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bstract

First-principles calculations based on density functional theory and the generalized gradient approximation have been used to study the adsorption
nd dissociation of CH4 on Ni(1 0 0) surface. The favored adsorption sites of H, CH3, and CH4 are identified by considering the energy and stability
f various binding sites. H atoms prefer the fourfold Hollow sites, while CH3 species favors the Bridge site with one of the C–H bonds pointing
owards the neighbor Ni atom. When H and CH3 are coadsorbed on Ni(1 0 0) surface, several stable configurations are found, in which the atomic

and CH3 species are adsorbed at the Hollow and Bridge site, respectively, because of their little energetic difference. Through the electronic
nd vibrational calculations, the C–H–Ni three-center bond is regarded as the key factor determining the CH3 adsorption. The CH4 dissociation on
i(1 0 0) surface is investigated with three different CH4 orientations considered. The energy barriers are calculated to be 0.61, 0.61 and 0.62 eV,
orresponding to the CH4 molecules orientated with one, two and three C–H bonds pointing towards the surface, respectively. All calculated
ctivation energies have been corrected by including zero-point energy and dispersion energy, and are in good agreement with the experimental
esult (0.61 ± 0.02 eV). Because the energy barriers for the different reaction pathways take similar values, the CH4 orientation has a minor effect
n the reactivity.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The dissociation of methane on nickel surfaces to form
urface-bound methyl and hydrogen is of great importance as
he important step in steam reforming process which converts
atural gas to a mixture of monoxide carbon and hydrogen [1].
urthermore, in the past 20 years, this reaction is also regarded as

he starting point for synthesis of carbon nanotubes (CNTs) and
arbon nanofibers (CNFs) by chemical vapor deposition (CVD)
2,3]. Owing to the industrial background and important appli-
ations, much experimental as well as theoretical work has been
evoted to an understanding of the adsorption and dissociation

f methane on nickel surfaces [4–22]. However, this process is
uch a complex multidimensional dynamical reaction that its
icroscopic description remains controversial [4].
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Yang and Chen performed both experimental and theoretical
tudies on carbon filament growth to verify that the Ni(1 0 0) and
i(1 1 0) surfaces were among the gas/metal interface, while the
i(1 1 1) and Ni(3 1 1) surfaces were among the graphite/metal

nterface [5]. Furthermore, the most reliable measurement of
he activation energy barrier for CH4 dissociative adsorption on
i(1 0 0) surface gave a value of 0.61 eV [6], much lower that that
n Ni(1 1 1) surface (0.77 eV) [7]. Therefore, Ni(1 0 0) surface
lays a key role in decomposition of carbon-containing gases.
hrough molecular beam experiments [8–10], it was found that
H4 chemisorption was a direct process that could be activated
y both incident kinetic energy normal to the surface and ther-
al vibrational energy of the incident CH4. Two models were

roposed to explain the experimental data. Luntz and Harris
elieved that the CH4 dissociation on metal surfaces was a direct
ynamical process [4], while Ukraintsev and Harrison claimed

statistical model [11]. Beck et al. performed quantum state-

esolved experiments to prove the CH4 dissociation on Ni(1 0 0)
urface was a vibrational mode-specific gas–surface reaction
nd the C–H bond stretch had a substantial projection on the
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mailto:wkyuan@ecust.edu.cn
dx.doi.org/10.1016/j.molcata.2006.09.043
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eaction coordinate [12]. Recently, they found the reactivity of
he symmetric-stretch excited CH4 was about an order of mag-
itude higher than that of the CH4 excited to the asymmetric
tretch [13]. Juurlink et al. used the same experimental method
o find that despite the enhancement of the asymmetric C–H
tretching eigenstate in promoting CH4 dissociation, transitional
nergy was more effective [14]. They also reported that both
–H stretching and bending vibrations contributed significantly

o activation in CH4 dissociation, but the stretch coordinate was
ore effective than the bending state at moving reagents toward

he transition state [15].
Wave packet simulations performed by Milot and Jansen

howed that the initial vibrational excitations of the symmetric
tretch mode gave the highest enhancement of the CH4 disso-
iation probability if the dissociation occurred primarily in the
rientation with multiple bonds pointing towards the surface
16]. A three-parameter microcanonical analysis was performed
y Abbott et al., indicating an apparent threshold energy for
–H bond cleavage of CH4 incident on Ni(1 0 0) surface of
.67 eV [17]. In early first-principles calculations, Ni(1 0 0) sur-
ace has been represented either with a small cluster or by using
periodic slab. Ab initio quantum chemistry calculations per-

ormed by Swang et al. indicated that the activation energy
or CH4 chemisorption on Ni(1 0 0) surface was in the range
f 0.69 ± 0.04 eV using a cluster model [18]. Bengaard et al.
onducted self-consistent density functional theory (DFT) cal-
ulations to gain an energy barrier of 1.19 eV [19], in which
he slab was kept rigid to reduce computational effort. More
ecently, Lai et al. proposed activation energies of 0.64 and
.73 eV without and with spin-polarization, respectively [20],
hrough a first-principles study. In their study, the energy barrier
as initially evaluated without spin-polarization effect and the

pin-polarized results were obtained by using the single point
pin-polarized calculations.

In the present paper, we perform first-principles density func-
ional theory calculations to investigate the CH4 dissociative
dsorption on Ni(1 0 0) surface starting from three different CH4
rientations. Our paper is organized as follows. In Section 2, the
etails of our computational methods are described. The calcu-
ated binding energies and diffusion energy barriers are given
n Section 3. These computational results are compared with
revious experimental and theoretical data to examine the accu-
acy of our method. In Section 4, we conclude by discussing
he implication of our results for understanding the effect of the
H4 orientation on energy barriers for the CH4 dissociation.

. Computational details

First-principles calculations based on DFT are performed by
sing a plane-wave pseudopotential (PW-PP) method [23–25],
n which the electronic wavefunctions at each k-point in peri-
dic systems are written as a product of a wavelike part and
cell periodic part, the latter being expanded using a plane

ave basis set. The interactions between valence electrons and

on cores are represented by Blöchl’s all-electron-like projector
ugmented wave method (PAW) [26], which regards the 4s 3d
tates as the valence configuration for Ni, 2s 2p states for C and

t

E

ysis A: Chemical 264 (2007) 299–308

s state for H (we use the standard version of the PAW-GGA
otential for Ni and H, and the soft one for C). Exchange and
orrelation of the Kohn-Sham theory are treated with the gener-
lized gradient approximation functional (GGA) of PW91 [27].

plane wave energy cut off of 350 eV is used in the present
alculation and the total energies in all geometry optimization
alculations are converged to within 1 meV/atom successfully.
rillouin zone sampling is performed using a Monkhorst–Pack
rid [28] and electronic occupancies are determined according
o a Methfessel–Paxton scheme [29] with an energy smearing
f 0.1 eV. Because there is a magnetic element (Ni) involved in
he system, spin polarized effect has been considered. The cal-
ulations performed by Kresse and Hafner showed that surface
agnetism was essential for an accurate quantitative description

f adsorption energy [30].
The Ni(1 0 0) surface is represented as a five-layer slab with

p(3 × 3) supercell, corresponding to a CH4 coverage of 0.11
onolayer (ML). Our model is larger than that used in Ref.

20]. A p(2 × 2) surface supercell has also been considered, and
t is found that this supercell is not large enough to neglect the
ateral adsorbate interactions. Therefore, our results are more
ppropriate to be compared to experimental data with low sur-
ace coverages. The bottom two layers of the slab are constrained
o their crystal lattice positions. The neighboring slabs are sepa-
ated by a vacuum layer as large as 12 Å in order to avoid periodic
nteractions. Another test calculation is made to show that the
elaxation of deeper layers has only a very small effect on the
urface reaction since the forces on these layers are negligible.
he first Brillouin zone of the p(3 × 3) supercell is sampled with
2 × 2 × 1 k-point mesh which is evidenced to be sufficient for

uch a large cell [22].
The energies of localized vibrations are substantial for light

toms such as H atoms. It is necessary to make zero-point
nergy (ZPE) corrections to the adsorption energies and acti-
ation energy barriers. Especially at the saddle point, one of
he modes has negative curvature so the corresponding contri-
ution to the ZPE is lost, and the energy barrier is consequently
owered. The Hessian matrix for the potential energy surface
s calculated using finite difference approximation, and diag-
nalized to find the normal modes of calculated systems. The
dsorbates (CH3, CH4) and the metal atoms to which the adsor-
ates are attached are displaced in the direction of each Cartesian
oordinate, while the other Ni atoms are kept rigid during these
nite difference calculations because in the preliminary calcu-

ation, the CH4 vibrational frequencies adopt almost the same
avenumbers with and without the relaxation of these metal

toms.
It was reported that nonbonding interactions controlled the

H4 physisorption on transition metal surfaces [20,31]. How-
ver, DFT provides a poor description of van der Waals (vdW)
orces and yields repulsive forces only [32–34]. Therefore, the
ominant contribution to the long-range intermolecular poten-
ial, the dispersion energy, should be added to the DFT calcula-

ions. The dispersion energy (Edisp) can be written as

disp = −C6ij

r6 − C8ij

r8 − C10ij

r10 − · · ·, (1)
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in all six configurations, and these bonds are seen in the figures
as “bridges” of electronic density between C and Ni atoms. At
the Atop site, the electronic density between the C and Ni atoms
is largest, indicating the strongest Ni–C bond. This also can be

Table 1
Adsorption energies and geometries of H atom on Ni(1 0 0) surface

Site �Eads (eV) dH–Ni
a (Å) dH–surface

b (Å)

Hollow −2.79 1.836 (4)c 0.554
Y.-A. Zhu et al. / Journal of Molecular

here r is the distance between the C atom in CH4 and Ni sur-
ace, and

6ij = 2

3

1

(4πε0)2

αiαjIiIj

Ii + Ij

(2)

here α is the electronic polarizability and I is the ionization
nergy [35]. The higher-order coefficients, C8, C10, etc. are taken
nto account by simply increase the C6 coefficient by 25%. All
he coefficients C6, C8 and C10 are positive, so that the energy
ontributions are all attractive.

An improved version of the nudged elastic band method, the
limbing-image NEB (CI-NEB) [36–38], is used to locate the
inimum energy path (MEP) and transition states for CH4 disso-

iation. A number of intermediate images are constructed along
he reaction path between the energetically favorable reactants
nd products. With the two endpoints fixed, the intermediates are
ptimized partially using a velocity quench algorithm [39] fol-
owed by a quasi-Newton algorithm. Once a MEP is found, the
immer method [40] is used to reconverge saddle points. Minima
nd saddle points are considered converged when the maximum
orce in every degree of freedom is less than 0.01 eV/Å. In order
o obtain accurate forces, the total energy and band structure
nergy are converged to within 1 × 10−8 eV/atom during the
lectronic optimization. Such a calculation is computationally
emanding because of the high precision and large numbers of
onic relaxation steps for each image along the reaction path.

. Results and discussion

.1. H chemisorption on Ni(1 0 0) surface

It was reported that the adsorbed H and CH3 are the primary
roducts of CH4 dissociation by electron energy loss spec-
roscopy (EELS) [41,42]. The sites considered for H adsorption
n Ni(1 0 0) surface are as follows (Fig. 1): a hollow fourfold site
Hollow site), a bridge site between two Ni atoms (Bridge site),
nd an atop site above a single Ni atom (Atop site). The energies
nd the corresponding geometries of atomic H adsorbed at vari-
us sites are examined to find the most favorable configuration.
he H adsorption energy (�Eads) is defined here as

Eads = EH+Ni(1 0 0) − EH − ENi(1 0 0) (3)

he first term on the right hand is the total energy of Ni(1 0 0)
urface with an H atom adsorbed; the second term is the total
nergy of an isolated H atom; the last term is the total energy of
lean Ni(1 0 0) surface. The calculated results are summarized
n Table 1. The negative sign of the adsorption energy indicates
hat the H adsorption on Ni(1 0 0) surface is an exothermic pro-
ess. From the table, the H atoms prefer the Hollow site which is
n agreement with experimental measurements by Christmann
t al. [43]. This is because the atomic H is coordinated by four

i atoms at the Hollow site while only two and one Ni atoms at

he Bridge and Atop sites, respectively, i.e., higher coordination
esults in better stability. The most important geometry param-
ters – the shortest H–Ni distance and the height of the H atom
bove the surface – are also shown in Table 1.

B
A

ig. 1. Schematic representations of H adsorption on three high-symmetry sites
f Ni(1 0 0) surface. Small balls denote H atoms. Large balls denote Ni atoms
n the first and second layers.

.2. CH3 chemisorption and diffusion on Ni(1 0 0) surface

.2.1. CH3 chemisorption on Ni(1 0 0) surface
Similar to the atomic H, the CH3 species is bound to the

forementioned three high-symmetry sites of Ni(1 0 0) surface
nd two different CH3 orientations are considered at each site,
hown in Fig. 2. At the Hollow and Bridge sites, one of C–H
onds in CH3 species points toward either a Bridge site (the con-
gurations are named as Hollow1 and Bridge1, respectively) or
n Atop site (Hollow2 and Bridge2, respectively). And at the
top site, one of C–H bonds points toward either a Bridge site

Atop1) or a Hollow site (Atop2). The adsorption energies and
ptimized geometry parameters are listed in Table 2, and the
orrected values are calculated by considering the ZPE correc-
ion. Comparing the adsorption energies, one can see that the
ridge2 configuration is preferred, consistent with the previous
FT-GGA study [20]. The valence charge density is calculated

s CH3 species is adsorbed at various sites and plotted perpen-
icular to the Ni(1 0 0) surface with the Ni–C bond involved
Fig. 3). It is evident that strong covalent C–Ni bonds are formed
ridge −2.68 1.616 (2) 1.080
top −2.23 1.472 1.495

a dH–Ni denotes the shortest H–Ni distance.
b dH–surface denotes the height of the H atom above the surface.
c Numbers in parentheses show the amount of the corresponding value.
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ig. 2. Schematic representations of CH3 adsorption geometries on Ni(1 0 0) su
enote C atoms.

educed from the comparison of dC–Ni in Table 2. The shortest
i–C bond length at the Atop site strengthens the covalent bond

nd the underlying Ni atom is moved out normal to the surface
y about 0.2 Å. However, the CH3 adsorption at the Bridge site is
ore exothermic than that at the Atop site as mentioned above.
his is because the interaction between CH3 and Ni surface is
f a strong three-center character [44].

To further investigate the CH3 chemisorption on Ni(1 0 0)
urface by analyzing the electronic structure, local density of
tates (LDOSs) around C atom are calculated at various adsorp-
ion sites, and the results are shown in Fig. 4. The zero energy
efers to the Fermi level, and the peaks corresponding to the
olecular orbitals of isolated CH3 are also represented (dashed

ines). In Fig. 4, the lowest energy peek refers to the 2a1 orbital
hich is the lowest occupied valence orbital in CH3. It is clear

hat its energy is lowered by about 1 eV as CH3 is bound to
he Hollow and Bridge sites, while at the Atop site, no energy
hange occurs, indicating there is no interaction between the
a1 orbital and the metal substrate in this instance. The peak
t about 6 eV below the Fermi level is attributed to the state

f 1e orbital character. The CH3 adsorptions at the Hollow and
ridge sites result in an energy decrease of the 1e orbital while

he orbital energy is shifted to higher value at the Atop site. This

o
a
m

able 2
dsorption energies and geometries of CH3 on Ni(1 0 0) surface

onfiguration �Eads (eV) dC–Ni
a (Å) dC–surf

Uncorrectedf Correctedg

ollow1 −1.84 −1.88 2.070 (2) 1.556
ollow2 −1.86 −1.91 2.002 1.516
ridge1 −1.93 −1.95 2.057 (2) 1.779
ridge2 −1.96 −1.98 1.995 1.771
top1 −1.76 −1.76 1.947 2.139
top2 −1.75 −1.75 1.945 2.177

a dC-Ni denotes the shortest C–Ni distance.
b dC–surface denotes the height of the C atom above the surface.
c dNi-H denotes the shortest Ni–H distance.
d dC–H denotes the lengths of C–H bonds in CH3 species.
e ∠HCH denotes the angles between the C–H bonds in CH3 species.
f The uncorrected adsorption energy is calculated as �Eads = ECH3+Ni(1 0 0) − EC
g The corrected adsorption energy is calculated with the ZPE correction considered
with different orientations. Small white balls denote H atoms. Small grey balls

s because the mixing between the 1e and Ni 3d states, in fact,
orresponds to a C–H–Ni three-center bond [44] which is dis-
ussed in detail below. At the Atop site, the 1e–3d mixing is very
eak, arising from a larger H–Ni separation. The 3a1 orbital is

he highest occupied molecular orbital. A dramatic orbital mix-
ng of the 3a1 orbital with the metal 3d state upon chemisorption
an be seen at all adsorption sites. The mixing results in sub-
tantial decreases in energy of the 3a1 orbital by up to 5.6 and
eV at the Hollow and Bridge sites, respectively, which are
uch larger than that at the Atop site (4 eV). The 3a1–3d mix-

ng is weakened and positioned at higher energy at the Atop
ite because C atom has only one Ni neighbor with which
t can mix.

As claimed by Michaelides and Hu [44], the C–H–Ni bond is
ormed as CH3 is adsorbed on Ni(1 1 1) surface. They pointed out
hat the observed mode softening in CH3 species was attributed
o the formation of the three-center bond. Through our vibra-
ional calculations of the CH3 adsorbed on Ni(1 0 0) surface, the
ode softening is also found. For the most stable Bridge2 con-
guration, the ‘soft’ frequency of the C–H symmetric stretching

ccurs at ∼2613 cm−1, which corresponds to a red shift of
pproximate 346 cm−1, compared to the gas-phase C–H sym-
etric stretching frequency of ∼2959 cm−1. This mode soft-

ace
b (Å) dNi–H

c (Å) dC–H
d (Å) ∠HCHe (◦)

2.031 (2) 1.113, 1.120 (2) 105.236, 106.539 (2)
1.923 (2) 1.108, 1.134 (2) 101.995, 105.880 (2)
2.095 (2) 1.098, 1.115 (2) 103.800, 109.604 (2)
1.838 1.102 (2), 1.138 104.816 (2), 110.748
2.524 (2) 1.099, 1.101 (2) 110.058, 110.091 (2)
2.521 1.099, 1.101 (2) 110.081, 110.086 (2)

H3 − ENi(1 0 0).
.
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Fig. 3. The valence charge density calculated for different CH3 adsorption geometrie
(a) Hollow1. (b) Hollow2. (c) Bridge1. (d) Bridge2. (e) Atop1. (f) Atop2.

Fig. 4. LDOSs around C atom for various CH3 adsorption configurations on
Ni(1 0 0) surface: (a) Hollow1. (b) Hollow2. (c) Bridge1. (d) Bridge2. (e) Atop1.
(f) Atop2. The zero energy refers to the Fermi level. The peaks corresponding
to the isolated CH3 molecular orbitals are also represented as dashed lines.
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s and plotted perpendicular to Ni(1 0 0) surface with the Ni–C bond involved:

ning predicts a weakening of the C–H bond. In fact, the C–H
ond can be regarded as an electron donor. The electrons in the
–H bond are attracted by the deep Ni 3d potential and delocal-

zed into the region between the three atoms [44]. The formed
–H–Ni bond results in a shortened H–Ni distance and a length-
ned C–H bond. In Table 2, the Bridge2 configuration has the
ongest C–H bond length and the shortest Ni–H distance, achiev-
ng the maximum multicenter bonding. Therefore, the Bridge
ite is more favorable for CH3 adsorption than the Atop site.

.2.2. CH3 diffusion on Ni(1 0 0) surface
The strength of the C–H–Ni three-center bond can also be

haracterized by the energy barrier for CH3 rotation on Ni sur-
ace [44]. Therefore, the CI-NEB method is used to explore the

EP for CH3 rotation on Ni(1 0 0) surface. In the calculation,
oth the initial and final states adopt the most stable Bridge2 con-
guration, and the CH3 molecule is rotated through ∼60◦ around

he surface normal going through the C atom. The calculated
EP is shown in Fig. 5, with the initial state, the transition states,

he intermediate and the final state represented. The energy bar-
ier without ZPE correction is ca. 28 meV which is much lower
han that for CH3 rotation on Ni(1 1 1) surface (0.17 eV) [22].
n the Ni(1 1 1) surface, the CH3 molecule is initially rotated

round one H atom from the most stable Fcc site to the Hcp
ite, and then back to the Fcc site owing to the strong C–H–Ni

ond. However, in our calculation, the C atom is located at the
ridge site throughout the rotation. This is also, in fact, because

he three-center bond is strongest when CH3 is located at the
ridge site, and it prevents the CH3 molecule from diffusing to
ther adsorption sites.
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ig. 5. MEP for CH3 rotation at the Bridge site. The configurations for the
nitial state, the transition states, the intermediate and the final state are also
epresented.

.3. Coadsorption of H and CH3 on Ni(1 0 0) surface

The coadsorption of H and CH3 on Ni(1 0 0) surface is inves-
igated by assigning the atomic H and CH3 species to different
dsorption sites, respectively, and the predicted geometries are
llustrated in Fig. 6. The calculated adsorption energies and opti-
ized geometry parameters are summarized in Table 3. As seen

rom the table, the energy difference among the HL-B2-3, HL-
2-1 and HL-B1-3 configurations are only 30 meV, which is

n the range of the inherent error of DFT. Therefore, they are
ll energetically favorable for coadsorption of H and CH3, in
hich the atomic H and CH3 species are adsorbed at the Hol-

ow and Bridge site, respectively. In addition, the H atoms in
he B-B2-2 and B-B2-3 configurations are relaxed to the Hol-
ow sites even if initially placed at the Bridge sites, i.e., the
-B2-2 and B-B2-3 configuration are optimized to the HL-
2-3 and HL-B2-1 configuration, respectively. It is therefore
vident that the interaction between the coadsorbed CH3 and H is
epulsive.
The mode softening is also observed as H and CH3 are
oadsorbed on Ni(1 0 0) surface, e.g., as for the HL-B2-3 config-
ration, the “soft” frequency of the C–H symmetric stretching
ccurs at ∼2631 cm−1.

a
a
a
t

ig. 6. Schematic representations of geometries of coadsorbed H and CH3 on Ni(1 0
o the adsorption site for atomic H. The character after the first hyphen refers to the C
ysis A: Chemical 264 (2007) 299–308

.4. CH4 adsorption and dissociation on Ni(1 0 0) surface

.4.1. CH4 adsorption on Ni(1 0 0) surface
The CH4 adsorptions at the Hollow, Bridge and Atop sites of

i(1 0 0) surface are also studied. At each site, different adsorp-
ion configurations are considered with one, two and three C–H
onds in CH4 species pointing towards Ni(1 0 0) surface, as
hown in Fig. 7. The adsorption energies which are calculated
elative to the bare Ni(1 0 0) surface and isolated CH4 molecule
re summarized in Table 4, together with the optimized geom-
try parameters. Because the nature of the interaction between
H4 and Ni surface is physisorption, not only the ZPE but also

he dispersion energy is added to the total energy. For all of these
dsorption configurations, the adsorption energies takes similar
mall values in the range of a few meV and in the most stable 1-A-
and 1-A-2 adsorption configurations, one C–H bond in the CH4
olecule points directly towards the Atop site and the remaining

hree H atoms are in a plane parallel to the Ni surface. Öström et
l. performed combined X-ray absorption spectroscopy (XAS)
nd DFT studies to investigate the CH4 physisorption on Pt
urfaces [45]. They found that the CH4 molecule with one H
tom pointing towards the surface resulted in more satisfactory
greement with the experimental spectra and this C–H bond was
longated, which induced the orbital mixing and consequently
inimized the Pauli repulsion. In addition, the CH4 diffusion

bove Ni(1 0 0) surface is calculated and the energy barrier for
H4 rotation from the 1-A-1 configuration to the 1-A-2 config-
ration is negligible.

.4.2. CH4 dissociation on Ni(1 0 0) surface
Now that the stable sites for CH4 adsorption and coadsorp-

ion of H and CH3 have been established, the CI-NEB method
s used to explore the MEP for CH4 dissociation. Three reac-
ion pathways with different initial and final states have been
onducted to investigate the effect of the CH4 orientation on
eactivity. As mentioned in the CH4 adsorption, the CH4 ori-
ntations with one, two and three C–H bonds pointing towards
he Ni surface are considered. For clarity and ease of notation,
hese three reaction pathways are denoted as PATH(I), PATH(II),

nd PATH(III), respectively. In the PATH(I), the initial state
dopts the favorable 1-A-1 configuration for CH4 adsorption
nd the final state adopts the stable HL-B2-3 configuration for
he coadsorbed H and CH3 as described above. The result of

0) surface. The first character in the name of coadsorption configurations refers
H3 adsorption configuration. HL denotes Hollow and B denotes Bridge.
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Table 3
Adsorption energies and geometries of coadsorbed CH3 and H on Ni(1 0 0) surface

Configuration �Eads (eV) dC–Ni (Å) dC–surface (Å) dH–Ni
a (Å) dH–surface

b (Å) ∠HCH (◦) dC–H (Å)

Uncorrectedc Corrected

HL-HL1-1 −4.46 −4.51 2.135 (2) 1.478 1.744 (2) 0.507 104.911, 104.932 (2) 1.121 (2), 1.125
HL-HL1-2 −4.61 −4.65 2.049 1.541 1.821 0.556 104.998, 105.733, 106.284 1.120, 1.121, 1.122
HL-HL1-3 −4.61 −4.64 2.030 1.602 1.776 0.558 105.644, 106.515, 107.121 1.114, 1.116, 1.119
HL-HL1-4 −4.59 −4.64 2.069 1.474 1.784 0.604 104.882, 105.380, 105.508 1.114, 1.121, 1.128
HL-HL1-5 −4.69 −4.72 2.054 (2) 1.688 1.815 (2) 0.568 104.832, 108.285 (2) 1.102, 1.118 (2)
HL-HL2-1 −4.65 −4.69 1.994 1.526 1.773 0.558 102.324, 105.648 (2) 1.107, 1.132 (2)
HL-HL2-2 −4.58 −4.62 2.019 1.558 1.744 0.533 102.912, 105.435, 106.512 1.109, 1.123, 1.138
HL-HL2-3 −4.67 −4.72 1.994 1.499 1.814 0.570 101.590, 105.479, 105.709 1.105, 1.134, 1.137
HL-HL2-4 −4.65 −4.68 1.983 1.619 1.799 0.545 103.771, 106.094, 107.692 1.107, 1.116, 1.132
HL-HL2-5 −4.66 −4.70 1.992 1.507 1.798 0.600 101.986, 105.849 (2) 1.105, 1.135 (2)
HL-B1-1 −4.41 −4.42 2.080 (2) 1.821 1.707 (2) 0.192 103.284, 110.145 (2) 1.109, 1.115 (2)
HL-B1-2 −4.68 −4.67 2.050 1.789 1.799 0.516 109.508, 109.614, 109.787 1.099, 1.110, 1.116
HL-B1-3 −4.71 −4.73 2.050 1.800 1.803 0.541 103.954, 109.591, 109.695 1.098, 1.113, 1.115
HL-B1-4 −4.28 −4.28 2.101 (2) 1.886 1.697 (2) 0.135 105.147, 110.046 (2) 1.095, 1.109 (2)
HL-B2-1 −4.73 −4.74 1.994 1.764 1.789 0.530 104.869, 105.364, 111.164 1.097, 1.110, 1.131
HL-B2-2 −4.44 −4.46 2.012 1.817 1.711 0.219 104.032, 105.793, 110.707 1.097, 1.106, 1.137
HL-B2-3 −4.74 −4.76 2.005 1.781 1.781 0.552 104.497, 104.641, 110.987 1.099, 1.101, 1.141
B-B2-1 −4.60 −4.61 2.012 1.792 1.591 1.116 104.520 (2), 110.726 1.099 (2), 1.150
B-B2-2 −4.73 −4.75 2.017 1.808 1.796 0.615 103.237, 105.005, 110.693 1.099, 1.102, 1.145
B-B2-3 −4.73 −4.74 1.983 1.794 1.811 0.571 103.810, 105.911, 110.681 1.100, 1.103, 1.137
B-B2-4 −4.54 −4.54 1.967 1.821 1.567 1.107 104.937 (2), 111.258 1.100 (2), 1.133
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a dH–Ni denotes the shortest distance between the dissociated H atom and Ni
b dH–surface denotes the height of the isolated H atom above the surface.
c The uncorrected adsorption energy is calculated as �Eads = ECH3+H+Ni(1 0

his calculation is depicted in Fig. 8. The energy barrier for CH4
issociation is found to be 0.84 eV. With the ZPE and dispersion
nergy correction considered, the barrier is decreased to 0.61 eV
hich is much lower than that calculated by Lai et al. [20]

0.73 eV) and closer to the experimental data by Nielsen et al.
6] (0.61 ± 0.02 eV). Through the frequency analysis, the transi-
ion state has been verified with only one imaginary vibrational
requency of 671.18i cm−1 which corresponds to an asymmet-
ic stretching. At the saddle point (Fig. 8(b)), one H atom is

oved to the Bridge site and the remaining CH3 species is still

ocated at the Atop site. The C–Ni bond forms angles of 0.841◦
nd 48.591◦ with respect to the surface normal and the disso-

e

t

ig. 7. Schematic representations of CH4 adsorption at three high-symmetry sites of
nd small grey balls denote C atoms. The first character in the name of adsorption co
he character after the first hyphen refers to where the CH4 molecule is adsorbed. HL
.

CH3 − EH − ENi(1 0 0).

iating C–H bond, respectively. The length of the dissociating
–H bond is stretched from the value of 1.097 Å in the isolated
H4 molecule to 1.626 Å. The underlying Ni atom is displaced
ut of the surface along the surface normal by 0.251 Å. This
henomenon has also been proposed in calculation of CH4 dis-
ociation on Ir(1 1 1) [31] and Ni(1 1 1) surfaces [22] and can be
xplained on the basis of shifts in the metal d band induced by
tress [46]. The Ni displacement results in the decrease of coor-
ination number, and consequently the higher d-band center to

nhance the reactivity.

In the PATH(II), the 2-A configuration is chosen as the reac-
ant with two C–H bonds pointing toward the Ni surface and the

Ni(1 0 0) surface with different orientations. Small white balls denote H atoms,
nfigurations refers to the number of H atoms pointing towards the Ni surface.
denotes Hollow. B denotes Bridge. A denotes Atop.
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Table 4
Adsorption energies and optimized geometries of CH4 adsorption on Ni(1 0 0) surface

Configuration �Eads (eV) dC–Ni (Å) dC–surface (Å) dC–H
a (Å) ∠HCHb (◦)

Uncorrectedc Correctedd

1-HL-1 0.06 0.04 3.502 (2) 3.095 1.095 (2), 1.096, 1.109 108.120, 108.478 (2), 110.528 (2), 110.626
1-HL-2 −0.01 −0.01 3.661 3.362 1.096 (2), 1.098, 1.105 108.800 (2), 108.863, 110.073 (2), 110.195
2-HL 0.04 0.02 3.528 (4) 3.048 1.096 (2), 1.104 (2) 108.516, 109.355 (4), 110.869
3-HL-1 0.04 0.03 3.426 (2) 2.920 1.093, 1.097, 1.098 (2) 109.093 (2), 109.145, 109.779, 109.856 (2)
3-HL-2 0.09 0.06 3.306 2.779 1.096, 1.102 (2), 1.103 108.764, 108.774 (2), 110.086 (2), 110.316
1-B-1 0.04 0.01 3.361 (2) 3.111 1.095 (2), 1.097, 1.113 108.066, 108.281 (2), 110.503, 110.804 (2)
1-B-2 0.01 −0.01 3.430 3.211 1.081, 1.096 (2), 1.118 107.935 (2), 108.512, 110.545, 110.896 (2),
2-B-1 0.07 0.05 3.232 (2) 2.964 1.099 (2), 1.104 (2) 109.169 (4), 109.204, 110.937,
2-B-2 0.08 0.05 3.064 (2) 2.785 1.096 (2), 1.108 (2), 108.744 (4), 109.892, 110.960
3-B-1 0.01 0.00 3.308 (2) 3.059 1.095, 1.097, 1.098 (2) 108.973, 109.463 (2), 109.561 (2), 109.802
3-B-2 0.01 0.00 3.353 3.107 1.096 (2), 1.098, 1.099 109.098 (2), 109.407, 109.714, 109.754 (2)
1-A-1 −0.04 −0.05 3.751 3.754 1.096 (3), 1.101 109.066, 109.120 (2), 109.837 (2), 109.839
1-A-2 −0.04 −0.05 3.751 3.754 1.097 (3), 1.101 109.106, 109.143 (2), 109.791 (2), 109.847
2-A −0.01 −0.02 3.151 3.162 1.102 (2), 1.097 (2) 109.128 (4), 109.549, 110.764
3-A-1 0.00 −0.01 3.149 3.151 1.097, 1.098 (2), 1.099 109.336 (2), 109.400, 109.564, 109.596 (2)
3-A-2 0.00 −0.01 3.151 3.151 1.095, 1.099 (3) 109.338 (2), 109.398, 109.565, 109.594 (2)

a dC-H denotes the lengths of C–H bonds in CH4 species.
b ∠HCH denotes the angles between the C–H bonds in CH4 species.
c The uncorrected adsorption energy is calculated as �Eads = ECH4+Ni(1 0 0) − ECH4 − ENi(1 0 0).
d The corrected adsorption energy is calculated with both the ZPE and dispersion energy correction considered.

Fig. 8. (a) MEP for CH4 dissociation adopting the PATH(I) with the initial state,
the transition state and the final state illustrated. (b) Geometry of the saddle point
for CH4 dissociation.

Fig. 9. (a) MEP for CH4 dissociation adopting the PATH(II) with the initial state,
the transition state and the final state illustrated. (b) Geometry of the saddle point
for CH4 dissociation.



Catal

H
M
t
t
b
c
w
s
f
t
l
t
i
s
p
a
a
s
o

C
fi
r
e
t

F
s
p

r
P
f
t
t
n
o
d
a
a
0

t
h
t
a
s

4

Y.-A. Zhu et al. / Journal of Molecular

L-B2-1 configuration is selected as the product. The calculated
EP is presented in Fig. 9(a) with the initial state, the transi-

ion state and the final state shown in the insets from the left to
he right. The data along the energy profile yields a dissociation
arrier of 0.83 eV. Considering the ZPE and dispersion energy
orrection, this value is decreased to 0.61 eV which is identical
ith that for PATH(I). Through the frequency analysis, the tran-

ition state has been verified with only one imaginary vibrational
requency of 620.91i cm−1. What is beyond our expectation is
hat the dissociated H atom is not directly moved to the Hol-
ow site to form the C–H–Ni bond. Instead, it firstly diffuses
o the Bridge site to achieve the maximum three-center bond-
ng to lower the energy barrier and then diffuses to the Hollow
ite. Fig. 9(b) shows the corresponding geometry of the saddle
oint along the MEP. The C–Ni bond forms angles of 1.896◦
nd 48.507◦ with respect to the surface normal and the dissoci-
ting C–H bond, respectively, and the dissociating C–H bond is
tretched to 1.688 Å. The underlying Ni atom is displaced out
f the surface along the surface normal by 0.255 Å.

In the PATH(III) starting from the CH4 molecule with three
–H bonds pointing towards the Ni surface, the initial and

nal states correspond to the 3-A-1 and B-B2-4 configurations,
espectively. The converged MEP and the corresponding geom-
try of the transition state are shown in Fig. 10. As seen in
his figure, the calculated energy barrier is 0.84 eV, and the cor-

ig. 10. (a) MEP for CH4 dissociation adopting the PATH(III) with the initial
tate, the transition state and the final state illustrated. (b) Geometry of the saddle
oint for CH4 dissociation.
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ected result is 0.62 eV which is slightly higher than those for
ATH(I) and PATH(II). There is only one vibrational imaginary
requency of 554.05i cm−1 in the transition state. The geome-
ry of the saddle point is similar to that in PATH(I) except that
he dissociating CH3 is rotated through 180◦ about the surface
ormal going through the C atom. The C–Ni bond forms angles
f 1.593◦ and 48.363◦ with respect to the surface normal and
issociating C–H bond, respectively. The length of the dissoci-
ting C–H bond is stretched to 1.688 Å and the underlying Ni
tom is displaced out of the surface along the surface normal by
.267 Å.

Through the investigation of these three reaction pathways,
he activation energies take similar values so the CH4 orientation
as a minor effect on the reactivity of the CH4 dissociation. In
he transition states, the C–H–Ni three-center bonds are formed
nd they can substantially lower the energy barrier for CH4 dis-
ociation.

. Conclusions

Density functional theory calculations have been performed
o study the adsorption of H, CH3 and CH4 on Ni(1 0 0) surface.
he fourfold Hollow site is most favorable for H adsorption,
hile the CH3 species prefers the Bridge site with one of the
–H bonds pointing towards the neighbor Ni atom. The C–H–Ni

hree-center bond is formed as CH3 is adsorbed on Ni surfaces.
he Bridge2 configuration is most stable for CH3 adsorption
ecause it achieves the maximum multicenter bonding. Because
f a weakening of the 2a1–3d delocalization and 1e–3d mixing,
he Atop site is less favorable although the corresponding C–Ni
ovalent bond is strongest. The three-center bond results in a
hortened H–Ni distance and a lengthened C–H bond. Conse-
uently, a mode softening in CH3 species is observed due to the
eakened C–H bond. The CH3 diffusion on Ni(1 0 0) surface

s investigated using the CI-NEB method with the CH3 species
dopting the most stable Bridge2 configuration in both the ini-
ial and final states. Unlike the CH3 rotation from the Fcc site
o other adsorption sites on Ni(1 1 1) surface, the CH3 rotation
n Ni(1 0 0) surface is constrained at the Bridge site throughout
he diffusion with a much smaller energy barrier of 28 meV. The
ifferent behaviors of CH3 on Ni(1 0 0) and Ni(1 1 1) surfaces
re also due to the strong three-center bond. Several configura-
ions are favorable for the coadsorption of the atomic H and CH3
pecies, in which the H atom and CH3 species are adsorbed at
he Hollow and Bridge site, respectively, because of their little
nergy difference.

Three reaction pathways starting from different CH4 orien-
ations have been explored to investigate the CH4 dissociation
sing the CI-NEB method. The three CH4 orientations corre-
pond to the CH4 molecules with one, two and three C–H bonds
ointing towards the Ni surface. The calculated dissociation
nergy barriers are 0.61, 0.61 and 0.62 eV, respectively, consis-
ent with the experimental result of 0.61 ± 0.02 eV. Because the

nergy barriers for the different reaction pathways take similar
alues, the CH4 orientation has a minor effect on the reactivity.
n the transition states, the active Ni atoms are displaced out of
he surface to decrease the coordination number and enhance the
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eactivity, and simultaneously the energy barrier for dissociation
s lowered by the formed C–H–Ni three-center bonds.

The validity of the present set of results is restricted to the case
f a perfect Ni surface without defective sites. As this is clearly
n approximation of the Ni surface, investigations to address the
nfluence of the surface defective sites upon the chemisorption
nd reaction properties of CH4 molecule should also be consid-
red in the future.
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45] H. Öström, H. Ogasawara, L. Näslund, L.G.M. Pettersson, A. Nilsson,
Phys. Rev. Lett. 96 (2006) 146104.

46] M. Mavrikakis, B. Hammer, J.K. Nørskov, Phys. Rev. Lett. 81 (1998)
2819.


	First-principles calculations of CH4 dissociation on Ni(100) surface along different reaction pathways
	Introduction
	Computational details
	Results and discussion
	H chemisorption on Ni(100) surface
	CH3 chemisorption and diffusion on Ni(100) surface
	CH3 chemisorption on Ni(100) surface
	CH3 diffusion on Ni(100) surface

	Coadsorption of H and CH3 on Ni(100) surface
	CH4 adsorption and dissociation on Ni(100) surface
	CH4 adsorption on Ni(100) surface
	CH4 dissociation on Ni(100) surface


	Conclusions
	Acknowledgements
	References


