin air. A final thermaltreatmentat
350°C in Ar for 1 h wasappliedto the catalyst.To preparethe
samplefor surfaceandcompositionalinalysis 10mgof thecatalyst
weresuspendeth 1 mL of ethanolusinganultrasonicbath.A 0.1
HL dropof thissuspensiowasdepositedntoaglassycarbonplate
anddriedin air at 80 °C. This sampleis identified in this work as
sampleC.
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Compositional and Surface Analysis. Localizedcompositional
analysisof the Pd—Co catalystspotswerecarriedout usingenergy
dispersivespectroscopiq EDS) analysisin a scanningelectron
microscopeEDS analysisand SEM imageswereperformedusing
aLEO 1530scanningelectronmicroscopeequippedvith anIXRF
EDSsystemthelatteroperatedvith a10 kV electronbeamand60
um aperture(averagecountsrangingfrom 1500to 2000s™1). For
XPSanalysisspectraveretakenona PHI 5700XPS systemusing
amonochromatiél X-ray sourceoperateditpasenergie®f117.4
eV for surveysand11.7eV for high-resolutiorscansThebinding
energywas calibratedusing Au4f, Cu2p,and Ag3d.

Results and Discussion

Array Synthesis and SECM Screening. A recent report from
our group! proposedh guiding principle for the designof non-
platinumelectrocatalystor the ORRthatfocuseson the metal
oxide route to oxygenreduction(i.e., the direct four-electron
route)thatwaslaterfurtherrefinedby DFT calculationst’ This
pathwayinvolvescloselypairinga goodoxygen-boncleaving
metal (e.g., Co) for first splitting of the O—O bondto form
adsorbedoxygen, with a good metal (e.g., Pd) for efficient
reductionof adsorbedxygenatomswhich arethenreducedo
water.In this synergetianechanismappliedfor exampleto the
Pd—Co alloy, molecularoxygenbindsto a surfacecobaltatom
anddissociativelyadsorbsnto the neighboringhollow siteson
thealloy surface. Thecharacter of thesehollow sitesisdominated
by palladiumso that the oxygenatomsare readily reducedto
form water.

Following thesethermodynamic guidelines, severa bimetallic
combinationsthat should verify increased el ectrocatal ytic activity
for theORRwerepreparedndtestec?-2?A rapidSECM-based
techniquea lowed apreliminary ORR activity test of the proposed
combination®verarangeof possiblecompositiongo becarried
out. Thus,selectedyroupsof bimetallicmaterialsandrangeof
compositionsthat showed clear synergetic effectswereidentified
andlaterprepare@ndevaluatedinderconditionscloserto those
in PEMFC.Theseexperimentprobedthatalloysof PdandAu
with Co,V, andTi cancatalyzehe ORRasefficiently andeven
better than Pt21723 This selection and testing processis
summarizedn Figurel for the caseof Pd—Co combinationg!
The ORR SECM activity mapsof Pd—Co spotspresentedn
Figureladetectedalloys of Pd—Co with 10—20 at. % Co that
could efficiently catalyzethe electroreductionof oxygen at
overpotentialg! ) whereno activity is observedfor pure Pd.
Carbon-supporteBEMFC-typeelectrodesverefabricatedwvith
these Pd—Co combinationsand evaluatedin rotating disk
experimentgFigurelb),whereit wasverified thattheyalsoare
goodoxygencathodesvhenthemetalsaresupportecncarbon,
with a performancehat canevencompetewith Pt.

Surface and Compositional Analysis of Sample A (Array
Spot Before Use). ThePd—Cospot(80at.% Pdintheprecursor
solution)obtainedby thermalreductionat 350 °C with H, was
investigatedby SEM with simultaneousEDS analysis and
mappingof the Pd and Co compositionsFigure 2-I shows(a)
theSEMmicrographsandcorrespondingd(b) andCo(c) EDS
maps,and Table 1 summarizethe measuredcompositions.
Additional SEM micrographscanbe seenin Figure SI1 of the
Supporting Information. The spot is inhomogeneous in morphol-
ogy andin compositionwith Pd-rich(97 at. % Pd)andCo-rich
(40 at. % Pd)regions.The phasediagramof the Pd—Co binary
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Figure 1. (a) SECMtip generation-substratollectionimagesof
ORR activity measurean Pd—Co binary arraysin 0.5M H,SO;.
Tip—substratelistance= 30 um, tip current= —160nA, scanrate
=50umeach0.2s. (b) Polarization curvesof carbon black-supported
20wt % Pd—Cowith 20at.% Co (solidline), Pd(dashedine), and
Pt (dottedline) rotatingdisk electrodesn O,-saturatedl atm)0.5
M H,SO,. Rotationrate: 2000rpm (adaptedrom ref 21).
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Figure 2. (I) SEM micrographs(a), Pd (b), and Co (c) EDS
compositionmapsof sampleA. (Il andlll) SEM micrographga),
Pd(b), andCo (c) EDS compositiormapsof sampleB obtainedon
two regionswith different morphologies.
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systematthistemperaturéndicategheformationof anfcc solid
solutionandof a Co-richcphsolid solution,buttheequilibrium
betweerthesetwo phasess unknown?* Thus,bothphasesre
expectedo be presentin the spot,andtheratio betweernthem
is controlledby the fast evaporatiorof the precursorsolution,

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

aswell asthe temperatureand time of the thermalreduction
treatmentwhich probablywasnot sufficientto attaincomplete
homogenization by solid-state reorgani zation of the components.

The XPS spectreaof the spotaroundthe Co2pandPd3dsignals
areshownin Figure3-1 (spectrumi). Accordingto the binding

energyof thesesignals,Pdis metallic (335.4eV) while Cois

found as a mixture of metaland oxide (778.3and 780.4eV,

respectively). Themean surface compositionismore concentrated

in Co(40at.% Co)thanthebulk compositiormeasurethy EDS
(30at. % Co), indicatingsegregatiorof Co towardthe surface.
After ashorttreatmenbf thesurfaceby etchingof afew atomic
layerswith anAr* beam the XPSanalysisshowsthatthe peak
intensitiesof both Pd3dandCo2pincreasedspectrai), which

resultedfrom the removal of contaminantsadsorbedon the
surface Moreover,after surfacecleaning,the ratio of metallic
Co to oxidized Co increasedsignificantly, demonstratinghat
oxidized Co is concentratect the surface.

Surface and Compositional Analysis of Sample B (Array
Spot After Use As Oxygen Cathode). SEM andEDS studies
were performedon a Pd—Co spotthat operatedas an oxygen
cathodein the acidic medium. The SEM micrographsof the
spotsat low magnification (Figure SI2in Supporting I nformation)
showmorepronouncednorphologicainonuniformitythanthat
observedn the spotbeforethe usefor the ORR. However,the
SEM micrographsandcorrespondindg®d and Co EDS analysis
shown in Figure 2-1I and 2-1ll indicate that the spot is
homogeneous composition.Thereis only onePd-richphase
with about74 at. % Pd (seeTable 1), which indicatesthatthe
Co-rich phasedetectedin the as-preparedspot (sampleA)
dissolvedduringthe ORR atthe spotin acidsolution.Thus,the
remainingphases probablyanfcc Pd—Co solid solution.From
theanalysisof the Co2p and Pd3d binding energy val ues observed
in theXPSspectraf thespot(notshown) thesesignalsareseen
to be generatedrom metallic palladium(335.4eV) andcobalt
oxide(780.4eV). Incontrast to the as-prepared sample, no signa
correspondindo metallic cobaltwas observed Moreover,the
surfacecomposition(78 at. % Pd)is similarto thatmeasuredy
EDS(74 at. % Pd),which indicatesthat segregatiorof Co was
diminished.

Surface and Compositional Analysis of Sample C (Unused
Sample Supported on Carbon). EDS analysiswasperformed
onaspot madewith carbon bl ack-supported Pd—Co nanoparticles
preparedy chemicakeductionof metalprecursorsvith sodium
borohydride. This analysis showed uniform distribution of
componentswhich indicatesthe existenceof a single phase,
most likely anfcc Pd—Co solid solution with amean concentration
of 80.2at.% Pd (seeTablel). Thesimilarity betweerthisvalue
and the metal concentrationin the precursorsolution is the
consequenc®f a slow and more controlled methodfor the
preparationof the alloy comparedto the array spots.Surface
analysidy XPS(Figure3-Il) indicatedthatPdis metallic,while
Cois fully oxidized,andthatthereis somesegregatiorof Co
towardthe surface(68 at. % Pd).

Calculations of Oxygen Dissociation on a Co/Pd(111)
Surface. The hypotheseghat make the foundationsof our
proposedulesfor predictingORR synergeticeffectsbetween
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Figure 3. (I) XPS spectraaroundPd3d(a) andCo2p(b) signalsof sampleA as preparedi) andaftercleaningwith an Ar*™ beam(ii). (I1)

XPS spectraaroundPd3d(a) and Co2p (b) signalsof sampleC.

two metalsareintuitive andarebasediponthermodynamidata
of bulk materials Sucha modelmaynot be suitableto describe
thebimetallic surfacebehavior. Moreover, thereare several factors
that are not taken into account in this simplified model and
compromisehepredictionsThesurfaceatomicstructureof the
alloy could clearly be a very importantfactor for predicting
activity, and bondingbetweenmetalatomsmay alsoresultin
alloy propertiesthat are more complicated than just acombination
of theirindividual properties Catalyticreactionscanalsotake
place at surface defectssuch asstep and kink sites. Theformation
of intermediates, such as hydroxyl, could also dominate the
kinetics, or thesecould bind irreversibly to oxygen cleavage
sites.® However, evenwhenitisclear that the proposed guidelines
arebasedon an oversimplifiedmodel,they havesucceedeih
leadingto improvedcatalysts.

To maketheseguidelinesmorerigorousandto understandh
moredetailhowandwhy this principleworksandwhenit fails,
it is necessaryo makea more precisedescriptionof the metal
catalyst surface by quantum chemistry calculations. These
calculationspermitoneto form a morerealistic picture of the
surfacereactionprocessedp establishtheir feasibility, andto
obtain quantitativethermodynamidnformation.

In this context,to betterunderstanchow the additionof Co
to Pdaffectsthe ORR, we haveuseddensityfunctionaltheory
(DFT) calculationgo compare¢hemechanisnandbarrierof O,
dissociative adsorption onamodel Pd(111) surface, withasurface
containingCo. All DFT calculationsveredonewith the PW91
functional®® using the generalized gradient approximation as
implemented in the VASP code.?627 Valance electrons were
treated explicitly in the Kohn—Sham equationg® and core

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

e °
9 )

final

Figure 4. Mechanismof O, dissociationon Pd(111).Molecular
oxygenbindsto the surfacewith anenergyof 1.47eV in atop—

hollow—bridge (t-h-b) geometry (a). The mechanism of dissociation

hasboth O atomscrossingbridgesitesat the saddlepoint (b). The
energybarrierfor dissociations foundto be 0.37eV. In thefinal,

dissociatedstate(c), both O atomshavemovedto differenthollow
sitesthaninitially occupiedby the O, molecule.

initial saddle

electronswere incorporatedinto pseudopotentialsvith the
projectoraugmented-wavéPAW) method?%30All calculations
includedspin-polarizationwhichwasfoundto beimportantfor

the surfaceswith Co and adsorbedD.

The Pd(111)catalystsurfacewas modeledas a four-layer
periodicslabcontainingnine atomsperlayer. Theatomsin the
bottomtwo Pdlayerswereheld at the DFT lattice constantof
3.97+, whichisafew percentargerthantheexperimentalalue
of 3.89¢ . Theselower atomswereheldfrozeninall calculations.
The 3 x 3 unit cell in the planeof theslabis outlinedin Figure
4a TheBrillouin zonewassampledwitha2 x 2 x 1 Monkhosrt—
Packk-pointmesi! andaplanewavebasissetcutoff of 268eV
wasused.The energeticof oxygendissociationrwasnot found

(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.
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to changesignificantlyuponincreasinghek-pointmeshto 3 x
3 x 1 or usinga higherplanewave cutoff of 400 eV.

Our calculationsshow that molecularoxygenbindsin the
hollow siteon Pd(111)alignedin atop—hollow—bridge(t-h-b)
geometry. Thebinding energy of O,is1.47 eV, taken with respect
tothegas-phasenolecule A Baderanalysig?33showsthat0.73
electronsaretransferredo the O, moleculewhenadsorbedn
the surface This strongelectronicinteractionindicatesthatthe
O, molecule chemically adsorbsto the metal surface.The
molecularadsorptiorgeometnyis consistentvith whathasbeen
foundin previouscalculations¥’

Thereactionpathwayfor O, dissociatiorwasfoundusingthe
nudgedelastichandmethod®* In this method,a setof images
is usedto connecttheinitial (molecularlyadsorbedytatewith
afinal (dissociatedtate. Typically, eightimagesare usedto
resol vethe pathway, whichisoptimized to trace out the minimum-
energypathconnectinghechoserendpointsA climbing-image
algorithn?® was usedto ensurethat the highestenergyimage
along the path rigorously convergesto the saddle point.
Subseguent optimizations of the saddle point (for example, using
a finer k-point meshor uponadditionof Co) weredoneusing
the dimer method.3¢ Thisminimum modefollowing method takes
aninitial geometryto anearbysaddlepoint, without needingto
specify the reactionpathway.A minimization was donefrom
each calculatedsaddle point to verify the geometryof the
associatednitial andfinal states.

Thereactionrmechanisnfior O, dissociatiorhasbothO atoms
crossingbridge sitesinto hollow sites (seeFigure 4). At the
saddlepoint, the Otop@tom from the (t-h-b) molecularstate
movedo abridgesitein anadjacentollow (seeFigure4b). This
is interestingbecausehe O atomsdissociatanto hollow sites
that are well separatedby two sites)on the Pd surface(see
Figure4c). Thisisdifferent from the mechanism of O, dissociation
thathasbeempreviouslyreportecbn Pc?” andPt8in whicheach
O atomdissociatego an adjacenthollow.

The additionof Co to the Pd surfacedoesnot qualitatively
changethe O, absorptiorgeometryor dissociatiormechanism,
buttheenergylandscapés verydifferent. Wehavemodeledhis
by addingoneCo atomto the Pd surfacelayer. The additionof
oneCoatomin nineatomsgivesasurfaceconcentratioof 11%.
A comparisonof the O, dissociationlandscapeon Pd; o and
Pdh.sfCp 11 is shownin Figure 5. The insetfigures showthe
geometryof oxygenonthe Co-dopedsurfacealthoughtheyare
very similar to thoseon pure Pd, asshownin Figure4. These
sameconfigurationaareshownschematicalljalongthereaction
coordinateaxis.

The O, moleculehasa binding energyof 2.76eV atthe Co
atom (Figure5a); 1.29 eV strongerthanon Pd. The Co atom
lowersthe saddlepoint energyby evenmore,reducingthe 0.37
eV dissociationbarrier on Pd to a negligible 0.01 eV. The
dissociatedtate(Figure5b)is alsolowerin energybecausene
O atomis boundstronglyat a hollow site nextto the Co atom.
By removingeachof theindividual O atomsfrom the surface,
we find thatthe strongbindingin the dissociatedstate(Figure
5b) canbedecomposehto abindingenergyof 2.63eV for the

(32)Bader,R. Atoms in Molecules: A Quantum Theory; Oxford University
Press: New York, 1990.
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Figure 5. Energypathwayfor the dissociationof O, on Pd(111)
(uppergraycurve)anduponadditionof 11%Coin thesurfacdayer
(lower blue curve).O, bindsin a hollow site nextto the Co atom
(a) with a binding energy1.29 eV strongerthanon purePd. The
energybarrierfor dissociationdropsfrom 0.37to 0.01eV in the
presenceof a surfaceCo atom.Dissociationleavesone O bound
nearthe Co atom,andthe otherin a Pd hollow site (b). The 1.50
eV energybarrierfor O diffusion (b to c) in the presencef a Co
atom showsthat O bindsirreversiblyto Co. EachO atomhasa
binding energyof 1.84 eV in a Pd hollow site adjacento the Co
hollow (c). Thisis similar to the bindingenergyof 1.79eV on the
Pd surface,indicating that the Co—O interactionis shortranged.

O atomadjacenthe Co and1.84eV for the O atomin the Pd
hollow site. This later binding energyis similar to thatof O on
pure Pd, 1.79 eV, showingthat the Co hasa very localized
interactionwith O. This dissociatedstateis metastablewhen
bothO atomssitin hollow sitesnextto the Coatom,thebinding
energyis 2.52eV per O atom.

A goodcatalyststrikesabalancebetweeroweringthesaddle
point energy without increasing thebinding energy of theproducts
so much asto makefurther reactions energetically unfavorable.38
It appearsghata single Co atomon the surfaceof Pdis enough
to swing thisbalancetoward strong product binding. To determine
how difficult it is for the Co-boundoxygento furtherreact,we
havecontinuedhereactioncoordinaten Figure5 by adiffusion
step (from Figure 5b to c). On Pd (uppercurve),an O atom
diffusesbetweerhollow siteswith a barrierof 0.28eV, butfor
anO atomto diffuseawayfrom Co (lower curve),it mustbreak
the strongCo—0O bond. This barrierof 1.50eV is too high to
overcomeatroomtemperaturesothatoneof the O atomsbinds
irreversibly to Coasthe O, iscleaved. Theother O atom, however,
dissociatesnto a hollow site surroundedy Pd atomsandcan
be reducedas on pure Pd if the reductionrate is fasterthan
diffusion backto the Co atom.

This O dissociatiormechanisnat Co into a neighboringPd
hollow sitecould explain the observation that 10—20% Co alloyed
with Pd is bestratio for an ORR catalyst.A single Co atom
essentiallyeliminateghebarrierfor O, cleavageThereshould,
however beenoughCo onthesurfaceto maximumthenumber
of such cleavage sites. However, once the Co concentration
becomegoo high, therewill be few hollow sites,madeup of
threePd atomsfor the O atomsto cleaveinto. A perfectarray
of Co atomsin everyfourth site on the surfacewould be ideal
(25%Co), butasarandomalloy, onewould expectthe optimal
concentration(maximizing the number of active Co sites
surroundedby Pd hollow sites)to be lower.

SincesurfaceCowill oxidizeirreversiblyduringthe ORR, it
is importantto investigategheequilibriumoxidationstateof the
metalsurfaceduringcatalysisA full investigationis beyondhe

(38) Bligaard,T.; N¢rskov,J.K.; Dahl, S.; Matthiesen,).; ChristensenC. H.;
SehestedJ. Surf. Sci. 2004 224, 206.
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Figure 6. O, is foundto dissociateat a Co atomin the presence
of an adsorbedO atom. Surprisingly, thereis no barrier for O,
dissociationat this partially oxidized Co atom. Thesecalculations
suggesthat the ORR catalytic activity takesplaceon a partially
oxidized surface.

scopeof thiswork, butwe havestartedby determiningf another
O, moleculecandissociateat the Co atomafter an O atomis
boundirreversiblyin the hollow site nextto it. Whatwe find is
illustratedin Figure6. Whena secondD, moleculeis placedin
at-h-b site (Figure6a),the moleculespontaneouslgissociates
(Figure6bandc). Thissuggestthattheactiveform of thePd/Co
catalystinvolvesoxidized Coinor onthe Pd surface, in agreement
with the surfaceanalysisof sampleB describedabove.
Another possiblestructureof the active Pd/Cocatalysthas
beensuggestedn which the Co atomsoccupysubsurfacesites
belowa Pd skin 181°ThestrongCo—Pdbondsfavor subsurface
Coandserveto makethe Pdskinmorenobleandperhapdetter
asanORRcatalystsWe havecalculatedhatthebindingenergy
of Cois 1.14eV largerin a subsurfacesite ascomparedo a
surfacesite. This energydifferencewill drive Co subsurfacelt
is possiblehoweverthatin thepresencef O, thestrongCo—0O
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bondswill keepCoonthesurface A singleO atombindsnext
to aCo atom1.00eV strongerthanin a purePdhollow site,so
that it isiso-energetic to move Co from the surfaceto asubsurface
sitein thepresenc®f anO atom.With two O atoms,Cofavors
the surface.

Thesecomputationsare for a gas-phaseystemand do not
includetheeffectsof water,solventions,or changingpotentials
of the electrodesurface.lt is interesting,however,that they
roughlygive thesamekind of pictureof the ORRthatonefinds
in the primitive thermodynamicapproachthat was originally
usedto selectthe Pd—Co system.

Conclusions

A low-cost efficient catalystfor the ORR remainsto be
discoveredutis akey factorin the widespreadieploymenbf
PEMFC.We believethe strategyandresultsoutlinedhereare
usefulin making progressowardthis goal.
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