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The results of theoretical calculations of associative desorption of CH4 and H2 from the Ni!111"
surface are presented. Both minimum-energy paths and classical dynamics trajectories were
generated using density-functional theory to estimate the energy and atomic forces. In particular, the
recombination of a subsurface H atom with adsorbed CH3 !methyl" or H at the surface was studied.
The calculations do not show any evidence for enhanced CH4 formation as the H atom emerges
from the subsurface site. In fact, there is no minimum-energy path for such a concerted process on
the energy surface. Dynamical trajectories started at the transition state for the H-atom hop from
subsurface to surface site also did not lead to direct formation of a methane molecule but rather led
to the formation of a thermally excited H atom and CH3 group bound to the surface. The formation
!as well as rupture" of the H–H and C–H bonds only occurs on the exposed side of a surface Ni
atom. The transition states are quite similar for the two molecules, except that in the case of the C–H
bond, the underlying Ni atom rises out of the surface plane by 0.25 Å. Classical dynamics
trajectories started at the transition state for desorption of CH4 show that 15% of the barrier energy,
0.8 eV, is taken up by Ni atom vibrations, while about 60% goes into translation and 20% into
vibration of a desorbing CH4 molecule. The most important vibrational modes, accounting for 90%
of the vibrational energy, are the four high-frequency CH4 stretches. By time reversibility of the
classical trajectories, this means that translational energy is most effective for dissociative
adsorption at low-energy characteristic of thermal excitations but energy in stretching modes is also
important. Quantum-mechanical tunneling in CH4 dissociative adsorption and associative
desorption is estimated to be important below 200 K and is, therefore, not expected to play an
important role under typical conditions. An unexpected mechanism for the rotation of the adsorbed
methyl group was discovered and illustrated a strong three-center C–H–Ni contribution to the
methyl-surface bonding. © 2006 American Institute of Physics. #DOI: 10.1063/1.2161193$

I. INTRODUCTION

The critical step in the transformation of methane to
more valuable chemicals is the dissociative adsorption on the
surface of the catalyst to form an adsorbed methyl group
CH3 and an adsorbed hydrogen atom. Much of the experi-
mental and theoretical work has focused on this step. The
most recent and most reliable measurements of the activation
energy barrier for dissociative adsorption of CH4 on Ni!111"
give a value of 0.77±0.10 eV.1 Great care was taken in these
measurements to block defects on the surface with unreactive
Au atoms and to thermalize the methane gas with the sur-
face. Previous measurements had given a smaller value of
0.55 eV.2

Theoretical studies of the dissociative adsorption have
employed various techniques for describing the energetics
and have given estimates of the rate within harmonic transi-

tion state theory where the saddle point on the energy surface
between the energy minimum corresponding to the methane
molecule and the adsorbed methyl group and hydrogen atom
gives the activation energy barrier for the transition. Yang
and Witten have used cluster models of the surface and cal-
culated the energetics using Hartree-Fock and configuration-
interaction !CI" methods.3 Their best estimate of the activa-
tion energy for dissociative adsorption is 0.72 eV. The
distance between the C atom and the closest Ni atom at the
saddle point is 2.41 Å. Bengaard et al. have employed
density-functional theory methods using both the PW91 and
RPBE functionals, obtaining activation energies of 0.73 and
1.05 eV, respectively.4 The minimum-energy path for disso-
ciative adsorption is, of course, the same as the minimum-
energy path for associative adsorption. The calculated
minimum-energy path !MEP" with the RPBE functional
gives an activation energy of 0.4 eV for associative desorp-
tion of methane when starting with H atom and CH3-group
adsorbed on the surface.a"Electronic mail: henkelman@mail.utexas.edu
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A traditional view of surface chemistry assumes that
chemical reactions and dissociative chemisorption take place
on the outer surface of the catalyst. However, in a series of
experiments by Johnson et al.5 and Daley et al.6 the presence
of subsurface hydrogen was shown to increase the efficiency
of CH3 and ethylene hydrogenation on a Ni!111" surface.
Two theoretical studies of methane associative desorption
have addressed this issue.7,8 In both studies, density-
functional theory !DFT" calculations using the PW91 func-
tional were used to study various pathways for the recombi-
nation of the subsurface H atom and surface-adsorbed methyl
group. Both groups report an activation energy barrier for the
direct recombination process suggested by Ledentu et al. but
in one case the first-order saddle point is reported to be 1.08
eV higher in energy than the initial state,7 while in the other
study it is reported to be 1.36 eV higher.8 The saddle-point
geometry is reported to be quite unusual in that the C–Ni
distance was very large—2.5 Å in one7 and 2.2 Å in the
other.8 Typically, the catalysis of a chemical reaction by a
transition metal requires the overlap of the half-filled
d-electron orbitals on a transition-metal atom with the mo-
lecular orbitals of the chemical and because of the localized
nature of the d orbitals a typical transition state involves
much shorter distances. In both reports it was pointed out
that the activation energy barrier for the process starting
from surface H and CH3 is considerably lower in energy, and
the increased reactivity when the Ni catalyst is prepared with
subsurface H atoms is not due to a new reaction pathway but
rather the additional energy given to the initial state of the
desorption process by driving the H atoms into subsurface
sites.7,8

The reactivity of subsurface deuterium on Ni!111" has
been studied by Wright et al.9,10 Temperature-programmed
desorption experiments of D in both subsurface and surface
sites show enhanced D2 associative desorption on Ni!111" at
180 K, as compared to a thermal base line. The angular dis-
tribution of desorbing molecules is consistent with subsur-
face D atoms surfacing at vacant sites and diffusing on the
surface before combining to form D2. No evidence of a di-
rect recombination process was observed.

Because of the surprising and somewhat inconsistent re-
sults reported on the direct recombination pathway involving
subsurface hydrogen, we decided to look more carefully into
this and apply a rigorous method for finding the minimum-
energy paths, the nudged elastic band method,11 as well as
direct classical dynamics simulations to investigate the pos-
sibility of dynamically correlated reactive events.

II. CALCULATIONS

DFT calculations were done with the VASP code,12–14 us-
ing the PW91 functional,15 ultrasoft pseudopotentials,16 and
with a plane-wave basis set with a 350 eV cutoff. The nickel
surface was represented as a four- or five-layer slab with
either a p!2!2" or a p!3!3" cell. The former has four Ni
atoms per layer and the latter has nine. Unless otherwise
specified, the calculated results given below are for the larg-
est system, five layers with nine atoms each. The bottom two
layers of the slab were constrained to their crystal lattice

positions. The Brillouin zone was sampled with a 4!4!1
k-point mesh for the p!2!2" system and a 2!2!1 mesh
for the p!3!3" system. The sensitivity of the calculated bar-
riers to spin polarization, plane-wave energy cutoff, k-point
sampling, system size, and surface relaxation was tested and
discussed in the Appendix.

Classical trajectories were calculated using a combina-
tion of DFT evaluation of atomic forces and a Verlet algo-
rithm for the dynamics. A small time step size of 0.2 fs was
used to ensure energy conservation. Energy barriers were
calculated using the nudged elastic band !NEB" method17

with the climbing-image modification to rigorously converge
on saddle points.18,19 Once a minimum-energy path was
found, the dimer method20 was used to reconverge saddle
points after slab geometry had been changed or when calcu-
lation parameters had been changed. For these calculations, a
force-based conjugate-gradient method was used to optimize
the geometry.21 Saddle points and minima were considered
converged when the maximum force in every degree of free-
dom was less than 0.001 eV/Å.

III. RESULTS

The lattice constant for bulk nickel was calculated and
found to be 3.52 Å, matching the experimental value. Using
this lattice constant, slab geometries were generated with 12
Å of vacuum between the top of the slab and the bottom of
its periodic image.

Adsorption at the four high-symmetry binding sites was
studied—the face-centered-cubic !fcc" and hexagonal-close-
packed !hcp" threefold hollow sites, the bridge site between
two surface atoms, and the on-top site above a single nickel
atom. Both the H atom and CH3 have lowest energy at the
fcc threefold site. The calculated binding energy of hydrogen
was found to be 2.8 eV, matching the experimental binding
energy of 2.77 eV measured by Christmann,22 while the
binding energy of CH3 was found to be 1.8 eV. The binding
energy at the hcp site is only a few tens of meV lower for
both species. For the CH3 group there is, furthermore, a
minimum in the energy surface corresponding to binding on
top of a Ni atom but this is 0.3 eV higher than the fcc site.
The on-top site was not a local minimum for the hydrogen
atom. Neither hydrogen nor methyl showed a local minimum
in the energy surface at the bridge site.

Spin polarization is found to be moderately important for
binding, decreasing hydrogen’s binding energy by 0.1 eV.
The bare Ni!111" surface is stabilized with spin polarization
to a larger extent than it is with hydrogen bound to it. The
reduction in the binding energy as the spin polarization is
included is consistent with the fact that the hydrogen-bound
Ni!111" system has one less unpaired electron than the bare
surface.

A. Subsurface hydrogen

It requires a large amount of energy, 0.6 eV, to drive a H
atom from a surface fcc site to a subsurface site. Figure 1
shows the minimum-energy path for hydrogen resurfacing.
The activation energy for resurfacing is small, 0.1 eV. This
energy profile is consistent with previous calculations by
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Michaelides et al.,8 Ledentu et al.,7 and more recently
Greeley and Mavrikakis.23 The energy difference between
the surface and subsurface sites makes it very unlikely to
find thermal hydrogen in the subsurface layer; at room tem-
perature and low H coverage, for example, it is 1010 times
less probable. At elevated temperature of 600 K it is over
100 000 times less probable. However, when H2 gas pressure
is high and the H-adatom coverage is large, the subsurface
sites will be populated to some extent and it is of interest to
find out to what extent a reaction mechanism involving sub-
surface H atoms could contribute to the rate of hydrogena-
tion.

B. H2 recombination from Ni„111…
To determine the mechanism of subsurface and surface

hydrogen recombination, a NEB is constructed with the ini-
tial state consisting of atomic surface hydrogen adsorbed in
the preferred fcc hollow site24,25 directly above a subsurface
hydrogen atom !see Fig. 2". The final state consists of the H2
molecule above the Ni!111" surface beyond the interaction
distance. Intermediate images along the NEB #see Fig. 2!a"$

are placed linearly between the initial and final states. The
linear interpolation is a good estimate of the direct recombi-
nation process. The fact that the NEB converges to a com-
pletely different path !see Figs. 2 and 3" shows that there is
no direct recombination process. Rather, the hydrogen mol-
ecule wants to recombine on the exposed side of a nickel
atom. In order for the NEB to cross this transition state and
satisfy the initial- and final-state constraints, several interme-
diate minima appear !automatically" along the band. First,
the subsurface hydrogen moves to an adjacent subsurface site
!position a in Figs. 2 and 3", so that it can emerge at an
unoccupied surface site. At this point the two hydrogen at-
oms are directly across a surface nickel atom !position b in
Figs. 2 and 3", requiring one hydrogen atom to move to an
adjacent surface site so that the H2 molecule can recombine
!position c in Figs. 2 and 3" on the exposed site of the sur-
face nickel atom.

Considering the reverse process, a dissociative adsorp-
tion reaction can simplify the description. The H2 molecule
dissociates over a surface nickel atom into adjacent surface
sites. The rest of the process is simply required to move the
hydrogen atoms to the specific final state in which a subsur-
face hydrogen atom is directly below a hydrogen atom ad-
sorbed in a fcc hollow site.

C. CH4 recombination from Ni„111…
The role of subsurface hydrogen in the recombination

process with methyl on Ni!111" was investigated in the same
manner as H2. Figure 4 shows a converged NEB with an
initial state consisting of the methyl group in a hollow site
directly above hydrogen in a subsurface site and a final state
with methane above the surface. Just as with H2 recombina-
tion, no direct recombination process with subsurface hydro-
gen is found. Instead the NEB breaks up into a set of inter-

FIG. 1. !Color online" A hydrogen atom is 0.6 eV higher in energy at a
subsurface site than at a fcc hollow site at the surface. Hydrogen can resur-
face with a small energy barrier of 0.1 eV.

FIG. 2. !Color online" Initial !A" and relaxed !B" nudged elastic band
!NEB" for the process by which subsurface hydrogen combines with surface
hydrogen to form a gas phase H2 molecule above the Ni!111" surface. The
initial NEB is a linear interpolation between a relaxed geometry in which
the surface hydrogen is adsorbed in the fcc hollow site directly above the
subsurface hydrogen and a relaxed geometry in which the H2 molecule is
above the surface beyond the interaction distance. The linearly interpolated
initial band is an approximation to a direct recombination process but when
the NEB relaxes, no such process is found. Instead, the NEB converges to a
much more complicated path in which the subsurface hydrogen !a" first
diffuses to a neighboring subsurface site so that it can surface at an unoc-
cupied site. The other hydrogen atom !b" then moves to an adjacent surface
site so it can recombine with the first over a surface nickel atom to form H2
!c".

FIG. 3. !Color online" The minimum-energy path for H2 formation from a
subsurface and surface CH3 group at the Ni!111" surface. The process in-
volves multiple steps. A NEB is constructed with an initial state !a" consist-
ing of a surface hydrogen atom in the lowest-energy hollow site on Ni!111"
directly above a subsurface hydrogen and a final state !c" consisting of the
H2 molecule above the metal surface. The NEB does not find a direct re-
combination mechanism. Instead, the minimum-energy path breaks up into a
set of processes. First the subsurface hydrogen moves to an adjacent sub-
surface site, allowing it to surface in an unoccupied site !b". Two hydrogen
atoms then move to neighboring surface sites, one in the fcc and the other in
the hcp hollow, so that the H2 molecule !c" can recombine on the exposed
side of a Ni surface atom.
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mediate processes. First the methyl molecule moves to an
on-top site which allows the subsurface hydrogen atom to
surface into an unoccupied hollow site. Then, as with H2,
recombination takes place on the exposed side of a surface
nickel atom. Figure 5 shows this three-step recombination
process.

These calculations show that there is no direct mecha-
nism for methyl recombination with subsurface hydrogen.
The experimental evidence for the importance of subsurface
hydrogen in methane recombination5 is based on a nonequi-
librium experiment in which subsurface hydrogen is induced
under high pressure, and surface hydrogen is removed with
an atomic Xe beam. The observed increase in reactivity does
not result from a new and faster mechanism which opens up
with the presence of subsurface H atoms but it could be
caused by the release of !nonthermal" energy stored in the
subsurface hydrogen. We have done ab initio molecular-

dynamics simulations to test this. This is described in Sec.
III E.

The only theoretically observed mechanism for the dis-
sociative adsorption of methane on Ni!111" involves methyl
and hydrogen adsorbing onto the surface. Our most accurate
simulation with a five-layer, nine-atom-per-layer Ni!111"
slab with three relaxed layers, a 350 eV plane-wave energy
cutoff, a 2!2!1 Monkhost-Pack k-point mesh, including
spin polarization has a barrier of 0.82 eV. This is in excellent
agreement with the barrier of 0.77 eV obtained in recent
experiments by Egeberg et al.1

The transition state geometry, shown in Fig. 6, shows a
remarkable nickel atom surface relaxation of 0.25 Å. The
atom rises out of the surface to provide a favorable environ-
ment for the hydrogen-methyl bond-breaking reaction. This
was first observed in calculations of methane dissociation on
Ir!111",27 and then for methane on Ni!111" by Bengaard
et al.4 The surface relaxation is moderately important for the
reaction barrier; methane reacting on a frozen surface has a
barrier which is 0.14 eV higher. Mavrikakis et al.26 have
suggested that a strained surface can raise the energy of the
d-band electron energy levels to enhance reactivity. The ef-
fect of surface relaxation on the barrier energy is less dra-
matic than that reported in Ref. 27 because the saddle-point
calculations on Ir!111" were not converged with respect to
k-point sampling.28

D. Partitioning of CH4 desorption energy

One of the intriguing possibilities suggested originally
from the work of Polanyi and Wong29 is state-specific chem-
istry. If it is known which modes need to be excited in order
to make molecules overcome a reaction barrier, there is the
possibility of injecting energy into just those modes to en-
hance reactivity. In order to address this question for the
methane dissociative adsorption reaction, a dynamics simu-
lation was run starting from the saddle point for desorption.
The molecule was moved a small !0.1 Å" distance away from
the surface so that it desorbed from the surface during the
simulation. A calculation of 150 fs was sufficient to reach a
CH4-surface distance of 5.3 Å, where the molecule is no
longer interacting with the surface at this level of theory. It
was then possible, by looking at the velocity of each atom in
the system, to partition the energy into different modes of the

FIG. 4. !Color online" The minimum-energy path for CH4 formation from a
subsurface H atom and surface H atoms at the Ni!111" surface. The process
involves multiple steps. The first step involves the methyl group hopping to
an on-top site. Then the subsurface hydrogen hops to the surface. In the
second step, methyl recombines with the surface hydrogen on the exposed
surface of the raised Ni atom.

FIG. 5. Graphical representation of the methyl recombination process show-
ing hydrogen resurfacing before recombining with methyl over a nickel
surface atom.

FIG. 6. !Color online" Geometry of the saddle point for methyl recombina-
tion !and dissociation" on the surface of Ni!111". The methyl group and the
surface hydrogen react on the exposed side of a single-raised surface Ni
atom. The Ni atom is raised by 0.25 Å at the transition state. It is likely that
the upward displacement of this atom raises the energy of the Ni d bands to
favor bonding with the methyl group and reduce the barrier energy !Ref.
26".
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system as the molecule leaves the surface. Such a partition-
ing is shown in Table I. The majority !59%" of the saddle-
point energy goes into translational energy of the methane
molecule, making that the most important degree of freedom
for dissociative adsorption. Further 22% and 4% of the en-
ergy go into vibrational and rotational energies of CH4, re-
spectively. The final 15% of the energy is left behind in
vibrational motion of the nickel atoms.

It was also possible to subdivide the internal CH4 energy
into its internal modes. To do this, the dynamical simulations
were continued for 200 fs after the methane molecule was no
longer interacting with the surface. The velocity of the mol-
ecule at each time step was projected onto the normal modes
of the molecule. The kinetic energy in each mode could then
be calculated, and the total energy can be found by the virial
theorem. The average energy in each mode is reported in
Table II along with the calculated frequency, symmetry, de-
generacy, and description of each mode. The CH4 normal
modes were calculated at the MP2 level using the
GAUSSIAN98 software.30 The frequencies, obtained with MP2
and a local basis set, were significantly closer to the experi-
mental values than could be calculated with the periodic
VASP code using a plane-wave basis set.

Table II shows that the high-frequency stretch modes
contain 88% of the vibrational energy of the desorbing CH4
molecule. This energy is only ca. 1 /20 of the vibrational
quantum so these classical dynamics cannot be expected to
give an accurate description of the vibrational motion of the
CH4 molecule. Our results do, however, suggest that the
stretching modes are more important than the lower-
frequency deformation modes, and that there could be some
enhancement of the dissociation rate if adsorbing methane
molecules could be prepared with high energy in the stretch-

ing modes and a high translational kinetic energy. Evidence
of this enhancement was recently observed by Smith et al.31

and Juurlink et al.32

E. Classical dynamics trajectories of H resurfacing
near adsorbed CH3

It is evident from the NEB calculations that there does
not exist a direct recombination mechanism for a subsurface
hydrogen atom and an adsorbed methyl group on the Ni!111"
surface. It is, however, possible that the energy released !0.6
eV" when a hydrogen atom resurfaces enhances the CH4 dis-
sociation rate. Since the energy barrier for resurfacing is low
!ca. 0.15 eV" we were able to run a classical dynamics simu-
lation at 500 K to see what happens when the hydrogen
resurfaces.

An initial geometry was chosen with a subsurface hydro-
gen atom directly below an adsorbed methyl in the hollow
site of Ni!111". One methyl molecule on our nine-atom-per-
layer Ni surface corresponds to a 1/3 coverage, assuming
that methyl molecules can occupy 1/3 of the fcc sites in a
full monolayer. This configuration was chosen to maximize
the chance of seeing a direct recombination event. A velocity
scaling thermostat was used to generate a set of independent
coordinates and velocities consistent with a temperature of
500 K. Fourteen such geometries were used as initial con-
figurations to generate dynamics trajectories of 8.5 ps !or
until a reactive event took place", using a time step of 0.2 fs.
Temperature was controlled with a weak Nosé thermostat,
using a coupling mass of 5 amu.

During the dynamics runs, the methyl and subsurface
hydrogen atom oscillated in their original potential basins
until either the methyl group or hydrogen atom hopped to a
neighboring site. This typically happened several times be-
fore a surfacing event occurs, and the species may have ac-
cumulated a considerable distance from each other when fi-
nally such an event takes place. A surfacing event where the
methyl group was in the hollow site or in an on-top site
adjacent to the hollow site where the hydrogen atom
emerged was never observed. On average, a surfacing event
took place every 4.5 ps. This time scale is consistent with a
harmonic transition state theory estimate of the rate, a reac-
tion barrier of 0.15 eV will be crossed on average after 6.5 ps
at a temperature of 500 K, assuming a typical reaction pref-
actor of 5!1012 s!1. A surfacing event took place in 11 of
the 14 trajectories within our time limit of 8.5 ps. Several
different mechanisms were seen in these 11 trajectories
where surfacing of the hydrogen atom occurred, as described
below.

In one trajectory, the CH3 group dissociated into CH2
and an adsorbed hydrogen atom, before the subsurface hy-
drogen hopped to the surface. In three others, the methyl
hopped to a neighboring hollow site before the hydrogen
surfaced and thermalized. In four, the subsurface hydrogen
hopped to an adjacent subsurface site before resurfacing. In
the remaining three trajectories both the methyl and the sub-
surface hydrogen hopped laterally before the resurfacing
event took place. In each case, the resurfacing hydrogen did
not show any sign of recombining with the methyl group.

TABLE I. Energy distribution of the CH4 molecule as it leaves the Ni!111"
surface. A 1 ps ab initio molecular-dynamics simulation is started from the
saddle point for methane dissociation, slightly displaced away from the sur-
face so that the methane molecule desorbs from the surface. The 0.82 eV
potential energy at the saddle !0.85 after being displaced" is partitioned into
translation, rotation, internal energy of the CH4 molecule, and energy that is
left behind in 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 and Ni!111" systems

TABLE II. Vibrational energy of a desorbing CH4 molecule projected onto
the normal modes. An averaging over 200 fs was calculated. This analysis
suggests that energy in the symmetric and asymmetric stretch modes can
equally enhance dissociative adsorption.

Energy !eV" Mode Description Frequency !cm!1"

0.021 T2!!3" asymmetric stretch 3207
0.020 A1!!1" symmetric stretch 3063
0.003 E!!2" asymmetric deformation 1551
0.002 T2!!3" asymmetric deformation 1324
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Instead, the resurfacing energy was transferred into the ki-
netic energy of the hydrogen atom, which was dissipated into
the surface on a time scale of 200 fs !shown in Fig. 7".

This relaxation time is somewhat shorter than other cal-
culated and measured lifetimes of hot-adsorbed H atoms on
metal surfaces, in part due to a weak thermostat present dur-
ing the dynamics. Klamroth and Saalfrank calculate a time
scale of several picoseconds for adsorbed H atoms to settle
into binding sites on Cu!100".33 In these simulations, it was
found that classical dynamics provides an accurate estimate
of the energy decay time, as compared to full wave-packet
dynamics. Strömquist et al.34 have done classical dynamics
simulations of H/Cu!111" using a model energy landscape
fit to ab initio data and found an energy relaxation time of
1.4 ps. Recently, Trail et al.35 have found a shorter relaxation
time of 0.8 ps from dynamics simulations using forces from
DFT. They also estimate that electronic friction, due to
electron-hole pair creation, will reduce the relaxation time
scale for a H atom on a metal surface by roughly 80% as
compared to a Born-Oppenheimer classical dynamics simu-
lation. Infrared reflection adsorption experiments36 have also
determined a subpicosecond lifetime of 0.7 ps for H on
Cu!111". The agreement between this wide range of compu-
tational techniques with experiment provides convincing evi-
dence that energy dissipates from H adatoms to the metal
surface on the picosecond time scale.

The lateral diffusion of subsurface hydrogen and the ad-
sorbed methyl molecule away from each other, as observed
in the trajectory data, is supported by comparing the energet-
ics between the initial configurations, in which the subsur-
face hydrogen is directly below the adsorbed methyl group.
The energy of this configuration is 0.08 eV higher than the
same species at infinite separation. This repulsive interaction
between the subsurface H atom and the surface methyl group
will reduce the chance of finding a hot hydrogen atom in the
vicinity of an adsorbed methyl molecule.

These dynamical trajectories support the suggestion that

resurfacing hydrogen is unlikely to increase the CH4 desorp-
tion rate, except by local heating in the case of an athermal
subsurface population. In thermal equilibrium, the presence
of subsurface hydrogen will not enhance the desorption rate
of CH4. Furthermore, unless there is a very high density of
methyl groups on the surface, it is unlikely that a resurfacing
hydrogen atom will find a methyl group in the ca. 200 fs that
it takes for the resurfacing energy to dissipate. Both the tran-
sition state and dynamics calculations indicate that subsur-
face hydrogen will not contribute to CH4 recombination from
Ni!111" under thermal catalytic conditions.

F. Methyl diffusion

The interaction of the CH3 with the surface is of a strong
three-center character. The H atoms are strongly attracted to
the nearby Ni atoms and the lowest-energy configuration has
the three hydrogen atoms pointed towards the adjacent sur-
face nickel atoms. This effect has been discussed by
Michaelides and Hu.37 The strength of these bonds was in-
vestigated by finding the barrier for rotation of the CH3
group. A NEB calculation was set up with the CH3 sitting at
a fcc hollow site in both the initial and final states, with the
labeling of the H atoms changed to reflect a 120° rotation
about the surface normal going through the carbon atom. The
initial chain of images was generated by a linear interpola-
tion between the initial and final states. Figure 8 shows the
converged minimum-energy path. Remarkably, the
hydrogen-metal binding is so strong that CH3 does not rotate
about the carbon atom. Instead, the carbon atom first gets
displaced to a hcp site and the CH3 group rotates 60° about
one of the H atoms #see Fig. 8, inset !a"$. In the second step,
the carbon atom is displaced back to the fcc site and the CH3
group rotates by another 60° about another one of the H
atoms, as shown in Fig. 8, inset !b". The overall methyl ro-
tation barrier on Ni!111" is 0.17 eV. This illustrates how the

FIG. 7. Block-averaged kinetic energy for the surfacing H atom. The first
300 fs after the H atom crosses the surface plane are broken into six 50 fs
segments and averaged over each one. The error bars are the normalized
standard deviation for each segment. An exponential fit to these data shows
a relaxation time t0 of 200 fs. This is expected to be an underestimation of
the true relaxation time because we have used classical dynamics with a
weak thermostat. These calculations show that a resurfacing H atom will be
hot due to the release of 0.6 eV of potential energy, but that this energy is
dissipated to the substrate on the picosecond time scale.

FIG. 8. !Color online" The optimal mechanism for the rotation of a methyl
group adsorbed on a Ni!111" surface involves first a displacement of the C
atom from a fcc to an adjacent hcp hollow site. During this process, one of
the hydrogen atoms maintains contact with an underlying Ni atom. In this
intermediate state !indicated by !", the methyl group has rotated by 60°. In
the second step, the methyl group rotates about a different hydrogen atom
and the C atom gets displaced back to the original fcc site—completing the
120° rotation. This mechanism, and the high rotational barrier, indicates a
strong three-center C–H–Ni interaction.
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NEB method can find a minimum-energy path that is quite
far removed from the initial guess and thereby reveal an
unexpected transition mechanism.

G. Quantum effects

Quantum zero-point and tunneling effects have been
evaluated for dissociative adsorption of CH4 on Ni!111"
within the harmonic approximation. We have considered the
dissociative adsorption process instead of associative desorp-
tion because previous studies have most often focused on
adsorption.

In classical transition state theory, after making a har-
monic approximation for vibrational modes, the rate constant
for dissociative adsorption can be written as38,39

kcl
hTST =

1

Qt,r
init

"i#i
init

"i#i
‡ e!!E‡!Einit"/kBT, !1"

where #i
init and #i

‡ are the frequencies of harmonic vibrational
modes at the initial-state minimum and saddle point, respec-
tively, and Qt,r

init is the product of translational and rotational
partition functions of the initial gas phase molecule.

The normal modes of the CH4 molecule in the gas phase
and at the saddle point for dissociative adsorption were
evaluated from the DFT forces using a finite difference
scheme. The total zero-point energy in the nine vibrational
modes of a gas phase CH4 molecule was found to be 1.23 eV.
At the saddle point, the frequencies obtained from small dis-
placements of the C and H atoms while keeping the Ni atoms
frozen gave a total zero-point energy of 1.07 eV from the 14
stable vibrational modes. The difference in the zero-point
energy of the initial and transition states is commonly used
as a correction to the classical activation energy barrier. In
this case, such a correction would lower the barrier by 0.16
eV !see Fig. 9". However, this approximation is only valid at
low temperature when each vibrational mode is in its ground
state.

A better approximation to the quantum-mechanical rate
constant can be obtained by using quantum-mechanical par-
tition functions for the vibrational modes in both the initial
and transition states while keeping the classical mechanical
definition of the normal modes. When the harmonic quantum
partition function is used instead of the classical limit, the
Wigner correction40 to the classical rate constant is obtained,

kqm
hTST =

"i sinh!xi
init"/xi

init

"i sinh!xi
‡"/xi

‡ kcl
hTST, !2"

where xi=h#i /2kBT is the ratio of the zero-point energy to
the thermal energy in each vibrational mode. The quantum
correction to the classical rate can also be expressed as a
temperature-dependent correction to the classical activation
energy barrier,

kqm
hTST = e!$E/kBTkcl

hTST. !3"

In the case of the Wigner approximation, the correction to
the classical barrier is

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

init

"i sinh!xi
‡"/xi

‡ & . !4"

In the high-temperature limit, the Wigner correction van-
ishes, and in the low-temperature limit, it goes to the com-
monly used zero-point energy correction,

$Ezp = '
i

h#i
‡

2
! '

i

h#i
init

2
. !5"

Figure 9 shows a comparison of the classical barrier !%E
=E‡!Einit", the zero-point-corrected barrier !%E+$Ezp", and
the Wigner-corrected barrier !%E+$EWig" for the CH4 disso-
ciative adsorption barrier at temperature above 200 K. Plot-
ting the quantum-corrected rate in this way shows at which
temperature quantum effects become important, and when
the simple zero-point energy correction can be used. At the
operating temperature of a typical industrial catalyst, only a
fraction of the simple zero-point energy correction is appro-
priate.

The effect of quantum-mechanical tunneling can also be
estimated using a harmonic Wigner correction.41 The ratio of
the rate constant including both tunneling and zero-point en-
ergy and the rate constant that only includes zero-point en-
ergy quantum effects is

kqmzpt
hTST /kqmzp

hTST =
ih#*/2kBT

sin!ih#*/2kBT"
=

x*

sinh x* , !6"

where #* is the imaginary frequency at the saddle point, and
x*= ih#* /2kBT. The correction can only be used above the
crossover temperature for tunneling

FIG. 9. !Color online" Quantum-mechanical correction $E to the energy
barrier for dissociative adsorption of CH4. The simple, commonly used zero-
point energy correction #Eq. !5"$ shifts the classical barrier from 0.82 eV
!upper line" down to 0.66 eV !lower line". This is a poor approximation at
high temperature where the system is not confined to the ground state. The
Wigner zero-point energy correction #Eq. !4", shown in red$, which treats
classical harmonic modes as quantum oscillators, smoothly switches be-
tween the simple zero-point corrections at low temperature to the classical
barrier at high temperature. The addition of the Wigner tunneling correction
#Eq. !6", shown in blue$ does not significantly change the barrier above the
crossover temperature of 200 K #see Eq. !7"$ for this reaction.
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Tc =
&(#*(

kB
, !7"

at which point the approximation diverges. The crossover
temperature for the Wigner approximation is the same as that
obtained from the WKB approximation.42 Above this cross-
over temperature, the reaction mechanism can be thought of
as over-the-barrier hop, but at lower temperature tunneling is
the dominant mechanism. An appealing aspect of the Wigner
tunneling correction #Eq. !6"$ is that the imaginary frequency
at the saddle point #* enters into the quantum rate expression
#Eq. !2"$ in the same way that the real frequencies do in the
Wigner zero-point correction. The Wigner correction to the
classical barrier #Eq. !4"$ includes the tunneling correction
#Eq. !6"$ if the product over saddle-point modes in the de-
nominator includes the imaginary frequency mode along the
reaction coordinate. For CH4, we find that the imaginary fre-
quency has a magnitude of 850 cm!1 at the saddle point
which corresponds to a crossover temperature Tc of 200 K.
The small difference between the Wigner corrections with
and without tunneling !Fig. 9" shows how small the tunnel-
ing correction is above the crossover temperature.

IV. CONCLUSIONS

We have carried out various calculations of associative
desorption of H2 and CH4 to study, in particular, the role that
subsurface H atoms could play in these processes. We have
carried out calculations of minimum-energy paths, which are
the paths with highest statistical weight in thermal systems,
as well as calculations of classical dynamics and energy par-
titioning between vibrational modes. Although it might seem,
judging from steric arguments, that a subsurface H atom
could readily react with a surface-adsorbed methyl group or
H adatom, a minimum-energy path for such a process was
not found. Also, direct classical dynamics simulations of the
surfacing of a subsurface H atom initially placed directly
under a surface methyl group or surface-bound H atoms did
not, in 14 statistically independent trajectories, lead to asso-
ciative desorption. Instead, the surface species either moves
out of the way by hopping to other surface sites before the
subsurface H atom hops out to the surface or the subsurface
atom hops to adjacent subsurface sites before hopping out
into a vacant surface site. The basic reason for this seems to
be that the surface Ni atoms can only catalyze H–H and
H–CH3 bond formation/rupture on the exposed, undercoor-
dinated side. There is, furthermore, a small but significant
repulsive interaction between a subsurface H atom and a sur-
face methyl group. Experimentally, enhanced reactivity in
the presence of subsurface hydrogen has been observed,5,10

but these experiments were carried out with high coverage of
both surface and subsurface species and the effect is likely
due to the local energy release of surfacing H atoms resulting
from the high-energy, nonequilibrium initial state. In our
classical dynamics simulations the excess kinetic energy of a
H atom after hopping out to a surface site dropped very
quickly, on the time scale of 200 fs, and no associative pro-
cess was observed in 14 trajectories. It is quite likely that a
classical description of these processes is not adequate. It is,
however, clear that under thermal conditions, the probability

of finding an energetic atom on the surface is not affected by
the presence of H atoms in subsurface sites. The probability
of finding an atom with energy E is only related to the Bolt-
zmann factor e!E/kT. The presence of an unstable state such
as the subsurface hydrogen species does not increase the
probability of finding a hot hydrogen atom on the surface
under thermal conditions.

Our calculations also provide information about associa-
tive desorption of CH4 and H2 starting with surface species.
In the saddle-point configuration for CH4 desorption, the un-
derlying Ni atom is lifted up from the surface plane by 0.25
Å. This reduces the energy of the saddle-point configuration
in a way that is analogous to strain effects.26 An analysis of
classical trajectories for desorption showed that about 15%
of the saddle-point energy goes into surface vibrational
modes as the Ni atom relaxes back to its original position.
The rest of the energy is taken up by the methane molecule
and the majority, 60% of the total goes into translation, while
vibration and rotation take up 20% and 5%, respectively. The
symmetric and asymmetric stretches are found to be the most
important vibrational modes. The principle of time reversal
symmetry can be used to argue that these modes will also be
most important for enhancing dissociative adsorption of
methane on Ni!111", in agreement with recent experiments
of Smith et al.31 and Juurlink et al.32
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APPENDIX: CONVERGENCE

The sensitivity of the CH4 dissociation barrier on
Ni!111" to various computational parameters is given in
Table III. For each parameter, the energy difference is with
respect to our most accurate calculation described above.
The most sensitive computational parameter in our calcula-
tion is k-point sampling. Given more computing power, this
should be increased to verify convergence. For the smaller,
four-atom-per-layer system, in which k-point sampling will

TABLE III. Sensitivity of the CH4 dissociation energy barrier on Ni!111"
with respect to computational parameters. Energy differences are with re-
spect to a five-layer, nine nickel atoms per layer slab with the bottom two
layers frozen, a plane-wave energy cutoff of 350 eV, a 2!2!1 Monkhost-
Pack k-point mesh, and spin-polarized calculation for which an activation
energy barrier of 0.82 eV was calculated.

Energy !eV" Computational parameter

0.30 k-point sampling !' to 2!2!1"
0.25 Spin polarization
0.15 Surface relaxation !frozen to relaxed"
0.10 System size !four to nine atoms per layer"
0.05 Number of surface layers !four to five"
0.02 Plane-wave energy cutoff !240–350 eV"
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be even more important, going from a 2!2!1 Monkhost-
Pack k-point mesh to a 4!4!1 mesh did not change the
binding energies by more than 0.1 eV. Spin polarization also
plays a significant role, raising the barrier by 30%. Finally,
surface relaxation and the number of layers in the Ni!111"
slab are both needed to allow the large surface relaxation
found at the transition state and to lower the barrier by 20%.
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