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Theoretical calculations of CH, and H, associative desorption from NiZ11E
Could subsurface hydrogen play an important role?
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The resultsof theoreticalcalculationsof associativedesorptionof CH, and H, from the Ni(111)
surface are presented.Both minimum-enegy paths and classical dynamics trajectories were
generatedisingdensity-functionatheoryto estimatehe enegy andatomicforces.In particular the
recombinatiorof a subsurfaced atomwith adsorbedCH; (methyl)) or H at the surfacewasstudied.
The calculationsdo not show any evidencefor enhancedCH, formationasthe H atomemepges
from the subsurfacesite. In fact, thereis no minimum-enegy pathfor sucha concertedorocesson
the enegy surface.Dynamicaltrajectoriesstartedat the transition statefor the H-atom hop from
subsurfacéo surfacesite alsodid notleadto directformationof a methanemoleculebut ratherled
to the formationof a thermallyexcitedH atomand CH; groupboundto the surface The formation
(aswell asrupture of the HDHand CBHbondsonly occurson the exposedside of a surfaceNi
atom.Thetransitionstatesarequite similar for thetwo moleculesgxceptthatin the caseof the CBH
bond, the underlying Ni atom rises out of the surfaceplane by 0.25 «. Classicaldynamics
trajectoriesstartedat the transitionstatefor desorptiorof CH, showthat15% of the barrierenegy,
0.8 eV, is takenup by Ni atom vibrations,while about60% goesinto translationand 20% into
vibration of a desorbingCH, molecule.The mostimportantvibrationalmodesaccountingor 90%
of the vibrational enepy, are the four high-frequencyCH, stretchesBy time reversibility of the
classical trajectories, this meansthat translational enegy is most effective for dissociative
adsorptiorat low-enegy characteristiof thermalexcitationsbut enegy in stretchingmodesis also
important. Quantum-mechanicaltunneling in CH, dissociative adsorption and associative
desorptionis estimatedto be importantbelow 200 K and is, therefore,not expectedto play an
importantrole undertypical conditions. An unexpectednechanisnfor the rotationof the adsorbed
methyl group was discoveredand illustrated a strong three-centetCBbHBNicontribution to the

methyl-surfacebonding.© 2006 Americanlinstitute of Physics [DOI: 10.1063/1.216193]

I. INTRODUCTION

The critical stepin the transformationof methaneto
morevaluablechemicalds the dissociativeadsorptioron the
surfaceof the catalystto form an adsorbedmethyl group
CHs and an adsorbedhydrogenatom. Much of the experi-
mental and theoreticalwork has focusedon this step. The
mostrecentandmostreliablemeasurementsf the activation
enepy barrierfor dissociativeadsorptionof CH, on Ni(111)
give avalueof 0.77+0.10eV.! Greatcarewastakenin these
measurement® block defectson the surfacewith unreactive
Au atomsand to thermalizethe methanegaswith the sur
face. Previousmeasurementiad given a smaller value of
0.55eV.?

Theoreticalstudiesof the dissociativeadsorptionhave
employedvarious techniquesfor describingthe enepgetics
andhavegiven estimatef the rate within harmonictransi-
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tion statetheorywherethe saddlepoint on the enegy surface
betweenthe enegy minimum correspondingo the methane
moleculeandthe adsorbednethyl groupandhydrogenatom

gives the activation enegy barrier for the transition. Yang

andWitten haveusedclustermodelsof the surfaceand cal-

culatedthe enegeticsusingHartree-Fockand conbguration-
interaction(Cl) methods’® Their bestestimateof the activa-

tion enegy for dissociative adsorptionis 0.72 eV. The

distancebetweenthe C atomandthe closestNi atomat the

saddle point is 2.41 . Bengaardet al. have employed
density-functionatheory methodsusing both the PW91 and

RPBE functionals,obtainingactivationenegiesof 0.73and

1.05eV, respectivelj1 The minimum-enegy pathfor disso-

ciative adsorptionis, of course,the sameas the minimum-

enegy path for associative adsorption. The calculated
minimum-enegy path (MEP) with the RPBE functional

givesan activationenegy of 0.4 eV for associativedesorp-
tion of methanewhen startingwith H atom and CH;-group

adsorbedn the surface.

© 2006 American Institute of Physics
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A traditional view of surface chemistry assumesthat
chemicalreactionsanddissociativechemisorptiortakeplace
on the outer surfaceof the catalyst.However in a seriesof
experimentsy Johnsoret al.® andDaleyetal.® the presence
of subsurfacénydrogenwasshownto increasethe efpciency
of CH; and ethylenehydrogenationon a Ni(111) surface.
Two theoretical studiesof methaneassociativedesorption
have addressedthis issue’® In both studies, density-
functional theory (DFT) calculationsusing the PW91 func-
tional were usedto studyvariouspathwaysfor the recombi-
nationof the subsurfacéd atomandsurface-adsorbeahethyl
group.Both groupsreportanactivationenegy barrierfor the
directrecombinatiorprocesssuggestedby Ledentuet al. but
in onecasethe brst-ordersaddlepoint is reportedto be 1.08
eV higherin enegy thantheinitial state! while in the other
studyit is reportedto be 1.36 eV higher8 The saddle-point
geometryis reportedto be quite unusualin that the CDNi
distancewas very largeN2.5 « in ond and 2.2+ in the
other® Typically, the catalysisof a chemicalreactionby a
transition metal requires the overlap of the half-plled
d-electronorbitals on a transition-metalatom with the mo-
lecularorbitals of the chemicalandbecausef the localized
nature of the d orbitals a typical transition state involves
much shorterdistancesIn both reportsit was pointed out
that the activation enegy barrier for the processstarting
from surfaceH andCHg is considerablyower in enegy, and
theincreasedeactivitywhenthe Ni catalystis preparedvith
subsurfacdd atomsis not dueto a newreactionpathwaybut
ratherthe additionalenegy given to the initial stateof the
desorptionprocessby driving the H atomsinto subsurface
sites’®

The reactivity of subsurfacedeuteriumon Ni(111) has
beenstudied by Wright et al.>*° Temperature-programmed
desorptionexperimentf D in both subsurfaceand surface
sitesshowenhanced, associativedesorptionon Ni(111) at
180K, ascomparedo a thermalbaseline. The angulardis-
tribution of desorbingmoleculesis consistentwith subsuf
face D atomssurfacingat vacantsitesand diffusing on the
surfacebefore combiningto form D,. No evidenceof a di-
rectrecombinatiorprocessvas observed.

Becauseof the surprisingand somewhainconsistente-
sultsreportedon the directrecombinatiorpathwayinvolving
subsurfacénydrogenwe decidedto look morecarefully into
this and apply a rigorous methodfor Pndingthe minimum-
enegy paths,the nudgedelasticband method™ aswell as
direct classicaldynamicssimulationsto investigatethe pos-
sibility of dynamicallycorrelatedreactiveevents.

Il. CALCULATIONS

DFT calculationsnveredonewith the vasp code,lzm“us-

ing the PW91 functional™ ultrasoft pseudopotentialﬁﬁ, and
with a plane-wavebasissetwith a 350 eV cutoff. The nickel
surfacewas representedas a four- or pve-layerslab with
eithera p(2! 2) orap(3! 3) cell. The former hasfour Ni
atoms per layer and the latter has nine. Unless otherwise
specibedthe calculatedresultsgiven below arefor the larg-
estsystem pvelayerswith nine atomseach.The bottomtwo
layers of the slab were constrainedto their crystal lattice
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positions.The Brillouin zonewas sampledwith a 4! 4! 1
k-point meshfor the p(2! 2) systemanda 2! 2! 1 mesh
for thep(3! 3) systemThe sensitivityof the calculatedbar
riers to spin polarization,plane-waveenegy cutoff, k-point
sampling,systemsize,and surfacerelaxationwastestedand
discussedn the Appendix.

Classicaltrajectorieswere calculatedusing a combina-
tion of DFT evaluationof atomic forcesand a Verlet algo-
rithm for the dynamics A smalltime stepsizeof 0.2 fs was
usedto ensureenegy conservation.Enegy barriers were
calculatedusing the nudgedelastic band (NEB) method’
with the climbing-imagemodibcatiorto rigorouslyconvege
on saddle points.ls’19 Once a minimum-enegy path was
found, the dimer method® was usedto reconvege saddle
pointsafter slab geometryhad beenchangedor whencalcu-
lation parametertiadbeenchangedFor thesecalculationsa
force-basedaonjugate-gradiennethodwasusedto optimize
the geometry?* Saddlepoints and minima were considered
convegedwhenthe maximumforcein everydegreeof free-
domwaslessthan0.001eV/e .

lll. RESULTS

The lattice constantfor bulk nickel was calculatedand
foundto be 3.52¢, matchingthe experimentalalue.Using
this lattice constantslabgeometriesvere generatedvith 12
« of vacuumbetweenthe top of the slab andthe bottom of
its periodicimage.

Adsorptionat the four high-symmetrybinding siteswas
studiedNthe face-centered-cubitfcc) and hexagonal-close-
packed(hcp threefoldhollow sites,the bridge site between
two surfaceatoms,andthe on-topsite abovea single nickel
atom. Both the H atom and CH; havelowestenengy at the
fcc threefoldsite. The calculatedbinding enegy of hydrogen
was found to be 2.8 eV, matchingthe experimentabinding
enegy of 2.77 eV measuredby Christmanrf? while the
binding enegy of CH; wasfoundto be 1.8 eV. The binding
enepgy at the hcp site is only a few tensof meV lower for
both species.For the CH; group there is, furthermore,a
minimum in the enegy surfacecorrespondingdo binding on
top of a Ni atombut this is 0.3 eV higherthanthe fcc site.
The on-top site was not a local minimum for the hydrogen
atom.Neitherhydrogennor methylshoweda local minimum
in the enegy surfaceat the bridge site.

Spinpolarizationis foundto be moderatelyimportantfor
binding, decreasinghydrogen®binding enegy by 0.1 eV.
The bareNi(111) surfaceis stabilizedwith spin polarization
to a larger extentthanit is with hydrogenboundto it. The
reductionin the binding enegy as the spin polarizationis
includedis consistentwith the fact that the hydrogen-bound
Ni(111) systemhasone lessunpairedelectronthanthe bare
surface.

A. Subsurface hydrogen

It requiresa large amountof enegy, 0.6 eV, to drive a H
atom from a surfacefcc site to a subsurfacesite. Figure 1
showsthe minimum-enegy path for hydrogenresurfacing.
The activationenegy for resurfacingis small, 0.1 eV. This
enegy probleis consistentwith previous calculationsby
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FIG. 1. (Color online) A hydrogenatomis 0.6 eV higherin enegy at a
subsurfacesite thanat a fcc hollow site at the surface.Hydrogencanresur
facewith a small enegy barrierof 0.1 eV.

Michaelides et al.® Ledentu et al.,” and more recently
Greeley and Mavrikakis?® The enepy differencebetween
the surfaceand subsurfacesites makesit very unlikely to

Pndthermalhydrogenin the subsurfacdayer; at room tem-

peratureand low H coveragefor example,it is 10'° times

less probable.At elevatedtemperatureof 600 K it is over

100000timeslessprobable However whenH, gaspressure
is high and the H-adatomcoverageis large, the subsurface
siteswill be populatedto someextentandit is of interestto

Pndout to what extenta reactionmechanisninvolving sub-

surfaceH atomscould contributeto the rate of hydrogena-
tion.

B. H, recombination from NizZ111E

To determinethe mechanisnof subsurfaceand surface
hydrogenrecombinationa NEB is constructedvith the ini-
tial stateconsistingof atomic surfacehydrogenadsorbedn
the preferredfcc hollow site’*% directly abovea subsurface
hydrogenatom(seeFig. 2). The bnalstateconsistsof theH,
moleculeabovethe Ni(111) surfacebeyondthe interaction
distance Intermediatdmagesalongthe NEB [seeFig. 2(a)]

A

FIG. 2. (Color onling) Initial (A) and relaxed (B) nudged elastic band
(NEB) for the processy which subsurfacénydrogencombineswith surface
hydrogento form a gas phaseH, moleculeabovethe Ni(111) surface.The

initial NEB is a linear interpolationbetweena relaxedgeometryin which

the surfacehydrogenis adsorbedn the fcc hollow site directly abovethe

subsurfacenydrogenand a relaxedgeometryin which the H, moleculeis

abovethe surfacebeyondthe interactiondistance The linearly interpolated
initial bandis anapproximatiorto a directrecombinatiorprocessbut when
the NEB relaxesno suchprocesss found. Instead the NEB convegesto a

much more complicatedpath in which the subsurfacehydrogen(a) brst
diffusesto a neighboringsubsurfacesite so that it can surfaceat an unoc-
cupiedsite. The other hydrogenatom (b) thenmovesto an adjacentsurface
site soit canrecombinewith the brst over a surfacenickel atomto form H,

(0.
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FIG. 3. (Color online) The minimum-enegy pathfor H, formationfrom a
subsurfaceand surfaceCH; group at the Ni(111) surface.The processin-

volvesmultiple steps A NEB is constructedvith aninitial state(a) consist-
ing of a surfacehydrogenatomin the lowest-enegy hollow site on Ni(111)

directly abovea subsurfacenydrogenanda bnal state(c) consistingof the
H, moleculeabovethe metal surface.The NEB doesnot bnd a direct re-

combinationmechanisminstead the minimum-enegy pathbreaksup intoa
setof processesFirst the subsurfacehydrogenmovesto an adjacentsub-
surfacesite, allowing it to surfacein an unoccupiedsite (b). Two hydrogen
atomsthenmoveto neighboringsurfacesites,onein thefcc andthe otherin

the hcp hollow, so thatthe H, molecule(c) canrecombineon the exposed
sideof a Ni surfaceatom.

are placedlinearly betweenthe initial and bnal states.The
linearinterpolationis a good estimateof the direct recombi-
nation process.The fact that the NEB convegesto a com-
pletely differentpath (seeFigs. 2 and 3) showsthat thereis

no direct recombinationprocess Rather the hydrogenmol-

ecule wantsto recombineon the exposedside of a nickel

atom.In orderfor the NEB to crossthis transitionstateand
satisfytheinitial- andPnal-stateconstraintsseveralinterme-
diate minima appear(automatically along the band. First,

the subsurfacdérydrogenrmovesto anadjacensubsurfaceite
(position a in Figs. 2 and 3), so that it can emepge at an

unoccupiedsurfacesite. At this point the two hydrogenat-

omsare directly acrossa surfacenickel atom (positionb in

Figs. 2 and 3), requiring one hydrogenatomto moveto an

adjacentsurfacesite so that the H, moleculecanrecombine
(positionc in Figs. 2 and 3) on the exposedsite of the sur

face nickel atom.

Consideringthe reverseprocess,a dissociativeadsorp-
tion reactioncan simplify the description.The H, molecule
dissociateover a surfacenickel atominto adjacentsurface
sites.The restof the procesds simply requiredto movethe
hydrogenatomsto the specibcbnalstatein which a subsur
face hydrogenatom s directly below a hydrogenatom ad-
sorbedin a fcc hollow site.

C. CH, recombination from Niz11E

The role of subsurfacehydrogenin the recombination
processwith methylon Ni(111) wasinvestigatedn the same
manneras H,. Figure 4 showsa conveged NEB with an
initial stateconsistingof the methyl groupin a hollow site
directly abovehydrogenin a subsurfacesite anda bPnalstate
with methaneabovethe surface.Justaswith H, recombina-
tion, no directrecombinatiorprocesswith subsurfacénydro-
genis found. Insteadthe NEB breaksup into a setof inter
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FIG. 4. (Color online) The minimum-enegy pathfor CH, formationfrom a

subsurfaced atomandsurfaceH atomsat the Ni(111) surface The process
involvesmultiple steps.The brststepinvolvesthe methyl grouphoppingto

an on-top site. Then the subsurfacehydrogenhopsto the surface.In the

secondstep, methyl recombineswith the surfacehydrogenon the exposed
surfaceof the raisedNi atom.

mediate processesFirst the methyl molecule movesto an

on-top site which allows the subsurfacehydrogenatom to

surfaceinto an unoccupiedhollow site. Then, as with H,,

recombinationtakesplace on the exposedside of a surface
nickel atom. Figure 5 showsthis three-steprecombination
process.

Thesecalculationsshow that thereis no direct mecha-
nism for methyl recombinationwith subsurfacehydrogen.
The experimentakvidencefor the importanceof subsurface
hydrogenin methanerecombinatioft is basedon a nonequi-
librium experimentn which subsurfacénydrogenis induced
underhigh pressureand surfacehydrogenis removedwith
anatomic Xe beam.The observedncreasen reactivity does
not resultfrom a new andfastermechanisnwhich opensup
with the presenceof subsurfaceH atomsbut it could be
causedby the releaseof (nonthermal enegy storedin the
subsurfacehydrogen.We have done ab initio molecular

FIG. 5. Graphicalrepresentationf the methylrecombinatiorprocesshow-
ing hydrogenresurfacingbefore recombiningwith methyl over a nickel
surfaceatom.

J. Chem. Phys. 124, 044706 (2006)

FIG. 6. (Color online) Geometryof the saddlepoint for methyl recombina-
tion (anddissociation on the surfaceof Ni(111). The methyl groupandthe
surfacehydrogenreacton the exposedside of a single-raisedsurfaceNi

atom.The Ni atomis raisedby 0.25¢ at thetransitionstate.lt is likely that
the upwarddisplacemenbf this atomraisesthe enegy of the Ni d bandsto

favor bondingwith the methyl group and reducethe barrier enegy (Ref.

26).

dynamicssimulationsto testthis. This is describedin Sec.
I E.

The only theoreticallyobservedmechanisnfor the dis-
sociativeadsorptionof methaneon Ni(111) involves methyl
andhydrogenadsorbingonto the surface.Our mostaccurate
simulation with a Pve-layer nine-atom-petfayer Ni(111)
slabwith threerelaxedlayers,a 350 eV plane-waveenegy
cutoff, a 2! 2! 1 Monkhost-Packk-point mesh,including
spin polarizationhasa barrierof 0.82eV. Thisis in excellent
agreementwith the barrier of 0.77 eV obtainedin recent
experimentdy Egebeg et al.!

The transitionstategeometry shownin Fig. 6, showsa
remarkablenickel atom surfacerelaxationof 0.25+. The
atomrisesout of the surfaceto providea favorableenviron-
mentfor the hydrogen-methybond-breakingeaction.This
wasbrstobservedn calculationsof methanadissociationon
Ir(111),>" and then for methaneon Ni(111) by Bengaard
etal. The surfacerelaxationis moderatelyimportantfor the
reactionbarrier; methanereactingon a frozen surfacehasa
barrier which is 0.14 eV higher Mavrikakis et al.?® have
suggestedhat a strainedsurfacecan raisethe enegy of the
d-bandelectronenepy levelsto enhancereactivity. The ef-
fect of surfacerelaxationon the barrier enepgy is lessdra-
matic thanthatreportedin Ref. 27 becausdahe saddle-point
calculationson Ir(111) were not conveged with respectto
k-point sampling?®

D. Partitioning of CH, desorption energy

One of the intriguing possibilities suggestedriginally
from the work of PolanyiandWongf® is state-specipchem-
istry. If it is knownwhich modesneedto be excitedin order
to makemoleculesovercomea reactionbarriet thereis the
possibility of injecting enepgy into just thosemodesto en-
hancereactivity In order to addressthis questionfor the
methanedissociativeadsorptionreaction,a dynamicssimu-
lation wasrun startingfrom the saddlepoint for desorption.
Themoleculewasmovedasmall(0.1+ ) distanceawayfrom
the surfaceso that it desorbedrom the surfaceduring the
simulation.A calculationof 150 fs was sufpcientto reacha
CHg-surfacedistanceof 5.3 ¢, where the moleculeis no
longer interactingwith the surfaceat this level of theory It
wasthenpossible by looking at the velocity of eachatomin
the systemto partitionthe enegy into differentmodesof the
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TABLE |. Enegy distributionof the CH, moleculeasit leavesthe Ni(111)
surface A 1 psab initio moleculardynamicssimulationis startedfrom the
saddlepoint for methanedissociationslightly displacedawayfrom the sur
face so that the methanemoleculedesorbsfrom the surface.The 0.82 eV
potentialenegy at the saddle(0.85after beingdisplacedl is partitionedinto
translation rotation,internalenegy of the CH, molecule,andenepy thatis
left behindin the nickel surface.

Enegy (eV) Mode or subsystem

0.13 Ni(111) slab

0.50 CH, translation

0.03 CH, rotation

0.19 CH, vibration

0.85 Total in CH, andNi(111) systems

systemasthe moleculeleavesthe surface.Sucha partition-
ing is shownin Tablel. The majority (59%) of the saddle-
point enegy goesinto translationalenegy of the methane
molecule makingthatthe mostimportantdegreeof freedom
for dissociativeadsorption.Further22% and 4% of the en-
ergy go into vibrational and rotationalenegies of CH,, re-
spectively The bnal 15% of the enegy is left behind in
vibrationalmotion of the nickel atoms.

It wasalsopossibleto subdividetheinternalCH, enegy
into its internalmodesTo do this, the dynamicalsimulations
werecontinuedfor 200fs afterthe methanemoleculewasno
longerinteractingwith the surface.The velocity of the mol-
eculeat eachtime stepwasprojectedonto the normalmodes
of the molecule.The kinetic enegy in eachmodecouldthen
be calculatedandthe total enegy canbe found by the virial
theorem.The averageenegy in eachmode s reportedin
Tablell alongwith the calculatedfrequency symmetry de-
generacy and descriptionof eachmode. The CH, normal
modes were calculated at the MP2 level using the
GAusslangg software®® The frequenciespbtainedwith MP2
anda local basisset, were signibcantlycloserto the experi-
mental values than could be calculatedwith the periodic
VASP codeusinga plane-wavebasisset.

Table Il showsthat the high-frequencystretch modes
contain88% of the vibrationalenegy of the desorbingCH,
molecule. This enegy is only ca. 1/20 of the vibrational
quantumso theseclassicaldynamicscannotbe expectedto
give an accuratedescriptionof the vibrationalmotion of the
CH, molecule. Our results do, however suggestthat the
stretching modes are more important than the lower
frequencydeformationmodes,andthat therecould be some
enhancementf the dissociationrate if adsorbingmethane
moleculescould be preparedwith high enegy in the stretch-

TABLE Il. Vibrationalenegy of a desorbingCH, moleculeprojectedonto
the normalmodes.An averagingover 200 fs was calculated.This analysis
suggestghat enegy in the symmetricand asymmetricstretchmodescan
equally enhancelissociativeadsorption.

Enegy (eV)  Mode Description Frequency(cm' 1)
0.021 T2(! 3) asymmetricstretch 3207
0.020 A1(! 1) symmetricstretch 3063
0.003 E(! 2) asymmetricdeformation 1551
0.002 T2(! 3) asymmetricdeformation 1324

J. Chem. Phys. 124, 044706 (2006)

ing modesand a high translationakinetic enegy. Evidence
of this enhancementvasrecentlyobservedy Smith et al®
and Juurlink et al.*?

E. Classical dynamics trajectories of H resurfacing
near adsorbed CH,

It is evidentfrom the NEB calculationsthat there does
not exista directrecombinatiormechanisnfor a subsurface
hydrogenatomandanadsorbednethylgroupon the Ni(111)
surfacellt is, however possiblethatthe enegy released0.6
eV) whena hydrogenatomresurfacegnhanceshe CH, dis-
sociationrate.Sincethe enepgy barrierfor resurfacings low
(ca.0.15eV) we wereableto run a classicaldynamicssimu-
lation at 500 K to see what happenswhen the hydrogen
resurfaces.

An initial geometrywaschoserwith a subsurfacéydro-
gen atom directly below an adsorbedmethyl in the hollow
site of Ni(111). One methyl moleculeon our nine-atom-per
layer Ni surfacecorresponddo a 1/3 coverage,assuming
that methyl moleculescan occupy 1/3 of the fcc sitesin a
full monolayer This conbgurationvas chosento maximize
the chanceof seeinga directrecombinatiorevent.A velocity
scalingthermostatvasusedto generate setof independent
coordinatesand velocities consistentwith a temperatureof
500 K. Fourteensuch geometrieswere usedas initial con-
pgurationsto generatedynamicstrajectoriesof 8.5 ps (or
until areactiveeventtook place, usingatime stepof 0.2fs.
Temperaturewas controlled with a weak NosZ thermostat,
usinga couplingmassof 5 amu.

During the dynamicsruns, the methyl and subsurface
hydrogenatom oscillatedin their original potential basins
until eitherthe methyl group or hydrogenatom hoppedto a
neighboringsite. This typically happenedseveraltimes be-
fore a surfacingeventoccurs,andthe speciesmay haveac-
cumulateda considerablalistancefrom eachotherwhen p-
nally suchan eventtakesplace.A surfacingeventwherethe
methyl group was in the hollow site or in an on-top site
adjacentto the hollow site where the hydrogen atom
emepgedwasneverobservedOn averagea surfacingevent
took placeevery 4.5 ps. This time scaleis consistentwith a
harmonictransitionstatetheory estimateof the rate,a reac-
tion barrierof 0.15eV will becrossedn averageafter6.5ps
at a temperaturedf 500 K, assuminga typical reactionpref-
actorof 5! 10*?s' 1. A surfacingeventtook placein 11 of
the 14 trajectorieswithin our time limit of 8.5 ps. Several
different mechanismswere seenin these 11 trajectories
wheresurfacingof the hydrogenatomoccurred asdescribed
below

In one trajectory the CH; group dissociatedinto CH,
and an adsorbedhydrogenatom, before the subsurfacehy-
drogenhoppedto the surface.In three others,the methyl
hoppedto a neighboringhollow site before the hydrogen
surfacedand thermalized.In four, the subsurfacehydrogen
hoppedto an adjacentsubsurfacesite beforeresurfacing.n
the remainingthreetrajectoriesboth the methyl andthe sub-
surface hydrogen hopped laterally before the resurfacing
eventtook place.In eachcase the resurfacinghydrogendid
not show any sign of recombiningwith the methyl group.
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FIG. 7. Block-averagedinetic enegy for the surfacingH atom. The prst
300fs afterthe H atom crosseghe surfaceplaneare brokeninto six 50 fs
segmentsand averagedover eachone. The error bars are the normalized
standarddeviationfor eachsegmentAn exponentialpt to thesedatashows
a relaxationtime t, of 200fs. This is expectedo be an underestimatiorof
the true relaxationtime becauseve have usedclassicaldynamicswith a
weakthermostatThesecalculationsshowthata resurfacingH atomwill be
hot dueto the releaseof 0.6 eV of potentialenegy, but that this enepy is
dissipatedo the substrateon the picosecondime scale.

Instead,the resurfacingenegy was transferredinto the ki-
neticenegy of the hydrogenatom,which wasdissipatednto
the surfaceon a time scaleof 200 fs (shownin Fig. 7).

This relaxationtime is somewhatshorterthan othercal-
culatedand measuredifetimes of hot-adsorbed atomson
metalsurfacesjn partdueto a weakthermostapresentdur
ing the dynamics.Klamroth and Saalfrankcalculatea time
scaleof severalpicosecondgor adsorbedH atomsto settle
into binding siteson Cu(100).%® In thesesimulations,it was
found that classicaldynamicsprovidesan accurateestimate
of the enegy decaytime, as comparedto full wave-packet
dynamics.Strémquistet al.** have done classicaldynamics
simulationsof H/Cu(111) using a model enegy landscape
bt to ab initio dataand found an enepgy relaxationtime of
1.4 ps.Recently Trail etal.* havefounda shorterrelaxation
time of 0.8 ps from dynamicssimulationsusingforcesfrom
DFT. They also estimatethat electronic friction, due to
electron-holepair creation,will reducethe relaxationtime
scalefor a H atom on a metal surfaceby roughly 80% as
comparedo a Born-Oppenheimeclassicaldynamicssimu-
lation. InfraredreBectionadsorptionexperiment%6 havealso
determineda subpicosecondifetime of 0.7 ps for H on
Cu(111). The agreemenbetweerthis wide rangeof compu-
tationaltechniquesith experimenfprovidesconvincingevi-
dencethat enepgy dissipatesfrom H adatomsto the metal
surfaceon the picosecondime scale.

The lateraldiffusion of subsurfacédydrogenandthe ad-
sorbedmethyl moleculeaway from eachother as observed
in thetrajectorydata,is supportecby comparingthe eneget-
ics betweenthe initial conbgurationsin which the subsur
face hydrogenis directly below the adsorbedmethyl group.
The enepgy of this conbguratioris 0.08 eV higherthanthe
samespeciesat inbPnite separationThis repulsiveinteraction
betweerthe subsurfacéd atomandthe surfacemethylgroup
will reducethe chanceof bndinga hot hydrogenatomin the
vicinity of anadsorbednethyl molecule.

Thesedynamicaltrajectoriessupportthe suggestiorthat
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FIG. 8. (Color onling) The optimal mechanisnfor the rotationof a methyl
groupadsorbedn a Ni(111) surfaceinvolves Prsta displacementf the C
atomfrom afcc to anadjacenthcp hollow site. During this processpne of
the hydrogenatomsmaintainscontactwith an underlyingNi atom. In this
intermediatestate(indicatedby ! ), the methyl group hasrotatedby 60j. In
the secondstep,the methyl group rotatesabouta different hydrogenatom
andthe C atomgetsdisplacedbackto the original fcc siteNcompletingthe
120j rotation. This mechanismand the high rotationalbarrier indicatesa
strongthree-centeCBbHDBNiinteraction.

resurfacinghydrogenis unlikely to increasehe CH, desorp-
tion rate, exceptby local heatingin the caseof an athermal
subsurfacepopulation.In thermalequilibrium, the presence
of subsurfacehydrogenwill not enhancethe desorptionrate
of CH,. Furthermoreunlessthereis a very high density of
methyl groupson the surface,t is unlikely thata resurfacing
hydrogenatomwill Pnda methylgroupin the ca.200fs that
it takesfor the resurfacingenegy to dissipate Both the tran-
sition stateand dynamicscalculationsindicate that subsur
facehydrogerwill notcontributeto CH, recombinatiorfrom
Ni(111) underthermalcatalytic conditions.

F. Methyl diffusion

Theinteractionof the CH; with the surfaceis of a strong
three-centecharacterThe H atomsare strongly attractedto
the nearbyNi atomsandthe lowest-enagy conbguratiorhas
the three hydrogenatomspointedtowardsthe adjacentsur
face nickel atoms. This effect has been discussedby
Michaelidesand Hu*" The strengthof thesebondswas in-
vestigatedby Pnding the barrier for rotation of the CH,
group.A NEB calculationwas setup with the CHj; sitting at
a fce hollow sitein both the initial and Pnalstateswith the
labeling of the H atomschangedto rel3ecta 120j rotation
aboutthe surfacenormalgoingthroughthe carbonatom.The
initial chain of imageswas generatediy a linear interpola-
tion betweenthe initial and Pnal states.Figure 8 showsthe
conveged minimum-enegy path. Remarkably the
hydrogen-metabindingis so strongthat CH; doesnot rotate
aboutthe carbonatom. Instead,the carbonatom brst gets
displacedto a hcp site andthe CH; grouprotates60j about
oneof the H atoms[seeFig. 8, inset(a)]. In the secondstep,
the carbonatomis displacedackto thefcc site andthe CHg
group rotatesby another60; about anotherone of the H
atoms,as shownin Fig. 8, inset(b). The overall methyl ro-
tation barrieron Ni(111) is 0.17 eV. This illustrateshow the
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NEB methodcan Pnd a minimum-enegy paththatis quite
far removedfrom the initial guessand therebyreveal an
unexpectedransitionmechanism.

G. Quantum effects

Quantum zero-point and tunneling effects have been
evaluatedfor dissociative adsorptionof CH, on Ni(111)
within the harmonicapproximation We haveconsideredhe
dissociativeadsorptiorprocessnsteadof associativelesorp-
tion becauseprevious studieshave most often focusedon
adsorption.

In classicaltransition statetheory after making a har
monicapproximatiorfor vibrationalmodestherateconstant
for dissociativeadsorptioncan be written as’®>°

hTST _ i i#lmt | (B3 ENty ks T
I T gt e A€ ® 1)
tr 177
where#™ and#* arethe frequenciesf harmonicvibrational
modesat the initial-stateminimum andsaddlepoint, respec-
tively, and Q" is the productof translationaland rotational
partition functionsof the initial gasphasemolecule.

The normalmodesof the CH, moleculein the gasphase
and at the saddle point for dissociative adsorptionwere
evaluatedfrom the DFT forces using a Pnite difference
scheme.The total zero-pointenepy in the nine vibrational
modesof agasphaseCH, moleculewasfoundto be1.23eV.
At the saddlepoint, the frequencieobtainedfrom small dis-
placement®f the C andH atomswhile keepingthe Ni atoms
frozengaveatotal zero-pointenegy of 1.07eV from the 14
stable vibrational modes. The differencein the zero-point
enepy of the initial and transitionstatesis commonlyused
as a correctionto the classicalactivationenegy barrier In
this case,sucha correctionwould lower the barrierby 0.16
eV (seeFig. 9). However this approximations only valid at
low temperaturavheneachvibrationalmodeis in its ground
state.

A betterapproximationto the quantum-mechanicahte
constantcan be obtainedby using quantum-mechanicalar
tition functionsfor the vibrational modesin both the initial
and transition stateswhile keepingthe classicalmechanical
debnitionof the normalmodesWhenthe harmonicquantum
partition function is usedinsteadof the classicallimit, the
WignercorrectioréfO to the classicalrate constanis obtained,

prst_ i SINhOGMA™ rer )

MmO sinhpd K

I 1 1

wherex;=h#/2kgT is the ratio of the zero-pointenegy to
the thermalenegy in eachvibrational mode.The quantum
correctionto the classicalrate can also be expresseds a
temperature-dependenbrrectionto the classicalactivation
enegy barrier

hTST_ ! hTST
kgm ' =€ FlkgT)NTST, (3

In the caseof the Wigner approximation,the correctionto
the classicalbarrieris

J. Chem. Phys. 124, 044706 (2006)

1.0

0.9 | classical barrier
|

s \ | 5E

Wigner zero point

< 07} correctioln
o ] — ——
8 06 [ zeropoint energy Wigner zero point
5 05 | corrected barrier and tunneling
'ﬁ ' correction
© 04
[5]
o
w 03

02

0.1 |

0.0 L L L L

0 1 2 3 4 5

1000K/T

FIG. 9. (Color onlinel Quantum-mechanicatorrection $£ to the enegy

barrierfor dissociativeadsorptiorof CH,. The simple,commonlyusedzero-
point enegy correction[Eq. (5)] shifts the classicalbarrier from 0.82 eV

(upperline) downto 0.66 eV (lower line). This is a poor approximationat

high temperaturevherethe systemis not conbnedo the groundstate.The
Wigner zero-pointenegy correction[Eq. (4), shownin red], which treats
classicalharmonic modesas quantumoscillators, smoothly switchesbe-
tweenthe simple zero-pointcorrectionsat low temperatureo the classical
barrierat high temperatureThe additionof the Wignertunnelingcorrection
[Eqg. (6), shownin blue] doesnot signibcantlychangethe barrierabovethe
crossovettemperatureof 200K [seeEg. (7)] for this reaction.

" i : :nit/ :nit
sinh(x:"")/x ] (@)

FEwig="! keTIn — =
Wi 5 [ " sinh(@) /e
In the high-temperaturdimit, the Wigner correction van-
ishes,andin the low-temperaturdimit, it goesto the com-
monly usedzero-pointenegy correction,

h# h#t
$Ezp:27'! > = (5)

Figure 9 showsa comparisonof the classicalbarrier (%
=E?3! E™), the zero-point-correctetharrier (%E+ %E,,), and
the Wignercorrectedoarrier (UE + #Ey;y) for the CH, disso-
ciative adsorptionbarrier at temperatureabove200 K. Plot-
ting the quantum-correctedate in this way showsat which
temperaturequantumeffects becomeimportant, and when
the simple zero-pointenegy correctioncan be used.At the
operatingtemperatureof a typical industrial catalyst,only a
fraction of the simple zero-pointenegy correctionis appro-
priate.

The effect of quantum-mechanicaiinnelingcanalsobe
estimatedusinga harmonicWignercorrection‘.11 Theratio of
therate constantincluding both tunnelingand zero-pointen-
ergy and the rate constantthat only includeszero-pointen-
ergy quantumeffectsis

hrsTyntst_ I 12kgT X
KamenKamzp = sin(ih#/2kgT) ~ sinhx"’

(6)

where# is theimaginaryfrequencyat the saddlepoint, and
X" =ih# | 2kgT. The correctioncan only be usedabovethe
crossovettemperaturdor tunneling
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&#|
Te= g (7
at which point the approximationdiverges. The crossover
temperaturdor the Wignerapproximatioris the sameasthat
obtainedfrom the WKB approximation“.2 Above this cross-
over temperaturethe reactionmechanisntan be thoughtof
asoverthe-barriethop, but at lower temperatureunnelingis
the dominantmechanismAn appealingaspeciof the Wigner
tunnelingcorrection[Eq. (6)] is thattheimaginaryfrequency
atthe saddlepoint # entersinto the quantumrateexpression
[Eq. (2)] in the sameway thatthe real frequenciesdo in the
Wigner zero-pointcorrection. The Wigner correctionto the
classicalbarrier [Eq. (4)] includesthe tunneling correction
[Eq. (6)] if the productover saddle-pointmodesin the de-
nominatorincludesthe imaginaryfrequencymodealongthe
reactioncoordinate For CH,, we bndthattheimaginaryfre-
quency has a magnitudeof 850cm' ! at the saddle point
which correspondgo a crossovettemperaturel;, of 200 K.
The small differencebetweenthe Wigner correctionswith
andwithout tunneling (Fig. 9) showshow small the tunnel-
ing correctionis abovethe crossovettemperature.

IV. CONCLUSIONS

We have carried out various calculationsof associative
desorptiorof H, andCH;, to study in particulay therole that
subsurfaceH atomscould play in theseprocessesWe have
carriedout calculationsof minimum-enegy paths,which are
the pathswith higheststatisticalweightin thermalsystems,
aswell ascalculationsof classicaldynamicsandenegy par
titioning betweervibrationalmodesAlthoughit might seem,
judging from steric arguments,that a subsurfaceH atom
could readily reactwith a surface-adsorbedhethyl groupor
H adatom,a minimum-enegy path for sucha processwas
not found.Also, direct classicaldynamicssimulationsof the
surfacing of a subsurfaceH atom initially placeddirectly
undera surfacemethyl group or surface-boundd atomsdid
not, in 14 statisticallyindependentrajectoriesJeadto asso-
ciative desorptionInstead,the surfacespecieseither moves
out of the way by hoppingto other surfacesitesbeforethe
subsurfaceH atomhopsout to the surfaceor the subsurface
atom hopsto adjacentsubsurfacesites before hopping out
into a vacantsurfacesite. The basicreasonfor this seemgo
be that the surfaceNi atomscan only catalyzeHPH and
HBCH5 bond formation/ruptureon the exposed,undercoor
dinatedside. Thereis, furthermore,a small but signipcant
repulsiveinteractionbetweena subsurfacéd atomanda sur
face methyl group. Experimentally enhancedreactivity in
the presenceof subsurfacehydrogenhasbeenobserved;*
buttheseexperimentsverecarriedout with high coverageof
both surfaceand subsurfacespeciesand the effect is likely
dueto thelocal enegy releaseof surfacingH atomsresulting
from the high-enegy, nonequilibriuminitial state.In our
classicaldynamicssimulationsthe excessinetic enegy of a
H atom after hopping out to a surface site droppedvery
quickly, on the time scaleof 200 fs, and no associativepro-
cesswasobservedn 14 trajectorieslt is quite likely thata
classicaldescriptionof theseprocessess not adequatelt is,
however clearthat underthermalconditions,the probability
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of bndingan enegeticatomon the surfaceis not affectedby

the presencef H atomsin subsurfacesites.The probability
of bPndingan atomwith enegy E is only relatedto the Bolt-

zmannfactor € ¥<T. The presenceof an unstablestatesuch
as the subsurfacehydrogenspeciesdoes not increasethe
probability of Pndinga hot hydrogenatom on the surface
underthermalconditions.

Our calculationsalsoprovideinformationaboutassocia-
tive desorptionof CH, andH, startingwith surfacespecies.
In the saddle-pointonbguratiorfor CH, desorptionthe un-
derlying Ni atomis lifted up from the surfaceplaneby 0.25
. This reduceghe enegy of the saddle-pointonbguration
in away thatis analogoudo strain effects?® An analysisof
classicaltrajectoriesfor desorptionshowedthat about 15%
of the saddle-pointenegy goes into surface vibrational
modesas the Ni atom relaxesback to its original position.
The restof the enegy is takenup by the methanemolecule
andthe majority, 60% of the total goesinto translationwhile
vibrationandrotationtakeup 20% and5%, respectivelyThe
symmetricandasymmetricstretchesarefoundto bethe most
importantvibrational modes.The principle of time reversal
symmetrycanbe usedto arguethatthesemodeswill alsobe
most important for enhancingdissociative adsorption of
methaneon Ni(111), in agreemeniwith recentexperiments
of Smith et al.*! and Juurlink et al.*?
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APPENDIX: CONVERGENCE

The sensitivity of the CH, dissociation barrier on
Ni(111) to various computationalparametersis given in
Tablelll. For eachparameterthe enegy differenceis with
respectto our most accuratecalculation describedabove.
The most sensitivecomputationalparameteiin our calcula-
tion is k-point sampling.Given more computingpower, this
shouldbe increasedo verify convegence.For the smaller
four-atom-pefayer system,in which k-point samplingwill

TABLE IIl. Sensitivity of the CH, dissociationenegy barrier on Ni(111)
with respectto computationalparametersEnegy differencesare with re-
spectto a bve-layer nine nickel atomsper layer slabwith the bottomtwo
layersfrozen,a plane-waveenepy cutoff of 350eV, a2! 2! 1 Monkhost-
Packk-point mesh,and spin-polarizedcalculationfor which an activation
enegy barrierof 0.82 eV was calculated.

Enegy (eV) Computationaparameter

0.30 k-point sampling(' to 2! 2! 1)

0.25 Spin polarization

0.15 Surfacerelaxation(frozento relaxed
0.10 Systemsize (four to nine atomsper layer)
0.05 Numberof surfacelayers(four to bve
0.02 Plane-waveenegy cutoff (240D35@&V)
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be evenmoreimportant,going from a 2! 2! 1 Monkhost-
Packk-point meshto a 4! 4! 1 meshdid not changethe
binding enegiesby morethan0.1 eV. Spin polarizationalso
plays a signibcantrole, raising the barrier by 30%. Finally,
surfacerelaxationand the numberof layersin the Ni(111)
slab are both neededto allow the large surfacerelaxation
found at the transitionstateandto lower the barrierby 20%.
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