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a b s t r a c t

The adsorption and dissociation of CH4 on clean Ni(1 0 0), oxygen atom pre-adsorbed Ni(1 0 0) and
NiO(1 0 0) surfaces have been studied using density functional theory calculations with the periodic slab
model. The activation barrier for methane dissociation on clean Ni(1 0 0) is much lower than that on the
oxygen atom pre-adsorbed Ni(1 0 0) and NiO(1 0 0) surface. Thus the active site for methane dissociation
is the metallic Ni instead of the oxidized Ni. Moreover, the decomposition of activation barrier has been
vailable online 24 September 2009
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performed. The result further explains how the existence of oxygen atom increases the barrier. Though
the pre-adsorbed oxygen atom decreases the interaction between CH3 and H in the transition state, it
greatly decreases the interaction of CH3 and H with substrate. So the overall result is that the oxygen
atom inhibits the dissociation of methane on Ni surface. Importantly, it was found that a three-center

ition
ction
ctive site
ensity functional theory calculation
lab model

bond formed in the trans
energy barrier for the rea

. Introduction

The dissociative adsorption of methane on transition metal cat-
lyst to form surface-bound methyl and hydrogen is an important
tep in the steam reforming process which converts natural gas to a
ixture of carbon monoxide and hydrogen [1,2]. In particular, the
ethyl radical has been believed to be a key intermediate because it

s the nascent product of the CH4 dissociation. Therefore, the study
f the chemisorption of methyl on the nickel surface could provide
mportant information. In addition, metallic nickel is the efficient
atalyst. So the dissociative adsorption of CH4 has led to a number
f experimental and theoretical studies [3–18].

Experimentally, direct measurements of thermal sticking coef-
cient have been carried out for CH4 on Ni(1 0 0) [4,5]. The energy
arrier for the dissociation reaction was estimated to be 0.28 eV [4]
nd 0.54 eV [5]. Nielsen et al. [6] performed reliable measurement
f the activation energy barrier for CH4 dissociative adsorption on
i(1 0 0) surface gave a value of 0.61 eV, much lower than that on
i(1 1 1) surface (0.77 eV) [7]. Several studies indicate that the dis-
ociation of CH4 on Ni(1 0 0) is a direct process that can be activated
y both incident kinetic energy normal to the surface and thermal
ibrational energy of the incident CH4 [1,10–12]. Hu and Ruck-
nstein [13] studied the partial oxidation of methane and found

∗ Corresponding author. Tel.: +86 22 23503824; fax: +86 22 23502458.
E-mail addresses: wangguichang@nankai.edu.cn (G.-C. Wang),
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381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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state when oxygen atom acts as a spectator, which leading to a smaller
of CH4 + O → CH3 + H + O than that of CH4 + O → CH3 + OH.

© 2009 Elsevier B.V. All rights reserved.

that the metallic Ni is more active than the oxidized Ni for CH4
activation. Furthermore, they also performed experiment with the
deuterium–methane pulses method to study the dissociation of
methane on Ni [14]. The experimental results showed that CH4 can
easily dissociate into CHx and H on a metallic Ni catalyst, whereas
such a dissociation reaction cannot take place on the catalyst in the
oxidized state [14]. Campbell et al. [15] reported that the reaction
probability of methane on NiO films is significantly lower than that
on clean Ni(1 0 0) surface.

Recently, Beck et al. [9] report quantum state-resolved stud-
ies of vibrationally excited CH4 reacting on the Ni(1 0 0) surface.
Their results clearly exclude the possibility of statistical models cor-
rectly describing the mechanism of this process and attest to the
importance of full-dimensional calculations of the reaction dynam-
ics. So, despite many experimental works have been performed
to an understanding of the dissociative chemisorption of methane
on Ni surface, the theoretical analysis is still valuable to further
understand such a complex dynamical reaction [1,3,8,16–18]. Ben-
gaard et al. [8] performed the self-consistent density functional
theory (DFT) calculations and obtained an activation barrier of
1.17 eV. Burghgraef et al. [16] have found that the activation bar-
rier was 0.42 eV for a single Ni atom, 2.25 eV for the Ni7-cluster
and 1.25 eV for the Ni13-cluster. Swang et al. [17] studied the

dissociative adsorption of CH4 on the Ni(1 0 0) surface at the ab
initio complete active space self-consistent field (CASSCF) level.
They found the energy barrier was in the range of 0.69 ± 0.04 eV
using a cluster model. Moreover, although many researches have
focused on such typical surface reaction, some questions are still

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:wangguichang@nankai.edu.cn
mailto:zfshang@nankai.edu.cn
dx.doi.org/10.1016/j.molcata.2009.09.010
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3.1.1. CH4
To study the dissociation of CH4 on clean Ni(1 0 0) surface,

O/Ni(1 0 0) surfaces and NiO(1 0 0) surface, the stable adsorption
site for CH4 was necessary to be confirmed, from which the reaction
pathway could be calculated.

Table 1
Adsorption energies and geometries of methane on different surfaces.a.

Surfaces Eads (eV) dC–Ni (Å) dC–H (Å)

Ni(1 0 0) 0.10 2.73 1.10 (2), 1.11 (2)

O/Ni(1 0 0)
1. �O = 1/2 ML 0.09 3.44 1.09, 1.10 (3)
2. �O = 1/4 ML 0.03 3.30 1.10 (4)
88 B. Xing et al. / Journal of Molecular C

nclear. For example, what is the active site for the methane dis-
ociation on Ni-based catalysts, metallic Ni or oxidized Ni? How
s the dissociation of CH4 affected by the pre-adsorbed oxygen
toms?

In this study, the following schemes were used to study the
ctive site: the clean Ni(1 0 0) surface was used to simulate the
etallic Ni; the oxygen atom pre-adsorbed Ni(1 0 0) (O/Ni(1 0 0))

nd the NiO(1 0 0) surfaces were used to simulate the oxidized Ni.
or the situations of oxygen atom pre-adsorbed Ni(1 0 0) surfaces,
he influence of different oxygen atom coverage (�O = 1/2, 1/4, 1/6
nd 1/9 monolayer (ML)) has also been considered. By the compar-
son of the activation barrier on various catalysts, we intended to
xplore the possible active site for the methane dissociation. Our
aper is organized as follows. In Section 2, we introduce the details
f calculation methods and the models. The calculated adsorption
nergies and activation barriers are given in Section 3. These results
re compared with previous works to examine the accuracy of our
ethod.

. Calculation methods and models

To study the energy and structure details of CH4 dissociation on
i surface, the periodic, self-consistent DFT calculation was per-

ormed by using the Vienna ab initio simulation package (VASP)
19–21]. The electronic structures were calculated using DFT within
he generalized gradient approximation (GGA-PW91) [22–24]. The
roject-augment wave (PAW) [23,24] scheme was used to describe
he inner cores, and the electronic states were expended in a plane
ave basis with kinetic cut-off energy of 350 eV. The climbing-
udged elastic band (cNEB) method was employed to locate the
ransition state [25–27]. Lastly, the frequency analysis was per-
ormed to confirm the transition state. Vibrational frequencies are
alculated by numerical differentiation of the forces using a sec-
nd order finite difference approach with a step size of 0.015 Å.
ased on the calculated frequency results, the zero point energy
ZPE) correction has been taken into account. It was found that the
PE corrections for different system are nearly identical (∼0.20 eV).
hus we do not list the energy data with the ZPE correction. The sur-
aces were modeled by a periodic slab containing four atomic layers
ith a full relaxation of the uppermost two layers (Fig. 1). In our

alculations, three different super-cells with p(2 × 2), (3 × 2) and
3 × 3) were chosen to represent different coverage of pre-adsorbed
xygen atom. Specially, the p(3 × 3) slab model was built with three
tomic layers, while the first layer was allowed to relax. For the
ifferent systems in the calculations, the Monkhorst–Pack meshes
f 4 × 4 × 1, 4 × 6 × 1 and 3 × 3 × 1 special k-point sampling in the
urface Brillouin zone [28] were used for the (2 × 2), (3 × 2) and
3 × 3) system, respectively. A large k-point of 9 × 9 × 1 was cho-
en during the calculation of electronic structures for the accurate
esults. All the calculations considered magnetic properties of Ni
tom based on the spin-polarization method. The calculated lattice
onstant of metallic Ni is 3.53 Å, which is close to the experimen-
al data (3.52 Å) and as well as other theoretical results (3.54 Å)
29]. The calculated magnetic moment of fcc Ni at the equilibrium
attice constant is 0.629�B, which agrees well with the theoret-
cal value of 0.626�B [30] and the experimental value of 0.606�B
31]. The lattice constant of 4.18 Å is used for NiO(1 0 0) The adsorp-
ion energy (Eads) and the activation barrier (Ea) were calculated
s the two formulas: Eads = EA/M − EA − EM and Ea = ETS − EIS, respec-
ively. Here, EA, EM, EA/M, ETS and EIS mean the calculated energy
f adsorbates, substrate, adsorption system, transition state and

nitial state, respectively.

Different calculation parameters such as number of layers and
-point sampling were considered to select the most reasonable
nes. Different number of layers can affect calculated adsorption
nergy. CH3 adsorbed on the different models (four-layers and six-
Fig. 1. Top view and side view of optimized bare Ni(1 0 0), O/Ni(1 0 0) and NiO(1 0 0)
surface models.

layers) were studied, and the energy difference was found to be
less than 0.02 eV. So the model of four-layers is more reasonable.
Similarly, for the k-point sampling used in the calculation, two
sets of k-point of 5 × 5 × 1 and 6 × 6 × 1 have been compared with
4 × 4 × 1. The results indicated that adsorption energy difference is
0.07 and 0.02 eV respective to the 4 × 4 × 1. So 4 × 4 × 1 is used in
this calculation.

3. Results and discussion

3.1. Adsorption properties of possible species

We mainly studied the first dissociation step of CH4, so the
possible adsorption species are CH4, CH3 and H. Specially for the
O/Ni(1 0 0) surface with higher oxygen atom coverage, the H frag-
ment tends to form hydroxyl with pre-adsorbed oxygen atom,
thus the adsorption of hydroxyl has also been calculated. The
corresponding energies and geometry parameters are listed in
Tables 1–4.
3. �O = 1/6 ML 0.04 3.31 1.10 (4)
4. �O = 1/9 ML 0.10 3.20 1.10 (3), 1.11

NiO(1 0 0) −0.06 3.56 1.10 (4)

a dC–Ni denotes the shortest C–Ni distances, and dC–H denote the lengths of C–H
bonds in CH4 species.
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Table 2
Adsorption energies and geometries of methyl on different surfaces.a.

Sites Eads (eV) dC–Ni (Å) dC–H (Å)

Ni(1 0 0)
1. Hollow −1.93 2.03 1.11, 1.12 (2)
2. Ni-Top −1.94 2.03 1.11 (2), 1.15
3. Bridge −1.97 2.01 1.10, 1.11, 1.15

O/Ni(1 0 0)
�O = 1/2 ML

1. Ni-Top −1.10 1.99 1.09, 1.10 (2)

�O = 1/4 ML
1. Ni-Top −1.41 1.96 1.10 (3)
2. Bridge −1.53 2.03 1.10, 1.11 (2)

�O = 1/6 ML
1. Ni-Top −1.81 1.95 1.10 (3)

�O = 1/9 ML
1. Ni-Top −1.84 1.95 1.10 (3)

NiO(1 0 0)
1. Ni-Top −1.71 1.91 1.10 (3)
2. Bridge −1.60 1.93 1.10 (3)
3. Hollow −1.47 1.93 1.10 (3)
4. O-top 0.09 2.10 1.09 (3)

a dC–Ni denotes the shortest C–Ni distances, and dC–H denote the lengths of C–H
bonds in CH3 species.

Table 3
Adsorption energies and geometries of H or OH on different surfaces.

Site Eads (eV) dH–Ni(O) (Å)

Ni(1 0 0)
1. Hollow −2.89 1.80
2. Bridge −2.77 1.61
3. Ni-Top −2.28 1.47

O/Ni(1 0 0) (�O = 1/4 ML)
1. Hollowa −3.71 0.98
2. Bridgea −3.70 0.98
3. Ni-Top −2.16 1.51

NiO(1 0 0)
1. O-top −2.47 0.98
2. Ni-Top −1.97 1.45
3. Bridge −1.81 1.44
4. Hollow −1.75 1.51

dH–Ni(O) denotes the shortest distance between H atom and surface Ni atom or the
bond length of hydroxyl that form only on O/Ni and at O-top site of NiO surface.

a Adsorption species is hydroxyl.

Table 4
Adsorption energies and geometries of the most stable co-adsorption site on differ-
ent surfaces.

Eads (eV) dC–Ni (Å) dC–H (Å)

Ni(1 0 0) −4.60 2.04 2.72

O/Ni(1 0 0)
1. �O = 1/2 ML −4.24 1.99 2.30
2. �O = 1/4 ML −4.22 2.02 4.01

3. �O = 1/6 ML
CH3 + OH −4.41 1.98 4.25
CH3 + H −4.27 2.05 3.04

4. �O = 1/9 ML
CH3 + OH −4.47 1.98 4.25
CH3 + H −4.38 2.03 2.85

NiO(1 0 0) −4.85 1.96 2.24

dC–H here denotes the distance between C atom of CH3 group and the dissociated H
atom from CH4.Eads = E(CH3+H/OH)/M − ECH3 − EH/OH − EM.
Fig. 2. Top view and side view of optimized CH4 adsorption on clean Ni(1 0 0) sur-
face.

The adsorption of methane on Ni(1 0 0) has been studied at the
top, bridge and hollow sites. The corresponding adsorption energies
are 0.10, 0.12 and 0.15 eV. The adsorption energy at top site is little
smaller than other research results (±0.05 eV) [1,3]. The possible
reason may be the different parameters such as k-points used. The

distance between C atom and the surface Ni atom is 2.73 ´̊A. Thus the
physisorption of CH4 on Ni(1 0 0) is evident. The optimized struc-
ture of CH4 adsorption on clean Ni(1 0 0) surface at top site is shown
in Fig. 2.

Before the calculating of CH4 adsorption on the O/Ni(1 0 0) sur-
face, the adsorption site for oxygen atom needed to be identified.
The calculated result showed that the oxygen atom was inclined
to adsorb at the four-hold hollow site, which is consistent with
the results of other studies [32–35]. The calculated adsorption
energy of atomic oxygen at four-hold hollow site was −6.28 eV,
which is about 0.80 eV larger than that of bridge site. Goursot et
al. [34] used spin-polarized linear combinations of Gaussian-type
orbital-model core potential-local spin density (LCGTO-MCP-LSD)
computations to study the adsorption of oxygen atom on Ni(1 0 0)
surface, the adsorption energy is −6.70 eV with oxygen atom at
the four-hold hollow site, which is only 0.40 eV lower than that at
bridge site. Siegbahn and Wahlgren [35] have found that the most
stable adsorption site for the oxygen atom is four-hold hollow site
with calculated adsorption energy of −5.64 eV. Then the adsorp-
tion of CH4 on the O/Ni(1 0 0) surface with different oxygen atom
coverage (�O = 1/2, 1/4, 1/6 and 1/9 ML) was studied. The calculated
adsorption energies are 0.09, 0.03, 0.04 and 0.10 eV, and the short-
est distances between C atom and surface Ni atom are 3.44, 3.30,
3.31 and 3.20 Å.

For the NiO(1 0 0) surface, the adsorption energy of CH4 is
−0.06 eV, and the shortest distance between C atom and surface Ni
atom is 3.56 Å, which is in agreement with the result calculated by
Hwang and Mebel [18], in which they found that the CH4 molecule
can be attached without a barrier to the Ni atom of NiO.

3.1.2. CH3
Since CH3 species is the first-step product of CH4 dissocia-

tion, the study of the chemisorption of CH3 is important. Various
potential adsorption sites for CH3 on different surfaces were
considered.

For clean Ni(1 0 0) surface, the most stable site for CH3 species
was found to be the bridge site with adsorption energy of −1.97 eV.

This result is in accordance with recent theoretical calculation
results obtained by Lai et al. [3] (−2.24 eV), Zhu et al. [1] (−1.98 eV)
and the semi-empirical result reported by Wonchoba and Truhlar
[36] (−1.86 eV). But our result is different from previous theoret-
ical predictions by Siegbahn and Panas [37] and Upton [38] who
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/Ni(1 0 0) with �O = 1/4 ML and NiO(1 0 0) surfaces. The dark grey spheres represen

he white spheres represent H atoms. Bond lengths are in Å.

ound that hollow site was the most stable site for CH3. Besides

he bridge site, the other two sites (top and four-hold hollow) were
lso investigated. The calculated adsorption energies were −1.94
nd −1.93 eV. The optimized structures are shown in Fig. 3a. Since
he CH3 species moves to the bridge site from its initial top site, so
e do not show such structure in Fig. 3a.
ent sites on the different surface. The illustrations corresponding to clean Ni(1 0 0),
oms; the light grey spheres represent C atoms; the dark spheres represent O atom;

The adsorption of CH3 on O/Ni(1 0 0) surface at different sites

with �O = 1/4 ML was also investigated. The adsorption energies
were found be −1.41 and −1.53 eV for the top and bridge site,
respectively. The geometry structures of these two adsorption sites
are illustrated in Fig. 3b. As a comparison, the adsorption of CH3
at Ni-top site on the other O/Ni(1 0 0) surfaces (�O = 1/2, 1/6 and



B. Xing et al. / Journal of Molecular Catalysis A: Chemical 315 (2010) 187–196 191

n site

1
−

C
s
a
a
o
0

3

d
h
a
i
t
o
−
s
a
w
(
w
h
l
N

Fig. 4. Side view of the most stable co-adsorptio

/9 ML) was also calculated. The corresponding energies are −1.10,
1.81 and −1.84 eV.

For the NiO(1 0 0) surface, four different adsorption sites for
H3, including Ni-top, bridge, four-hold hollow and O-top site were
tudied. The calculated adsorption energies are −1.71, −1.60, −1.47
nd 0.09 eV. The detailed geometry parameters are shown in Fig. 3c
nd Table 2. For CH3 adsorbed at O-top site, there is no formation
f new bond after optimization and the adsorption energy is only
.09 eV. So the adsorption type is physisorption.

.1.3. H/OH
The adsorption properties of H atom were also calculated at

ifferent sites on different surfaces. The H atom favors four-hold
ollow site on clean Ni(1 0 0) surface. The adsorption energy of H
tom at four-hold hollow was calculated to be −2.89 eV, which
s 0.12 eV larger than that of bridge site and 0.61 eV lower than
hat of Ni-top site. This result is in agreement with the energy
f −2.79 eV obtained by Zhu et al. [1] and experimental value of
2.74 eV obtained by Christmann et al. [39]. And for the O/Ni(1 0 0)

urface, a typical surface (�O = 1/4 ML) was used to investigate the
dsorption of H atom. Considering that H atom may form hydroxyl
ith pre-adsorbed oxygen atom, two different sites for hydroxyl
four-hold hollow site and bridge site) and Ni-top site for H atom
ere investigated. The adsorption energy for hydroxyl at the four-
old hollow site was calculated to be −3.71 eV, which is only 0.01 eV

arger than that at bridge site. The adsorption energy of H atom at
i-top site was calculated to be −2.16 eV. For the adsorption of H
on the different surfaces. The distances are in Å.

atom on NiO(1 0 0) surface, the four different possible sites includ-
ing O-top, Ni-top, bridge and four-hold hollow site were studied.
The corresponding adsorption energies are −2.47, −1.97, −1.81 and
−1.75 eV. The details of geometry parameters are listed in Table 3.

3.2. Reaction energy of CH4 dissociation on different catalysts

Since the NEB method depends largely on the structures of
reactant and product, it is necessary to determine the most sta-
ble form of the initial state (IS) and the final state (FS). The IS is
the adsorption of CH4, which has already been studied in Section
3.1. The reaction mechanism is the direct dissociation of CH4 on
Ni(1 0 0) surface and NiO(1 0 0) surface, so the FS is CH3 + H, namely,
CH4(a) → CH3(a) + H(a). The reaction mechanisms on O/Ni(1 0 0)
surfaces vary according to the different coverage of pre-adsorbed
oxygen atom: for the higher coverage (�O = 1/2 and 1/4 ML) the dis-
sociated H atom tends to form hydroxyl with the pre-adsorbed
oxygen atom, so the FS is CH3 + OH; but for the lower coverage
(�O = 1/6 and 1/9 ML) the FS of CH3 + OH or CH3 + H + O are possible.
In fact, the FS form of CH3 + H + O has also been studied, and it was
found that the final state is CH3 + OH after optimization.
3.2.1. Ni(1 0 0)
Four different combinations of adsorption configurations

for CH3 and H were chosen to find a more stable FS,
including CH3(bri.) + H(bri.), CH3(top) + H(bri.), CH3(bri.) + H(4h.)
and CH3(4h.) + H(4h.). The most stable system was found to
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ig. 5. Reaction energy profile of CH4 dissociation and corresponding geometry p
O = 1/4 ML. Bond lengths are in Å.

e CH3(4h.) + H(4h.). The corresponding adsorption energy is
4.60 eV, while the adsorption energies of the other three sys-

ems are −4.47, −4.50 and −4.34 eV for bri/bri, top/bri and bri/4h.,
espectively (Table 4). Zhu et al. [1] calculated the energy of −4.74
o −4.28 eV for different co-adsorption sites. Lai et al. [3] obtained
he energy of −2.10 to −1.85 eV relative to the H-covered surface
nd isolated CH3. It can be seen from the result that the combi-
ation of the most stable adsorption site for isolated CH3 (bridge
ite) and H (four-hold hollow site) is less stable than the others.
his is because the initial distance between CH3 and H is so close
n such case as compared to other combinations, thus results in a
arge repulsion effect. The corresponding geometry parameters are

hown in the illustration (Fig. 4a).

The activation barrier was calculated to be 0.60 eV, which is close
o the experimental data gained by Nielsen et al. [6] (0.61 ± 0.02 eV).
ai et al. [3] proposed the activation barriers of 0.64 and 0.73 eV
ithout and with spin-polarization. Zhu et al. [1] calculated the

Fig. 6. Reaction energy profile of CH4 dissociation and corresponding geometry pa
eter of TS on clean Ni(1 0 0) surface and O/Ni(1 0 0) surface with �O = 1/2 ML and

activation barrier of 0.61 eV and Swang et al. [17] reported the
energy of 0.69 ± 0.04 eV. The reaction energy profile for CH4 dis-
sociation on Ni(1 0 0) surface and the corresponding geometry
parameters of the transition state (TS) are shown in Fig. 5. During
the reaction process, CH4 molecule first approaches to the surface
and the specified C–H bond starts to stretch. At the TS, the H frag-
ment located close to the bridge site, while the CH3 is near the top
site. The C–H distance is 1.55 Å (compared with that of IS, 1.11 Å).
The process is then completed by diffusion of these two fragments
to the neighboring four-hold hollow sites.

3.2.2. O/Ni(1 0 0)

For the O/Ni(1 0 0) surfaces, the FS may appear as CH3 + OH

or CH3 + H + O depending on the surface coverage of oxygen.
At the lower oxygen coverage (�O = 1/6 and 1/9 ML), FS of
CH3 + OH or CH3 + H + O are probably formed, however, only
CH3 + OH formed at high oxygen coverage. For the FS of

rameters of TS on O/Ni(1 0 0) surface with �O = 1/6 ML. Bond lengths are in Å.
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Fig. 7. Reaction energy profile of CH4 dissociation and corresponding geome

H3 + OH, the stable co-adsorption sites for CH3 + OH on the
/Ni(1 0 0) surface with �O = 1/4 ML was firstly confirmed. Three co-
dsorption sites, including CH3(bri.) + OH(bri.), CH3(top) + OH(bri.)
nd CH3(bri.) + OH(4h.), were investigated. The most stable co-
dsorption site is CH3(bri.) + OH(bri.) with the corresponding
o-adsorption energy of −4.22 eV. The calculated energy of the
ther two situations is −4.05 eV (top/bri) and −4.03 eV (bri/4h.),
espectively. Based on this result, the co-adsorption sites on the
ther O/Ni(1 0 0) surfaces were studied. The co-adsorption ener-
ies of the most stable sites were calculated to be −4.24, −4.41
nd −4.47 eV corresponding to different oxygen atom coverage
�O = 1/2, 1/6 and 1/9 ML). The related optimized equilibrium struc-
ures are given in Table 4 and Fig. 4b–e. For the FS of CH3 + H + O,
he oxygen atom is not involved in the reaction. The configurations
f the most stable co-adsorption systems are very similar to that
f clean Ni(1 0 0) surface except the CH3 fragment is closer to the
ridge site. The calculated co-adsorption energies are −4.27 and
4.38 eV for the oxygen coverage of 1/6 and 1/9 ML, respectively

the corresponding geometry parameters are shown in Fig. 4f and
).

According to the different FS, there are two different
eaction mechanisms for CH4 dissociation on O/Ni(1 0 0):
H4 + O → CH3 + OH and CH4 + O → CH3 + H + O. For the former
eaction mechanism, the calculated activation barriers are 1.61,
.45, 1.44 and 1.35 eV for the cases of �O = 1/2, 1/4, 1/6 and 1/9 ML,
espectively. As the similarity of the ISs and FSs, the reaction paths
re basically the same. The beginning step is also the stretch of
pecified C–H bond of CH4 molecule. At the TS, the H fragment is
t the middle of CH3 fragment and oxygen atom, while the CH3 is
ear the top site and oxygen atom locates between four-hold site
nd bridge site. Specially, the H atom is not bound to surface Ni
tom, which is different from that of clean Ni(1 0 0) surface. The
ubsequence process is the H fragment moves close to the oxygen

tom. Then it is completed with the formation of hydroxyl and
iffuses to the bridge site. The dissociating C–H bond lengths at
ifferent TSs are 1.59, 1.49, 1.46 and 1.45 Å. Figs. 5–7 show the
eaction energy profiles for CH4 dissociation and the geometry
etails of the TS corresponding to �O = 1/2, 1/4, 1/6 and 1/9 ML.
rameters of TS on O/Ni(1 0 0) surface with �O = 1/9 ML. Bond lengths are in Å.

For the reaction mechanism of CH4 + O → CH3 + H + O with a
lower coverage of O atom (�O = 1/6 and 1/9 ML), the corresponding
activation barriers are 0.99 and 0.80 eV (Figs. 6 and 7). The whole
process of the reaction is similar to that on the clean Ni(1 0 0) sur-
face except for some differences in the TS. At the TS of O/Ni(1 0 0)
with �O = 1/6 ML, the H fragment is located between the top site
and four-hold site, while the CH3 is near the top site. Then the pro-
cess is completed by the diffusion of these two fragments to the
most stable co-adsorption sites. For the TS of O/Ni(1 0 0) surface
with �O = 1/9 ML, however, the H fragment is located close to the
bridge site whereas the CH3 is almost located to the top site, which
is very similar to that of clean Ni(1 0 0).

3.2.3. NiO(1 0 0)
On NiO(1 0 0), four different co-adsorption sites, including CH3

at Ni-top, bridge, or hollow site with H atom at the O-top site,
were studied. The co-adsorption site of CH3(Ni-top) + H(O-top) was
found to be the most stable system with the adsorption energy of
−4.85 eV. Fig. 4h illustrates the corresponding geometry structure
of CH3(Ni-top) + H(O-top). The activation barrier was calculated to
be 1.64 eV, which is close to the activation barrier calculated by
Hwang et al. [18] (1.23 eV). This kind of dissociation process is a lit-
tle different from the former because oxygen atoms in this system
are lattice oxygen atoms, which are not as free as pre-adsorbed oxy-
gen atoms. At the TS, the H fragment is located at the bridge site. The
CH3 fragment is at the Ni-top site and the C atom is bound to surface
Ni atom with C–Ni bond length of 2.06 Å. The C–H distance is 1.59 Å
and the O–H distance is 1.20 Å. Then the H fragment moves to the
O-top site and form hydroxyl with lattice oxygen atom. Fig. 8 shows
the reaction energy profile and TS structure for CH4 dissociation on
the NiO(1 0 0) surface.

From the calculated activation barriers listed above, we know
that the activation barrier for the dissociation of methane on clean

Ni(1 0 0) is much lower than the value on the oxygen atom pre-
covered Ni(1 0 0) and the NiO(1 0 0), it is thus identified that the
activate site for CH4 dissociation is the metallic Ni instead of the
oxidized Ni. This is also in agreement with the experiential obser-
vations that the CH4 easily dissociates into CHx and H on a metallic
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i catalyst instead of the oxidized catalyst [14] as well as NiO films
15].

.3. Analysis of inhibition of methane dissociation by the
resence of oxygen atom

Why and how the presence of oxygen atom inhibits the disso-
iation of methane? To answer this question, we intend to analyze
rom two aspects: one is the change of adsorption energy induced
y the presence of oxygen, one is TS energy change affected by the
xygen atom.

.3.1. Adsorption energies review of possible species on different
urfaces

From the calculated adsorption energies, it can be clearly seen
hat the adsorption properties of methane are similar on differ-
nt surfaces. It prefers the Ni-top site and the configuration is
asically the same as it is in the gas phase. So the pre-adsorbed
xygen atom does not have a strong effect on the initial state. The
dsorption energies of CH3 and H species on the O/Ni(1 0 0) sur-
aces and the NiO(1 0 0) surface are smaller than that on the clean
i(1 0 0) surface. Here, CH3 adsorption on the O/Ni(1 0 0) surface at
he Ni-top site was chosen as an example to compare the effect of
re-adsorbed oxygen atom. As seen from Table 2, the adsorption
nergy of CH3 is monotonously increasing with the decreasing of
xygen atom coverage. In addition, it can be seen from Table 2 that
he adsorption energies of CH3 on the O/Ni(1 0 0) surfaces under
is A: Chemical 315 (2010) 187–196

the conditions of the lower oxygen coverage (�O = 1/6 and 1/9 ML)
are close to that of the clean Ni(1 0 0), as the surface conditions are
similar.

Based on the previous results, the adsorption energy of species
decreases in the presence of oxygen atom, and the possible reason
will be analyzed by means of electronic structure discussion.

3.3.1.1. Work function change. Surface work function (˚) is the
minimum energy required to eject an electron into vacuum at 0 K
and it reflects the stability of surface electrons: larger values of
work function corresponding to more stable electrons. ˚ is cal-
culated by the energy difference between the Fermi level (EFermi)
and the vacuum level (EVacuum), ˚ = EVaccum − EFermi. Here EVaccum
is taken as the planar average if the potential. The work function
of the clean Ni(1 0 0) surface was calculated to be 4.97 eV, and
it agrees well with earlier theoretical results of 4.97 eV obtained
by Kresse and Hafner [40] and Mittendorfer et al. [41]. For the
O/Ni(1 0 0) surface, adsorption of oxygen atom leads to a surface
electric dipole layer between it and the surface, which causes the
change of work function. Since the electronegativities of oxygen
(3.44) atom are greater than that of Ni (1.90) [42], the direction of
the induced dipole moment is from oxygen to Ni(1 0 0). In our cal-
culation, the work function is monotonously decreasing with the
decline of pre-adsorbed oxygen atom coverage. The correspond-
ing values are 5.66, 5.39, 5.06 and 5.03 eV. Yamagishi et al. [43]
found the change of work function was 0.72 eV when oxygen atom
adsorbed on Ni(1 1 1) (

√
3 ×

√
3) R30◦ surface using first-principles

DFT. The increase of work function after oxygen atom covered
means the surface electron is attracted by oxygen atom and lead
to a decrease of charge density around Fermi level, i.e. the adsorp-
tion energies of adsorbates are smaller. The adsorption energies
of CH3 at the same site (Ni-top site) on different surfaces are in
consistent with the change of surface work function (Table 2). For
the clean NiO(1 0 0) surface, the work function is 4.35 eV, which is
in good agreement with other theoretical results (4.40 eV) [44] as
well as the experimental observation (4.40 eV) [45]. Oxide system
may induce significant changes in the work function of the metal
support. The presence of the oxygen atoms reduces the amount of
electronic charge that spills over from the metal surface, the metal
electrons are polarized towards the surface, and the work function
decreases compared with that of clean Ni(1 0 0) surface.

3.3.1.2. Projected density of state analysis. The d-band center is an
important parameter to measure the distribution of solid energy
levels and it characterizes the ability to eject an electron to the
adsorbed molecule from the d-band of metal. The d-band center is
calculated by the formula:

εc
d =

∫ Ef
−∞ E�d(E) dE
∫ Ef

−∞ �d(E) dE
,

where �d represents the density of states projected onto Ni atom
d band and Ef is the Fermi energy. The d-band position has been
widely used as one of the relevant measure for charactering kinds
of metals by many researchers, e.g. Hammer and Nørskov [46]
and Mavrikakis et al. [47]. Fig. 9 displays the projected density
of state (PDOS) plot of metallic Ni d-band for different surfaces,
clean Ni(1 0 0) surface, O/Ni(1 0 0) surfaces with different oxygen
atom coverage. As seen from Fig. 9, the d-band centers are −2.47,
−2.09, −2.02 and −1.90 eV corresponding to �O = 1/2, 1/4, 1/6 and
1/9 ML, respectively. This is in good agreement with the adsorption

energies of CH3 at Ni-top site on the O/Ni(1 0 0) surfaces with differ-
ent oxygen atom coverage. Observably, the trend of d-band center
change for O/Ni(1 0 0) surfaces is similar to that of work function
change. The higher oxygen atom coverage, the further away it is
from the Fermi level.
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Fig. 9. Projected density of state (PDOS) onto d-band of Ni atom.

To further explore the possible reason for activation barrier
hange as a result of the presence of oxygen, the analysis of activa-
ion barrier is necessary.

.3.2. Analysis of activation barrier
From the definition of Ea, we know that activation barrier is the

ifference between calculated total energy of IS and TS. From the
alculated energy data listed in Table 1, one can see that the pres-
nce of oxygen atom has a little effect on the IS. So the influence of
xygen atom mainly reflects in the TS complex, and we will analyze
n the following two aspects.

.3.2.1. Energy decomposition of activation barrier. Because the two
ragments at the TS are separated, so the activation barrier can
e decomposed by the following form: Ea = Egas

bond − EIS
CH4

+ ETS
CH3

+
TS
H + ETS

int [48]. This equation suggests that the activation barrier
onsists of three parts: (i) Egas

bond, the bonding energy of methane
n the gas phase; (ii) EIS

CH4
, ETS

CH3
and ETS

H , the adsorption energies

f individual species in the IS and TS; and (iii) ETS
int, the interaction

nergy between CH3 and H in the TS, which is believed to consist

f two parts [49–52]: (i) the direct Pauli repulsion between CH3 and
, which is strongly dependent on the distance between them; and

ii) the bonding competition effect caused by sharing substrate atoms
etween CH3 and H, which is related to the height over surface of
hese two groups.

able 5
nergy decomposition of the calculated activation barrier.

EIS
CH4

(eV) ETS
CH3

(eV)

Ni(1 0 0) 0.10 −2.03

O/Ni(1 0 0) (�O = 1/6 ML)
CH3 + OH 0.04 −1.55 (0.48)
CH3 + H + O 0.04 −1.92 (0.11)

NiO(1 0 0) −0.06 −1.53 (0.50)

ote:
∑

E = ETS
CH3

+ ETS
H . Here, the C–H bonding energy of CH4 (Egas

bond
) is calculated to be 4

increase or decrease) to the activation barrier compared to clean Ni(1 0 0) surface.
Fig. 10. Projected density of state (PDOS) onto C(p)-band in CH3.

Three typical models were investigated, namely, the clean
Ni(1 0 0) surface, the O/Ni(1 0 0) surface (�O = 1/6 ML), and the
NiO(1 0 0) surface. From our calculated energy results as listed in
Table 5, it can be found that if oxygen atom involves in the reaction,
via forming the O–H bond, the repulsion effect between CH3 and
H in TS is smaller than that of the clean Ni(1 0 0) (0.54 vs. 0.12 eV
as seen in Table 5). If not, the interaction energies are basically the
same as the clean Ni(1 0 0) (0.54 vs. 0.41 eV). Moreover, from the
adsorption energies of CH3 and H in the TS, it can be found that
the pre-adsorbed oxygen atom and the lattice oxygen atoms both
weaken the adsorption of CH3 and H in the TS (by 0.11–0.50 eV
in the former case and 0.35–0.99 eV in the latter case, respec-
tively), which greatly increases the activation barrier. From the TS
configuration shown in Figs. 5, 6 and 8, one can see distinctive dif-
ference between different reaction mechanism: the H fragment is
not bound to the surface Ni atom if the oxygen atom involves in the
reaction, and the H atom is bound to the surface Ni atom and form a
three-center bond (like H–Ni–C type) [53] that would stabilize the
TS when the oxygen atom just as a spectator. So the latter situations
have more stable TS than the former ones due to the formation of
three-center bond. The overall result is that the oxidized Ni has
higher activation barrier than that of metallic Ni, i.e. the existence
of oxygen atom inhibits the dissociation of methane catalyzed by
Ni.

3.3.2.2. Projected density of state analysis of CH3 fragment in the TS.
From the energy decomposition analysis of the TS, it can be seen
that the pre-adsorbed oxygen atom weakens the adsorption of CH3

in the TS. The analysis of the PDOS on the p orbital of C atom
can be helpful to get a further understanding of the interaction
between CH3 and surface. As seen in Fig. 10, the atomic carbon
p-band centers are −6.26, −5.82, −5.29 and −5.22 eV for the clean
Ni(1 0 0), O/Ni(1 0 0) (�O = 1/6 ML with two different reaction paths)

ETS
H (eV) ETS

int
(eV) Ea (eV)

−2.65 0.54 0.60

−1.93 (0.72) 0.12 (−0.42) 1.44
−2.30 (0.35) 0.41 (−0.13) 0.99

−1.66 (0.99) −0.07 (−0.61) 1.64

.84 eV. The data in the parentheses indicate the different component’s contribution
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nd NiO(1 0 0) surface, respectively. The shift of the peak towards
he lower energy is larger for clean Ni(1 0 0) surface than that of
he other cases, which is consistent with the largest CH3 adsorption
nergy in the TS among these studied models.

. Conclusions

In this work, the slab model was used to investigate the
dsorption and dissociation of methane catalyzed by Ni with DFT
alculation. Also the effect of the oxygen atom pre-adsorbed on
he surface with different coverage (�O = 1/2, 1/4, 1/6 and 1/9 ML)
s considered. On the clean Ni(1 0 0), the activation energy for the

ethane dissociation is found to be 0.60 eV. The calculated acti-
ation barrier of O/Ni(1 0 0) surface is monotonously decreasing
ith the reducing of the pre-adsorbed oxygen atom coverage. The

orresponding values are 1.61, 1.45, 1.44 and 1.35 eV. The activa-
ion barrier of methane dissociation on NiO(1 0 0) surface is 1.64 eV,
hich is close to that on the O/Ni(1 0 0) (�O = 1/2 ML). The result

ndicates that the presence of oxygen atom inhibits the dissociation
f methane both kinetically and thermodynamically. Moreover, the
ecomposition of activation barrier provides a further understand-

ng of how the existence of oxygen atom increases the barrier. It
s found that though the pre-adsorbed oxygen atom decreases the
nteraction between CH3 and H in the transition state, it greatly
ecreases the interaction of CH3 and H with substrate, so the overall
esult is that the presence of oxygen atom inhibits the dissociation
f methane on Ni surface.
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