
Theoretical calculations of CH4 and H2 associative desorption from Niã111É:
Could subsurface hydrogen play an important role?

Graeme Henkelmana!

Departmentof Chemistryand Biochemistry, TheUniversityof Texasat Austin,Austin,Texas78712-0165

Andri Arnaldsson
Departmentof Chemistry, P.O. Box 351700,Universityof Washington,Seattle,Washington98195-1700

Hannes J—nsson
Departmentof Chemistry, P.O. Box 351700,Universityof Washington,Seattle,Washington98195-1700and
Faculty of Science,VR-II, Universityof Iceland,107 Reykjav’k,Iceland

!Received25 August2005;accepted1 December2005;publishedonline 27 January2006"

The resultsof theoreticalcalculationsof associativedesorptionof CH4 and H2 from the Ni!111"
surface are presented.Both minimum-energy paths and classical dynamics trajectories were
generatedusingdensity-functionaltheoryto estimatetheenergy andatomicforces.In particular, the
recombinationof a subsurfaceH atomwith adsorbedCH3 !methyl" or H at thesurfacewasstudied.
The calculationsdo not show any evidencefor enhancedCH4 formation as the H atom emerges
from thesubsurfacesite. In fact, thereis no minimum-energy pathfor sucha concertedprocesson
the energy surface.Dynamicaltrajectoriesstartedat the transitionstatefor the H-atom hop from
subsurfaceto surfacesitealsodid not leadto direct formationof a methanemoleculebut ratherled
to theformationof a thermallyexcitedH atomandCH3 groupboundto thesurface.Theformation
!aswell as rupture" of the HÐHandCÐHbondsonly occurson the exposedsideof a surfaceNi
atom.Thetransitionstatesarequitesimilar for thetwo molecules,exceptthatin thecaseof theCÐH
bond, the underlying Ni atom rises out of the surfaceplane by 0.25 •. Classical dynamics
trajectoriesstartedat thetransitionstatefor desorptionof CH4 showthat15%of thebarrierenergy,
0.8 eV, is takenup by Ni atom vibrations,while about60% goesinto translationand 20% into
vibrationof a desorbingCH4 molecule.Themostimportantvibrationalmodes,accountingfor 90%
of the vibrational energy, are the four high-frequencyCH4 stretches.By time reversibility of the
classical trajectories, this means that translational energy is most effective for dissociative
adsorptionat low-energy characteristicof thermalexcitationsbut energy in stretchingmodesis also
important. Quantum-mechanicaltunneling in CH4 dissociative adsorption and associative
desorptionis estimatedto be importantbelow 200 K and is, therefore,not expectedto play an
importantrole undertypical conditions.An unexpectedmechanismfor therotationof theadsorbed
methyl group was discoveredand illustrated a strong three-centerCÐHÐNicontribution to the
methyl-surfacebonding.© 2006AmericanInstituteof Physics. #DOI: 10.1063/1.2161193$

I. INTRODUCTION

The critical step in the transformationof methaneto
morevaluablechemicalsis thedissociativeadsorptionon the
surfaceof the catalyst to form an adsorbedmethyl group
CH3 and an adsorbedhydrogenatom. Much of the experi-
mental and theoreticalwork has focusedon this step.The
mostrecentandmostreliablemeasurementsof theactivation
energy barrierfor dissociativeadsorptionof CH4 on Ni!111"
give a valueof 0.77±0.10eV.1 Greatcarewastakenin these
measurementsto blockdefectson thesurfacewith unreactive
Au atomsand to thermalizethe methanegaswith the sur-
face. Previousmeasurementshad given a smaller value of
0.55eV.2

Theoreticalstudiesof the dissociativeadsorptionhave
employedvarious techniquesfor describingthe energetics
andhavegiven estimatesof the ratewithin harmonictransi-

tion statetheorywherethesaddlepoint on theenergy surface
betweenthe energy minimum correspondingto the methane
moleculeandtheadsorbedmethylgroupandhydrogenatom
gives the activation energy barrier for the transition.Yang
andWitten haveusedclustermodelsof the surfaceandcal-
culatedthe energeticsusingHartree-FockandconÞguration-
interaction!CI" methods.3 Their bestestimateof the activa-
tion energy for dissociative adsorption is 0.72 eV. The
distancebetweenthe C atomandthe closestNi atomat the
saddle point is 2.41 •. Bengaardet al. have employed
density-functionaltheorymethodsusingboth the PW91and
RPBEfunctionals,obtainingactivationenergiesof 0.73and
1.05 eV, respectively.4 The minimum-energy path for disso-
ciative adsorptionis, of course,the sameas the minimum-
energy path for associative adsorption. The calculated
minimum-energy path !MEP" with the RPBE functional
givesan activationenergy of 0.4 eV for associativedesorp-
tion of methanewhen startingwith H atom and CH3-group
adsorbedon the surface.a"Electronicmail: henkelman@mail.utexas.edu
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A traditional view of surfacechemistry assumesthat
chemicalreactionsanddissociativechemisorptiontakeplace
on the outersurfaceof the catalyst.However, in a seriesof
experimentsby Johnsonet al.5 andDaleyet al.6 thepresence
of subsurfacehydrogenwasshownto increasetheefÞciency
of CH3 and ethylenehydrogenationon a Ni!111" surface.
Two theoreticalstudiesof methaneassociativedesorption
have addressedthis issue.7,8 In both studies, density-
functional theory !DFT" calculationsusing the PW91 func-
tional wereusedto studyvariouspathwaysfor the recombi-
nationof thesubsurfaceH atomandsurface-adsorbedmethyl
group.Both groupsreportanactivationenergy barrierfor the
direct recombinationprocesssuggestedby Ledentuet al. but
in onecasetheÞrst-ordersaddlepoint is reportedto be1.08
eV higherin energy thanthe initial state,7 while in the other
study it is reportedto be 1.36 eV higher.8 The saddle-point
geometryis reportedto be quite unusualin that the CÐNi
distancewas very largeÑ2.5 • in one7 and 2.2 • in the
other.8 Typically, the catalysisof a chemicalreactionby a
transition metal requires the overlap of the half-Þlled
d-electronorbitals on a transition-metalatom with the mo-
lecularorbitalsof the chemicalandbecauseof the localized
nature of the d orbitals a typical transition state involves
much shorterdistances.In both reports it was pointed out
that the activation energy barrier for the processstarting
from surfaceH andCH3 is considerablylower in energy, and
theincreasedreactivitywhentheNi catalystis preparedwith
subsurfaceH atomsis not dueto a newreactionpathwaybut
rather the additionalenergy given to the initial stateof the
desorptionprocessby driving the H atomsinto subsurface
sites.7,8

The reactivity of subsurfacedeuteriumon Ni!111" has
beenstudiedby Wright et al.9,10 Temperature-programmed
desorptionexperimentsof D in both subsurfaceandsurface
sitesshowenhancedD2 associativedesorptionon Ni!111" at
180 K, ascomparedto a thermalbaseline. The angulardis-
tribution of desorbingmoleculesis consistentwith subsur-
face D atomssurfacingat vacantsitesand diffusing on the
surfacebeforecombiningto form D2. No evidenceof a di-
rect recombinationprocesswasobserved.

Becauseof thesurprisingandsomewhatinconsistentre-
sultsreportedon thedirect recombinationpathwayinvolving
subsurfacehydrogen,we decidedto look morecarefully into
this and apply a rigorousmethodfor Þndingthe minimum-
energy paths,the nudgedelasticbandmethod,11 as well as
direct classicaldynamicssimulationsto investigatethe pos-
sibility of dynamicallycorrelatedreactiveevents.

II. CALCULATIONS

DFT calculationsweredonewith theVASP code,12Ð14us-
ing the PW91 functional,15 ultrasoftpseudopotentials,16 and
with a plane-wavebasissetwith a 350eV cutoff. Thenickel
surfacewas representedas a four- or Þve-layerslab with
either a p!2! 2" or a p!3! 3" cell. The former hasfour Ni
atoms per layer and the latter has nine. Unless otherwise
speciÞed,the calculatedresultsgiven below arefor the larg-
estsystem,Þvelayerswith nineatomseach.Thebottomtwo
layers of the slab were constrainedto their crystal lattice

positions.The Brillouin zonewas sampledwith a 4! 4! 1
k-point meshfor the p!2! 2" systemand a 2! 2! 1 mesh
for thep!3! 3" system.Thesensitivityof thecalculatedbar-
riers to spin polarization,plane-waveenergy cutoff, k-point
sampling,systemsize,andsurfacerelaxationwastestedand
discussedin theAppendix.

Classicaltrajectorieswere calculatedusing a combina-
tion of DFT evaluationof atomic forcesand a Verlet algo-
rithm for the dynamics.A small time stepsizeof 0.2 fs was
used to ensureenergy conservation.Energy barriers were
calculatedusing the nudgedelastic band !NEB" method17

with theclimbing-imagemodiÞcationto rigorouslyconverge
on saddle points.18,19 Once a minimum-energy path was
found, the dimer method20 was usedto reconverge saddle
pointsafter slabgeometryhadbeenchangedor whencalcu-
lation parametershadbeenchanged.For thesecalculations,a
force-basedconjugate-gradientmethodwasusedto optimize
the geometry.21 Saddlepoints and minima were considered
convergedwhenthemaximumforce in everydegreeof free-
dom waslessthan0.001eV/• .

III. RESULTS

The lattice constantfor bulk nickel was calculatedand
found to be 3.52•, matchingthe experimentalvalue.Using
this lattice constant,slabgeometriesweregeneratedwith 12
• of vacuumbetweenthe top of the slabandthe bottomof
its periodic image.

Adsorptionat the four high-symmetrybinding siteswas
studiedÑthe face-centered-cubic!fcc" andhexagonal-close-
packed!hcp" threefoldhollow sites,the bridgesite between
two surfaceatoms,andthe on-topsite abovea singlenickel
atom.Both the H atom and CH3 havelowest energy at the
fcc threefoldsite.Thecalculatedbindingenergy of hydrogen
was found to be 2.8 eV, matchingthe experimentalbinding
energy of 2.77 eV measuredby Christmann,22 while the
binding energy of CH3 wasfound to be 1.8 eV. The binding
energy at the hcp site is only a few tensof meV lower for
both species.For the CH3 group there is, furthermore,a
minimum in the energy surfacecorrespondingto binding on
top of a Ni atombut this is 0.3 eV higher than the fcc site.
The on-top site was not a local minimum for the hydrogen
atom.Neitherhydrogennor methylshoweda local minimum
in the energy surfaceat the bridgesite.

Spinpolarizationis foundto bemoderatelyimportantfor
binding, decreasinghydrogenÕs binding energy by 0.1 eV.
The bareNi!111" surfaceis stabilizedwith spin polarization
to a larger extentthan it is with hydrogenboundto it. The
reductionin the binding energy as the spin polarizationis
includedis consistentwith the fact that the hydrogen-bound
Ni!111" systemhasone lessunpairedelectronthanthe bare
surface.

A. Subsurface hydrogen

It requiresa largeamountof energy, 0.6 eV, to drive a H
atom from a surfacefcc site to a subsurfacesite. Figure 1
showsthe minimum-energy path for hydrogenresurfacing.
The activationenergy for resurfacingis small, 0.1 eV. This
energy proÞle is consistentwith previous calculationsby
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Michaelides et al.,8 Ledentu et al.,7 and more recently
Greeley and Mavrikakis.23 The energy differencebetween
the surfaceand subsurfacesites makesit very unlikely to
Þndthermalhydrogenin the subsurfacelayer; at room tem-
peratureand low H coverage,for example,it is 1010 times
less probable.At elevatedtemperatureof 600 K it is over
100000timeslessprobable.However, whenH2 gaspressure
is high and the H-adatomcoverageis large, the subsurface
siteswill be populatedto someextentandit is of interestto
Þndout to what extenta reactionmechanisminvolving sub-
surfaceH atomscould contributeto the rate of hydrogena-
tion.

B. H2 recombination from Niã111É

To determinethe mechanismof subsurfaceand surface
hydrogenrecombination,a NEB is constructedwith the ini-
tial stateconsistingof atomicsurfacehydrogenadsorbedin
the preferredfcc hollow site24,25 directly abovea subsurface
hydrogenatom!seeFig. 2". TheÞnalstateconsistsof theH2
moleculeabovethe Ni!111" surfacebeyondthe interaction
distance.Intermediateimagesalongthe NEB #seeFig. 2!a"$

are placedlinearly betweenthe initial and Þnal states.The
linear interpolationis a goodestimateof the direct recombi-
nation process.The fact that the NEB convergesto a com-
pletely differentpath !seeFigs. 2 and3" showsthat thereis
no direct recombinationprocess.Rather, the hydrogenmol-
ecule wants to recombineon the exposedside of a nickel
atom.In order for the NEB to crossthis transitionstateand
satisfytheinitial- andÞnal-stateconstraints,severalinterme-
diate minima appear!automatically" along the band.First,
thesubsurfacehydrogenmovesto anadjacentsubsurfacesite
!position a in Figs. 2 and 3", so that it can emerge at an
unoccupiedsurfacesite.At this point the two hydrogenat-
omsaredirectly acrossa surfacenickel atom !positionb in
Figs. 2 and3", requiringonehydrogenatom to move to an
adjacentsurfacesite so that the H2 moleculecanrecombine
!positionc in Figs. 2 and3" on the exposedsite of the sur-
facenickel atom.

Consideringthe reverseprocess,a dissociativeadsorp-
tion reactioncansimplify the description.The H2 molecule
dissociatesover a surfacenickel atom into adjacentsurface
sites.The restof the processis simply requiredto movethe
hydrogenatomsto the speciÞcÞnalstatein which a subsur-
face hydrogenatom is directly below a hydrogenatom ad-
sorbedin a fcc hollow site.

C. CH4 recombination from Niã111É

The role of subsurfacehydrogenin the recombination
processwith methylon Ni!111" wasinvestigatedin thesame
manneras H2. Figure 4 showsa converged NEB with an
initial stateconsistingof the methyl group in a hollow site
directly abovehydrogenin a subsurfacesiteanda Þnalstate
with methaneabovethe surface.Justaswith H2 recombina-
tion, no direct recombinationprocesswith subsurfacehydro-
gen is found. Insteadthe NEB breaksup into a setof inter-

FIG. 1. !Color online" A hydrogenatom is 0.6 eV higher in energy at a
subsurfacesite thanat a fcc hollow site at the surface.Hydrogencanresur-
facewith a small energy barrierof 0.1 eV.

FIG. 2. !Color online" Initial !A" and relaxed !B" nudgedelastic band
!NEB" for theprocessby which subsurfacehydrogencombineswith surface
hydrogento form a gasphaseH2 moleculeabovethe Ni!111" surface.The
initial NEB is a linear interpolationbetweena relaxedgeometryin which
the surfacehydrogenis adsorbedin the fcc hollow site directly abovethe
subsurfacehydrogenand a relaxedgeometryin which the H2 moleculeis
abovethe surfacebeyondthe interactiondistance.The linearly interpolated
initial bandis anapproximationto a direct recombinationprocessbut when
theNEB relaxes,no suchprocessis found.Instead,theNEB convergesto a
much more complicatedpath in which the subsurfacehydrogen!a" Þrst
diffusesto a neighboringsubsurfacesite so that it can surfaceat an unoc-
cupiedsite.Theotherhydrogenatom!b" thenmovesto anadjacentsurface
siteso it canrecombinewith theÞrst overa surfacenickel atomto form H2
!c".

FIG. 3. !Color online" The minimum-energy path for H2 formation from a
subsurfaceand surfaceCH3 group at the Ni!111" surface.The processin-
volvesmultiple steps.A NEB is constructedwith an initial state!a" consist-
ing of a surfacehydrogenatomin the lowest-energy hollow siteon Ni!111"
directly abovea subsurfacehydrogenanda Þnal state!c" consistingof the
H2 moleculeabovethe metal surface.The NEB doesnot Þnd a direct re-
combinationmechanism.Instead,theminimum-energy pathbreaksup into a
set of processes.First the subsurfacehydrogenmovesto an adjacentsub-
surfacesite,allowing it to surfacein an unoccupiedsite !b". Two hydrogen
atomsthenmoveto neighboringsurfacesites,onein thefcc andtheotherin
the hcp hollow, so that the H2 molecule!c" canrecombineon the exposed
sideof a Ni surfaceatom.
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mediateprocesses.First the methyl moleculemovesto an
on-top site which allows the subsurfacehydrogenatom to
surfaceinto an unoccupiedhollow site. Then, as with H2,
recombinationtakesplaceon the exposedside of a surface
nickel atom. Figure 5 showsthis three-steprecombination
process.

Thesecalculationsshow that there is no direct mecha-
nism for methyl recombinationwith subsurfacehydrogen.
The experimentalevidencefor the importanceof subsurface
hydrogenin methanerecombination5 is basedon a nonequi-
librium experimentin which subsurfacehydrogenis induced
underhigh pressure,and surfacehydrogenis removedwith
anatomicXe beam.Theobservedincreasein reactivitydoes
not resultfrom a newandfastermechanismwhich opensup
with the presenceof subsurfaceH atoms but it could be
causedby the releaseof !nonthermal" energy storedin the
subsurfacehydrogen.We have done ab initio molecular-

dynamicssimulationsto test this. This is describedin Sec.
III E.

The only theoreticallyobservedmechanismfor the dis-
sociativeadsorptionof methaneon Ni!111" involvesmethyl
andhydrogenadsorbingonto the surface.Our mostaccurate
simulation with a Þve-layer, nine-atom-per-layer Ni!111"
slabwith threerelaxedlayers,a 350 eV plane-waveenergy
cutoff, a 2! 2! 1 Monkhost-Packk-point mesh,including
spinpolarizationhasa barrierof 0.82eV. This is in excellent
agreementwith the barrier of 0.77 eV obtainedin recent
experimentsby Egeberg et al.1

The transitionstategeometry, shownin Fig. 6, showsa
remarkablenickel atom surfacerelaxationof 0.25 •. The
atomrisesout of the surfaceto providea favorableenviron-
ment for the hydrogen-methylbond-breakingreaction.This
wasÞrstobservedin calculationsof methanedissociationon
Ir!111",27 and then for methaneon Ni!111" by Bengaard
et al.4 Thesurfacerelaxationis moderatelyimportantfor the
reactionbarrier;methanereactingon a frozensurfacehasa
barrier which is 0.14 eV higher. Mavrikakis et al.26 have
suggestedthat a strainedsurfacecanraisethe energy of the
d-bandelectronenergy levels to enhancereactivity. The ef-
fect of surfacerelaxationon the barrier energy is lessdra-
matic thanthat reportedin Ref. 27 becausethe saddle-point
calculationson Ir!111" were not converged with respectto
k-point sampling.28

D. Partitioning of CH4 desorption energy

One of the intriguing possibilitiessuggestedoriginally
from thework of PolanyiandWong29 is state-speciÞcchem-
istry. If it is knownwhich modesneedto beexcitedin order
to makemoleculesovercomea reactionbarrier, thereis the
possibility of injecting energy into just thosemodesto en-
hancereactivity. In order to addressthis questionfor the
methanedissociativeadsorptionreaction,a dynamicssimu-
lation wasrun startingfrom the saddlepoint for desorption.
Themoleculewasmoveda small!0.1• " distanceawayfrom
the surfaceso that it desorbedfrom the surfaceduring the
simulation.A calculationof 150 fs wassufÞcientto reacha
CH4-surfacedistanceof 5.3 •, where the molecule is no
longer interactingwith the surfaceat this level of theory. It
wasthenpossible,by looking at thevelocity of eachatomin
thesystem,to partitiontheenergy into differentmodesof the

FIG. 4. !Color online" Theminimum-energy pathfor CH4 formationfrom a
subsurfaceH atomandsurfaceH atomsat theNi!111" surface.Theprocess
involvesmultiple steps.TheÞrststepinvolvesthemethylgrouphoppingto
an on-top site. Then the subsurfacehydrogenhops to the surface.In the
secondstep,methyl recombineswith the surfacehydrogenon the exposed
surfaceof the raisedNi atom.

FIG. 5. Graphicalrepresentationof themethylrecombinationprocessshow-
ing hydrogen resurfacingbefore recombiningwith methyl over a nickel
surfaceatom.

FIG. 6. !Color online" Geometryof the saddlepoint for methyl recombina-
tion !anddissociation" on the surfaceof Ni!111". The methyl groupandthe
surfacehydrogenreact on the exposedside of a single-raisedsurfaceNi
atom.TheNi atomis raisedby 0.25• at the transitionstate.It is likely that
theupwarddisplacementof this atomraisestheenergy of theNi d bandsto
favor bondingwith the methyl group and reducethe barrier energy !Ref.
26".
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systemasthe moleculeleavesthe surface.Sucha partition-
ing is shownin Table I. The majority !59%" of the saddle-
point energy goesinto translationalenergy of the methane
molecule,makingthat themostimportantdegreeof freedom
for dissociativeadsorption.Further22% and 4% of the en-
ergy go into vibrational and rotationalenergies of CH4, re-
spectively. The Þnal 15% of the energy is left behind in
vibrationalmotion of the nickel atoms.

It wasalsopossibleto subdividetheinternalCH4 energy
into its internalmodes.To do this, thedynamicalsimulations
werecontinuedfor 200fs afterthemethanemoleculewasno
longer interactingwith the surface.The velocity of the mol-
eculeat eachtime stepwasprojectedonto thenormalmodes
of themolecule.Thekinetic energy in eachmodecould then
becalculated,andthe total energy canbefoundby thevirial
theorem.The averageenergy in eachmode is reportedin
Table II alongwith the calculatedfrequency, symmetry, de-
generacy, and descriptionof eachmode.The CH4 normal
modes were calculated at the MP2 level using the
GAUSSIAN98software.30 The frequencies,obtainedwith MP2
anda local basisset,weresigniÞcantlycloserto the experi-
mental values than could be calculatedwith the periodic
VASP codeusinga plane-wavebasisset.

Table II shows that the high-frequencystretch modes
contain88% of the vibrationalenergy of the desorbingCH4
molecule.This energy is only ca. 1/20 of the vibrational
quantumso theseclassicaldynamicscannotbe expectedto
give an accuratedescriptionof the vibrationalmotion of the
CH4 molecule. Our results do, however, suggestthat the
stretching modes are more important than the lower-
frequencydeformationmodes,andthat therecould be some
enhancementof the dissociationrate if adsorbingmethane
moleculescouldbepreparedwith high energy in thestretch-

ing modesanda high translationalkinetic energy. Evidence
of this enhancementwasrecentlyobservedby Smith et al.31

andJuurlink et al.32

E. Classical dynamics trajectories of H resurfacing
near adsorbed CH3

It is evidentfrom the NEB calculationsthat theredoes
not exist a direct recombinationmechanismfor a subsurface
hydrogenatomandanadsorbedmethylgroupon theNi!111"
surface.It is, however, possiblethat theenergy released!0.6
eV" whena hydrogenatomresurfacesenhancestheCH4 dis-
sociationrate.Sincetheenergy barrierfor resurfacingis low
!ca.0.15eV" we wereableto run a classicaldynamicssimu-
lation at 500 K to see what happenswhen the hydrogen
resurfaces.

An initial geometrywaschosenwith a subsurfacehydro-
gen atom directly below an adsorbedmethyl in the hollow
site of Ni!111". Onemethyl moleculeon our nine-atom-per-
layer Ni surfacecorrespondsto a 1/3 coverage,assuming
that methyl moleculescan occupy1/3 of the fcc sites in a
full monolayer. This conÞgurationwas chosento maximize
thechanceof seeinga directrecombinationevent.A velocity
scalingthermostatwasusedto generatea setof independent
coordinatesand velocitiesconsistentwith a temperatureof
500 K. Fourteensuchgeometrieswere usedas initial con-
Þgurationsto generatedynamicstrajectoriesof 8.5 ps !or
until a reactiveeventtook place", usinga time stepof 0.2 fs.
Temperaturewas controlled with a weak NosŽthermostat,
usinga couplingmassof 5 amu.

During the dynamicsruns, the methyl and subsurface
hydrogenatom oscillated in their original potential basins
until either the methyl groupor hydrogenatomhoppedto a
neighboringsite. This typically happenedseveraltimes be-
fore a surfacingeventoccurs,andthe speciesmay haveac-
cumulateda considerabledistancefrom eachotherwhenÞ-
nally suchan eventtakesplace.A surfacingeventwherethe
methyl group was in the hollow site or in an on-top site
adjacent to the hollow site where the hydrogen atom
emergedwasneverobserved.On average,a surfacingevent
took placeevery4.5 ps.This time scaleis consistentwith a
harmonictransitionstatetheoryestimateof the rate,a reac-
tion barrierof 0.15eV will becrossedon averageafter6.5ps
at a temperatureof 500 K, assuminga typical reactionpref-
actor of 5! 1012 s! 1. A surfacingeventtook placein 11 of
the 14 trajectorieswithin our time limit of 8.5 ps. Several
different mechanismswere seen in these 11 trajectories
wheresurfacingof thehydrogenatomoccurred,asdescribed
below.

In one trajectory, the CH3 group dissociatedinto CH2
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.In
the remainingthreetrajectoriesboth themethylandthesub-
surface hydrogen hopped laterally before the resurfacing
eventtook place.In eachcase,the resurfacinghydrogendid
not show any sign of recombiningwith the methyl group.

TABLE I. Energy distributionof the CH4 moleculeasit leavesthe Ni!111"
surface.A 1 ps ab initio molecular-dynamicssimulationis startedfrom the
saddlepoint for methanedissociation,slightly displacedawayfrom thesur-
face so that the methanemoleculedesorbsfrom the surface.The 0.82 eV
potentialenergy at thesaddle!0.85afterbeingdisplaced" is partitionedinto
translation,rotation,internalenergy of theCH4 molecule,andenergy that is
left behindin the nickel surface.

Energy !eV" Mode or subsystem

0.13 Ni!111" slab
0.50 CH4 translation
0.03 CH4 rotation
0.19 CH4 vibration
0.85 Total in CH4 andNi!111" systems

TABLE II. Vibrationalenergy of a desorbingCH4 moleculeprojectedonto
the normalmodes.An averagingover 200 fs wascalculated.This analysis
suggeststhat energy in the symmetricand asymmetricstretchmodescan
equallyenhancedissociativeadsorption.

Energy !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
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Instead,the resurfacingenergy was transferredinto the ki-
neticenergy of thehydrogenatom,which wasdissipatedinto
the surfaceon a time scaleof 200 fs !shownin Fig. 7".

This relaxationtime is somewhatshorterthanothercal-
culatedandmeasuredlifetimes of hot-adsorbedH atomson
metalsurfaces,in partdueto a weakthermostatpresentdur-
ing the dynamics.Klamroth and Saalfrankcalculatea time
scaleof severalpicosecondsfor adsorbedH atomsto settle
into binding siteson Cu!100".33 In thesesimulations,it was
found that classicaldynamicsprovidesan accurateestimate
of the energy decaytime, as comparedto full wave-packet
dynamics.Stršmquistet al.34 havedoneclassicaldynamics
simulationsof H/Cu!111" using a model energy landscape
Þt to ab initio dataand found an energy relaxationtime of
1.4ps.Recently, Trail et al.35 havefounda shorterrelaxation
time of 0.8 ps from dynamicssimulationsusingforcesfrom
DFT. They also estimate that electronic friction, due to
electron-holepair creation,will reducethe relaxationtime
scalefor a H atom on a metal surfaceby roughly 80% as
comparedto a Born-Oppenheimerclassicaldynamicssimu-
lation. Infraredreßectionadsorptionexperiments36 havealso
determineda subpicosecondlifetime of 0.7 ps for H on
Cu!111". The agreementbetweenthis wide rangeof compu-
tationaltechniqueswith experimentprovidesconvincingevi-
dencethat energy dissipatesfrom H adatomsto the metal
surfaceon the picosecondtime scale.

The lateraldiffusionof subsurfacehydrogenandthead-
sorbedmethyl moleculeaway from eachother, as observed
in thetrajectorydata,is supportedby comparingtheenerget-
ics betweenthe initial conÞgurations,in which the subsur-
facehydrogenis directly below the adsorbedmethyl group.
The energy of this conÞgurationis 0.08 eV higher than the
samespeciesat inÞniteseparation.This repulsiveinteraction
betweenthesubsurfaceH atomandthesurfacemethylgroup
will reducethechanceof Þndinga hot hydrogenatomin the
vicinity of an adsorbedmethyl molecule.

Thesedynamicaltrajectoriessupportthe suggestionthat

resurfacinghydrogenis unlikely to increasetheCH4 desorp-
tion rate,exceptby local heatingin the caseof an athermal
subsurfacepopulation.In thermalequilibrium, the presence
of subsurfacehydrogenwill not enhancethe desorptionrate
of CH4. Furthermore,unlessthereis a very high densityof
methylgroupson thesurface,it is unlikely thata resurfacing
hydrogenatomwill Þnda methylgroupin theca.200fs that
it takesfor theresurfacingenergy to dissipate.Both thetran-
sition stateand dynamicscalculationsindicate that subsur-
facehydrogenwill not contributeto CH4 recombinationfrom
Ni!111" underthermalcatalyticconditions.

F. Methyl diffusion

Theinteractionof theCH3 with thesurfaceis of a strong
three-centercharacter. The H atomsarestronglyattractedto
thenearbyNi atomsandthe lowest-energy conÞgurationhas
the threehydrogenatomspointedtowardsthe adjacentsur-
face nickel atoms. This effect has been discussedby
Michaelidesand Hu.37 The strengthof thesebondswas in-
vestigatedby Þnding the barrier for rotation of the CH3
group.A NEB calculationwassetup with the CH3 sitting at
a fcc hollow site in both the initial andÞnalstates,with the
labeling of the H atomschangedto reßecta 120¡ rotation
aboutthesurfacenormalgoingthroughthecarbonatom.The
initial chain of imageswas generatedby a linear interpola-
tion betweenthe initial and Þnal states.Figure 8 showsthe
converged minimum-energy path. Remarkably, the
hydrogen-metalbinding is sostrongthatCH3 doesnot rotate
about the carbonatom. Instead,the carbonatom Þrst gets
displacedto a hcp site andthe CH3 grouprotates60¡ about
oneof theH atoms#seeFig. 8, inset!a"$. In thesecondstep,
thecarbonatomis displacedbackto thefcc siteandtheCH3
group rotatesby another60¡ about anotherone of the H
atoms,asshownin Fig. 8, inset !b". The overall methyl ro-
tation barrieron Ni!111" is 0.17eV. This illustrateshow the

FIG. 7. Block-averagedkinetic energy for the surfacingH atom.The Þrst
300 fs after the H atomcrossesthe surfaceplanearebrokeninto six 50 fs
segmentsand averagedover eachone. The error barsare the normalized
standarddeviationfor eachsegment.An exponentialÞt to thesedatashows
a relaxationtime t0 of 200 fs. This is expectedto be an underestimationof
the true relaxationtime becausewe have usedclassicaldynamicswith a
weakthermostat.Thesecalculationsshowthata resurfacingH atomwill be
hot due to the releaseof 0.6 eV of potentialenergy, but that this energy is
dissipatedto the substrateon the picosecondtime scale.

FIG. 8. !Color online" The optimal mechanismfor the rotationof a methyl
groupadsorbedon a Ni!111" surfaceinvolvesÞrsta displacementof the C
atomfrom a fcc to an adjacenthcp hollow site.During this process,oneof
the hydrogenatomsmaintainscontactwith an underlyingNi atom. In this
intermediatestate!indicatedby ! ", the methyl grouphasrotatedby 60¡. In
the secondstep,the methyl group rotatesabouta different hydrogenatom
andthe C atomgetsdisplacedbackto the original fcc siteÑcompletingthe
120¡ rotation.This mechanism,and the high rotationalbarrier, indicatesa
strongthree-centerCÐHÐNiinteraction.
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NEB methodcan Þnd a minimum-energy path that is quite
far removedfrom the initial guessand thereby reveal an
unexpectedtransitionmechanism.

G. Quantum effects

Quantum zero-point and tunneling effects have been
evaluatedfor dissociativeadsorptionof CH4 on Ni!111"
within the harmonicapproximation.We haveconsideredthe
dissociativeadsorptionprocessinsteadof associativedesorp-
tion becausepreviousstudieshave most often focusedon
adsorption.

In classicaltransition statetheory, after making a har-
monicapproximationfor vibrationalmodes,therateconstant
for dissociativeadsorptioncanbe written as38,39

kcl
hTST=

1

Qt,r
init

" i#i
init

" i#i
à e! !Eà! Einit"/kBT, !1"

where#i
init and#i

à arethefrequenciesof harmonicvibrational
modesat the initial-stateminimum andsaddlepoint, respec-
tively, andQt,r

init is the productof translationalandrotational
partition functionsof the initial gasphasemolecule.

Thenormalmodesof theCH4 moleculein thegasphase
and at the saddle point for dissociativeadsorptionwere
evaluatedfrom the DFT forces using a Þnite difference
scheme.The total zero-pointenergy in the nine vibrational
modesof a gasphaseCH4 moleculewasfoundto be1.23eV.
At thesaddlepoint, the frequenciesobtainedfrom smalldis-
placementsof theC andH atomswhile keepingtheNi atoms
frozengavea total zero-pointenergy of 1.07eV from the14
stable vibrational modes.The differencein the zero-point
energy of the initial and transitionstatesis commonlyused
as a correctionto the classicalactivationenergy barrier. In
this case,sucha correctionwould lower the barrierby 0.16
eV !seeFig. 9". However, this approximationis only valid at
low temperaturewheneachvibrationalmodeis in its ground
state.

A betterapproximationto the quantum-mechanicalrate
constantcanbe obtainedby usingquantum-mechanicalpar-
tition functionsfor the vibrational modesin both the initial
and transitionstateswhile keepingthe classicalmechanical
deÞnitionof thenormalmodes.Whentheharmonicquantum
partition function is usedinsteadof the classicallimit, the
Wignercorrection40 to theclassicalrateconstantis obtained,

kqm
hTST=

" i sinh!xi
init"/xi

init

" i sinh!xi
à"/xi

à kcl
hTST, !2"

wherexi =h#i /2kBT is the ratio of the zero-pointenergy to
the thermalenergy in eachvibrational mode.The quantum
correctionto the classicalrate can also be expressedas a
temperature-dependentcorrectionto the classicalactivation
energy barrier,

kqm
hTST= e! $E/kBTkcl

hTST. !3"

In the caseof the Wigner approximation,the correctionto
the classicalbarrier is

$EWig = ! kBT ln% " i sinh!xi
init"/xi

init

" i sinh!xi
à"/xi

à & . !4"

In the high-temperaturelimit, the Wigner correction van-
ishes,and in the low-temperaturelimit, it goesto the com-
monly usedzero-pointenergy correction,

$Ezp = '
i

h#i
à

2
! '

i

h#i
init

2
. !5"

Figure 9 showsa comparisonof the classicalbarrier !%E
=Eà! Einit", the zero-point-correctedbarrier !%E+$Ezp", and
theWigner-correctedbarrier!%E+$EWig" for theCH4 disso-
ciative adsorptionbarrierat temperatureabove200 K. Plot-
ting the quantum-correctedrate in this way showsat which
temperaturequantumeffects becomeimportant, and when
the simple zero-pointenergy correctioncanbe used.At the
operatingtemperatureof a typical industrialcatalyst,only a
fraction of the simplezero-pointenergy correctionis appro-
priate.

Theeffect of quantum-mechanicaltunnelingcanalsobe
estimatedusinga harmonicWignercorrection.41 Theratio of
the rateconstantincludingboth tunnelingandzero-pointen-
ergy and the rate constantthat only includeszero-pointen-
ergy quantumeffects is

kqmzpt
hTST/kqmzp

hTST=
ih#*/2kBT

sin!ih#*/2kBT"
=

x*

sinhx* , !6"

where#* is the imaginaryfrequencyat the saddlepoint, and
x* =ih#* /2kBT. The correctioncan only be usedabovethe
crossovertemperaturefor tunneling

FIG. 9. !Color online" Quantum-mechanicalcorrection$E to the energy
barrierfor dissociativeadsorptionof CH4. Thesimple,commonlyusedzero-
point energy correction#Eq. !5"$ shifts the classicalbarrier from 0.82 eV
!upperline" down to 0.66 eV !lower line". This is a poor approximationat
high temperaturewherethe systemis not conÞnedto the groundstate.The
Wigner zero-pointenergy correction#Eq. !4", shownin red$, which treats
classicalharmonic modesas quantumoscillators,smoothly switchesbe-
tweenthe simplezero-pointcorrectionsat low temperatureto the classical
barrierat high temperature.Theadditionof theWigner tunnelingcorrection
#Eq. !6", shownin blue$ doesnot signiÞcantlychangethe barrierabovethe
crossovertemperatureof 200 K #seeEq. !7"$ for this reaction.
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Tc =
&(#* (
kB

, !7"

at which point the approximationdiverges. The crossover
temperaturefor theWignerapproximationis thesameasthat
obtainedfrom the WKB approximation.42 Above this cross-
over temperature,the reactionmechanismcanbe thoughtof
asover-the-barrierhop,but at lower temperaturetunnelingis
thedominantmechanism.An appealingaspectof theWigner
tunnelingcorrection#Eq. !6"$ is thattheimaginaryfrequency
at thesaddlepoint #* entersinto thequantumrateexpression
#Eq. !2"$ in the sameway that the 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 CH4, we Þndthat the imaginaryfre-
quency has a magnitudeof 850 cm! 1 at the saddlepoint
which correspondsto a crossovertemperatureTc of 200 K.
The small differencebetweenthe Wigner correctionswith
andwithout tunneling!Fig. 9" showshow small the tunnel-
ing correctionis abovethe crossovertemperature.

IV. CONCLUSIONS

We havecarriedout variouscalculationsof associative
desorptionof H2 andCH4 to study, in particular, therole that
subsurfaceH atomscould play in theseprocesses.We have
carriedout calculationsof minimum-energy paths,which are
the pathswith higheststatisticalweight in thermalsystems,
aswell ascalculationsof classicaldynamicsandenergy par-
titioning betweenvibrationalmodes.Althoughit might seem,
judging from steric arguments,that a subsurfaceH atom
could readily reactwith a surface-adsorbedmethyl groupor
H adatom,a minimum-energy path for sucha processwas
not found.Also, direct classicaldynamicssimulationsof the
surfacing of a subsurfaceH atom initially placed directly
undera surfacemethyl groupor surface-boundH atomsdid
not, in 14 statisticallyindependenttrajectories,leadto asso-
ciative desorption.Instead,the surfacespecieseithermoves
out of the way by hoppingto other surfacesitesbeforethe
subsurfaceH atomhopsout to the surfaceor the subsurface
atom hops to adjacentsubsurfacesites before hopping out
into a vacantsurfacesite.The basicreasonfor this seemsto
be that the surfaceNi atoms can only catalyzeHÐH and
HÐCH3 bond formation/ruptureon the exposed,undercoor-
dinatedside. There is, furthermore,a small but signiÞcant
repulsiveinteractionbetweena subsurfaceH atomanda sur-
face methyl group. Experimentally, enhancedreactivity in
the presenceof subsurfacehydrogenhasbeenobserved,5,10

but theseexperimentswerecarriedout with high coverageof
both surfaceand subsurfacespeciesand the effect is likely
dueto thelocal energy releaseof surfacingH atomsresulting
from the high-energy, nonequilibrium initial state. In our
classicaldynamicssimulationstheexcesskinetic energy of a
H atom after hopping out to a surfacesite droppedvery
quickly, on the time scaleof 200 fs, andno associativepro-
cesswasobservedin 14 trajectories.It is quite likely that a
classicaldescriptionof theseprocessesis not adequate.It is,
however, clearthatunderthermalconditions,theprobability

of Þndinganenergeticatomon thesurfaceis not affectedby
the presenceof H atomsin subsurfacesites.The probability
of Þndinganatomwith energy E is only relatedto theBolt-
zmannfactor e! E/kT. The presenceof an unstablestatesuch
as the subsurfacehydrogenspeciesdoes not increasethe
probability of Þnding a hot hydrogenatom on the surface
underthermalconditions.

Our calculationsalsoprovideinformationaboutassocia-
tive desorptionof CH4 andH2 startingwith surfacespecies.
In thesaddle-pointconÞgurationfor CH4 desorption,theun-
derlying Ni atomis lifted up from the surfaceplaneby 0.25
•. This reducesthe energy of the saddle-pointconÞguration
in a way that is analogousto straineffects.26 An analysisof
classicaltrajectoriesfor desorptionshowedthat about15%
of the saddle-pointenergy goes into surface vibrational
modesas the Ni atom relaxesback to its original position.
The restof the energy is takenup by the methanemolecule
andthemajority, 60%of thetotal goesinto translation,while
vibrationandrotationtakeup 20%and5%,respectively. The
symmetricandasymmetricstretchesarefoundto bethemost
importantvibrational modes.The principle of time reversal
symmetrycanbeusedto arguethat thesemodeswill alsobe
most important for enhancingdissociative adsorption of
methaneon Ni!111", in agreementwith recentexperiments
of Smith et al.31 andJuurlink et al.32
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APPENDIX: CONVERGENCE

The sensitivity of the CH4 dissociation barrier on
Ni!111" to various computationalparametersis given in
Table III. For eachparameter, the energy differenceis with
respectto our most accuratecalculation describedabove.
The most sensitivecomputationalparameterin our calcula-
tion is k-point sampling.Given morecomputingpower, this
shouldbe increasedto verify convergence.For the smaller,
four-atom-per-layer system,in which k-point samplingwill

TABLE III. Sensitivity of the CH4 dissociationenergy barrier on Ni!111"
with respectto computationalparameters.Energy differencesare with re-
spectto a Þve-layer, nine nickel atomsper layer slabwith the bottomtwo
layersfrozen,a plane-waveenergy cutoff of 350eV, a 2! 2! 1 Monkhost-
Packk-point mesh,and spin-polarizedcalculationfor which an activation
energy barrierof 0.82eV wascalculated.

Energy !eV" Computationalparameter

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 Þve"
0.02 Plane-waveenergy cutoff !240Ð350eV"
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be evenmore important,going from a 2! 2! 1 Monkhost-
Packk-point meshto a 4! 4! 1 meshdid not changethe
bindingenergiesby morethan0.1 eV. Spinpolarizationalso
plays a signiÞcantrole, raising the barrier by 30%. Finally,
surfacerelaxationand the numberof layers in the Ni!111"
slab are both neededto allow the large surfacerelaxation
foundat the transitionstateandto lower thebarrierby 20%.
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