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a  b  s  t  r  a  c  t

A  density-functional  theory  method  has  been  conducted  to  investigate  the  adsorption  of  CHx (x  =  0–4)
as well  as the  dissociation  of CHx (x = 1–4)  on  (1  1 1)  facets  of  ordered  NiCo  alloy.  The  results  have been
compared  with  those  obtained  on  pure  Ni  (1  1 1) surface.  It  shows  that  the  adsorption  energies  of C
and  CH  are  decreased  while  it is  increased  for  CH3 on NiCo  (1  1 1)  compared  to  those  on  pure  Ni  (1  1  1).
Furthermore,  on  NiCo  (1 1 1),  dissociation  of  CHx prefers  not  to the  top of  Ni,  but  to  the  top  of  Co.  The
eywords:
lloy
issociation
dsorption
eaction barrier

rate-determining  step  for CH4 dissociation  is  considered  as  the  first  step  of  dehydrogenation  on  NiCo
(1  1 1),  while  it  is the  fourth  step  of  dehydrogenation  on Ni  (1 1 1).  Furthermore,  the  activation  barrier
in  rate-determining  step  is slightly  higher  by  0.07  eV  on  Ni  (1 1 1)  than  that  on  NiCo  (1  1 1).  From  above
results,  it is  important  to point  out  that  carbon  is easy  to form  on  NiCo  (1 1 1)  although  the  adsorption
energy  of C  atom  is  slightly  decreased  compared  to  that  on  Ni  (1 1 1).
ensity functional calculation

. Introduction

Catalytic reforming of CH4 with CO2 to produce synthesis gas has
ttracted increasing attention in recent years [1–7]. This process not
nly reduces greenhouse gas emission, but also produces synthesis
as with the ratio to unit which is more preferable feeds for some
iquid fuel synthesis processes. It is well known that all VIII tran-
ition metals, except osmium, can catalyze this reaction. Because
f its good activity and relatively low cost, metal Ni is selected
s the catalyst in the reforming reaction. However, deactivation
f Ni catalysts by carbon of coke formation is a serious problem
8,9]. Carbon mainly results from CH4 dissociation from thermo-
ynamic viewpoint [10]. In addition, isotopic studies and forward
ate measurements confirmed the mechanistic equivalence among
H4-reforming and decomposition of CH4 on Ni-based catalysts
11]. Therefore, it is the center to investigate CH4 dissociation con-
idered as a key and sole process in order to understand CH4/CO2
eforming in detail.

Nowadays, experimental researchers have proved the mech-
nism of CH4 dissociation, i.e.,  sequential dehydrogenation, by
etecting chemisorbed CH3, CH2 and CH on Ni (1 1 1) using sec-
ndary ion mass spectroscopy (SIMS) and X-ray photoelectron
pectroscopy (XPS) technique [12]. Theoretical calculations about

H4 dissociation on metal surface, which mainly focused on clean
etal catalyst [13–17],  also support the successive dehydrogena-

ion mechanism.

∗ Corresponding author. Tel.: +86 351 6018539.
E-mail address: Wangbaojun@tyut.edu.cn (B. Wang).

169-4332/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2011.05.073
© 2011 Elsevier B.V. All rights reserved.

In order to suppress carbon deposition many attempts have
been focused on designing and preparing excellent bimetallic cata-
lyst. Initially, a number of contributions have claimed that the Ni–M
(M denotes noble metals) bimetallic alloys can affect the catalytic
behavior and carbon formation [18–20].  For example, Nørskov and
co-workers [19,20] reported that AuNi surface alloys should exhibit
better carbon tolerance than monometallic Ni, and the reason is
that the first step of CH4 dissociation is hindered by a relatively high
barrier than that on pure Ni (1 1 1). Clearly, addition of noble metals
is not practical from an industrial standpoint. Recently, Ni-based
bimetallic catalysts, focused on non-noble metals incorporation
into Ni crystal, have been reported [21–24].  Takanabe et al. [23]
found that carbon deposition is eliminated and CH4 decomposition
activity is improved on bimetallic NiCo/TiO2 catalysts. Wang and
co-workers [24] reported the same results on NiCo/MgO catalyst as
that obtained by literature [23]. Obviously, the catalysts reported
in literatures [23,24] are more excellent than that in literatures
[19,20].

However, the underlying details regarding of the CH4 dissoci-
ation on bimetallic NiCo alloy are still unknown. It is well known
that the realistic catalyst reaction is a complex system, in which
many factors (strong metal-support interaction, preparation con-
dition and so on) have effect on the activity of the catalyst. Herein,
only the active component effect on the reaction is considered,
while other effects are considered in the next work.

In recent years, computational methods have become a pow-

erful research tool for understanding the chemical reactions in
microscopic view. For example, methods based on quantum-
chemical theory provide information at atomic/molecular level.
In particular, the DFT calculations provide accurate energetic and

dx.doi.org/10.1016/j.apsusc.2011.05.073
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:Wangbaojun@tyut.edu.cn
dx.doi.org/10.1016/j.apsusc.2011.05.073
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Fig. 1. The surface and adsorption sit

eometries as well as reaction barriers. In this contribution, we
resent a systematic study on the successive dehydrogenation
f methane on a well-characterized bulk alloy NiCo (1 1 1) sur-
ace using density functional theory (DFT) method. The adsorption
eometries and energetics of CH4 sequence dehydrogenation prod-
cts on NiCo (1 1 1) have been investigated. Based on the optimized
dsorption geometries, the decomposition of CH4 was  investigated.
hen the results have been compared with those obtained on pure
i (1 1 1) surface. Finally, the electronic properties have been plot-

ed to explain the properties of adsorption and activation energy.

. Computational details

.1. Methods

Density functional theory (DFT) calculations were performed
sing the Cambridge Sequential Total Energy Package (CASTEP)
25,26]. All calculations were conducted with the generalized gradi-
nt approximation (GGA) with the Perdew–Burke–Ernzerhof (PBE)
xchange correlation functional [27]. Ionic cores were described by
ltrasoft pseudopotential [28] and the Kohn–Sham one-electron
tates were expanded in a plane wave basis set up to a cutoff of
40 eV in order to obtain accurate energetics for all systems. A Fermi
mearing of 0.1 eV was utilized and the corrected energy extrapo-
ated to zero Kelvin. Brillouin zone integration was approximated
y a sum over special k-points chosen using the Monkhorst–Pack
ethod [29], and they were set up to 5 × 5 × 1. Geometries were

ptimized until the energy had converged to 2.0 × 10−5 eV/atom
nd the force converged to 0.05 eV/Å and the max  displacement
onverged to 2 × 10−3 Å. Spin polarization was considered in all
alculations.

.2. Models

NiCo alloy with Co/Ni ratio to unit showed a good performance
n carbon dioxide reforming of methane [23,24].  The XRD analysis
howed that uniform alloy was formed from bulk to surface [24].
herefore, the catalyst, including of 1:1 Ni–Co binary system, was
odeled by replacing half of the Ni atoms in a face-centered-cubic

attice by Co atoms in accordance with the structure of L10. The
urrent calculations found that lattice constants of a is 3.511 Å, and

 is 3.624 Å, which has slight change compared to the calculated
attice parameters of Ni bulk (3.541 Å) and Co bulk (3.556 Å).

Although real catalysts feature complex surface structures, it is
evertheless useful to study the mechanism of elementary reac-
ion steps for idealized model systems, e.g., single-crystal surfaces,
f only for reference purposes [30]. We  focused here on adsorp-
ion and reactions pertinet to CH4 dissociation on the most stable

egular (1 1 1) surface of NiCo alloy.

The surfaces were obtained by cutting alloy of NiCo along [1 1 1]
irection, the thickness of each surface slab was chosen to be at

east as thick as a three-layer slab, which is proved reasonable to
iCo (1 1 1) (a) topview (b) sideview.

investigate the adsorption and reaction mechanism in previous lit-
eratures [31,32]. The vacuum region between adjacent slabs was
set to 10 Å. In order to decrease the computational load, the bot-
tom layer of slab was  fixed at its equilibrium bulk phase position,
while the top two  layers and the adsorbates were allowed to relax
freely. A (2 × 2) supercell was used in the calculation in order to
reduce interaction between adsorbates on the surface.

The chemisorption energies, Eads, were calculated, as following:

Eads = Eadsorbates/slab − (Eadorbates + Eslab)

where Eadsorbates/slab is the total energies of adsorbates on NiCo
(1 1 1), Eadsorbates is the total energy of isolated adsorbates which
was calculated by putting isolated adsorbates in a cubic box of
10 Å × 10 Å × 10 Å, Eslab is the total energy of NiCo (1 1 1) slab.

The reaction energy was calculated by two  different definitions
given as following:

�H(s) = (EA/slab + EB/slab) − (EAB/slab + Eslab)

�H(c) = EA+B/slab − EAB/slab

where EA/slab, EB/slab and EAB/slab are the total energies of adsor-
bates A, B and AB adsorption on NiCo (1 1 1) surface, respectively,
Eslab is the total energy of NiCo (1 1 1) slab, EA+B/slab is the total
energy of the coadsorption A and B on NiCo (1 1 1) surface. For reac-
tion AB → A + B, the positive value suggests endothermic, while the
negative value suggests exothermic.

Transition states (TS) are located by using the complete LST/QST
method [33]. Firstly, the linear synchronous transit (LST) maxi-
mization was performed followed by an energy minimization in
directions conjugate to the reaction pathway. The TS approxima-
tion obtained in that way is used to perform quadratic synchronous
transit (QST) maximization. From that point, another conjugate
gradient minimization is performed. The cycle is repeated until a
stationary point is located. The convergence criterion for transition
state calculations was  set to: root-mean-square forces on atoms
tolerance of 0.25 eV/Å.

The activation energy is defined as following:

Ea = ETS − ER

where ETS is the energy of transition state, and ER is the sum of the
energies of reactants.

3. Results and discussion

There are four high-symmetry sites on the (1 1 1) surface of pure

Ni: top (T), bridge (B), hexagonal-close-packed (HCP) and face-
centered-cubic (FCC) threefold hollow sites. On the NiCo (1 1 1)
surface, some additional sites are found because of the replace-
ment of 50% Ni atoms by Co. These adsorption sites are presented
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Fig. 2. The adsorption geometries and pa

n Fig. 1. It is clear that each group of the T, HCP and FCC site is split
nto two subsets, while B site is split into three subsets.
.1. Adsorption of CHx on NiCo (1 1 1)

We first investigate the adsorption of CHx (x = 0–4) species
nvolving CH4 successive dehydrogenation steps. In each
ers of CHx (x = 0–4) and H on NiCo (1 1 1).

subsection, the adsorption of the CHx and H intermediates is
discussed. The geometries and adsorption energies are presented
in Fig. 2.
3.1.1. CH4 adsorption on NiCo (1 1 1)
Previous calculation results have proved that the adsorption

energy of CH4 is substantially small on transition metal surface,



8958 H. Liu et al. / Applied Surface Science 257 (2011) 8955– 8964

(Cont

w
m
a
f
t
i
s
e
[
a
o
s

3

a
u
t
t
a

f
o
a
b
w
c
f
b

e
a
w
m
e
d
a
s
fi

t
o
i

Fig. 2. 

hich may  be negligible [34–36].  The adsorption of methane
olecular on transition metal surfaces is generally classified as

 process of physisorption where the attractive interaction arises
rom the van der Waals force. Hence only two kind of geome-
ry of CH4 adsorption is considered on NiCo (1 1 1) surface, that
s, three H atoms point to the surface, another H points to the
urface normal through Ni or Co atom. The calculated adsorption
nergy is −0.01 eV, which is consistent with that on pure Ni (1 1 1)
37,38]. The optimized distance of C–Ni (Co) is 3.871 Å (3.775 Å),
nd the bond of C–H is 1.096 Å (1.096 Å). Obviously, the addition
f Co has little impact for CH4 adsorption on different surface
ites.

.1.2. CH3 adsorption on NiCo (1 1 1)
CH4 dehydrogenates one H atom resulting in CH3. For CH3

dsorption on aforementioned sites, there are two possible config-
rations with different azimuthal orientations: C–H bond pointing
oward the nearest-neighboring metal atom (noted as top-H) or
oward the midway between two neighboring metal atoms (noted
s bri-H).

As for CH3 adsorption on top site, there are four configurations
ound. When CH3 is adsorbed on the top of Ni with top-H azimuthal
rientation, the geometry has C3v symmetry with dC–H of 1.100 Å
nd dC–Ni of 1.966 Å. Similarly, CH3 adsorption on the top of Ni with
ri-H azimuthal orientation, the geometry also has C3v symmetry
ith dC–H of 1.099 Å and dC–Ni of 1.968 Å. Their adsorption energy

alculated both are −1.43 eV. Obviously, there are almost no dif-
erences in energies and geometry parameters between top-H and
ri-H.

When CH3 is adsorbed on the top of Co with top-H azimuthal ori-
ntation, the geometry also has C3v symmetry with dC–H of 1.100 Å
nd dC–Co of 1.994 Å. Accordingly, CH3 adsorption on the top of Co
ith bri-H azimuthal orientation, the geometry also has C3v sym-
etry with dC–H of 1.100 Å and dC–Co of 1.995 Å. Their adsorption

nergy calculated both are −1.44 eV. Similarly, there are almost no
ifferences in energies and geometry parameters between top-H
nd bri-H. This is in agreement with the results on pure Ni (1 1 1)
urface obtained by Wang et al. [14]. So we only consider the con-
guration with top-H in the following investigation.
When CH3 is adsorbed on bridge sites, only one stable configura-
ion was found, that is, CH3 adsorbed on B-CoCo site. The distances
f C–Co are 2.184 and 2.057 Å, respectively. The adsorption energy
s −1.68 eV, which is stronger than those on top sites. Whereas, no
inued)

stable CH3 adsorption on bridge site was  found on pure Ni (1 1 1)
[38,39].

There are four stable configurations obtained for CH3 adsorbed
on threefold hollow site. On HCP-2 and FCC-2 sites, CH3 interacts
with two Ni atoms and one Co atom, correspondingly, the adsorp-
tion energies are −1.71 and −1.75 eV, respectively, while CH3 is
bonded to two  Co atoms and one Ni atom on HCP-1 and FCC-1 sites,
and the adsorption energies are −1.81 eV and −1.90 eV, respec-
tively. It is clear that the order for adsorption energy of CH3 is as
follows: FCC-1 > HCP-1 > FCC-2 > HCP-2 > B > T. In the configuration
of CH3 adsorption on FCC-1 site, the distance which is elongated to
1.124 Å is the longest in all bonds of C–H. Our calculated adsorp-
tion energies for CH3 are −1.78 eV on HCP site and −1.81 eV on
FCC site on pure Ni (1 1 1), and the longest distance of C–H is
1.121 Å in configuration of CH3 adsorbed on FCC site. Compared
with CH3 adsorption on pure Ni (1 1 1), the adsorption energies are
bigger and the distance of C–H is longer on corresponding sites
on NiCo (1 1 1), which indicates that the addition of Co increases
the adsorption energy of CH3 and makes the bond of C–H more
active.

3.1.3. CH2 adsorption on NiCo (1 1 1)
CH2 prefers to adsorb on threefold site, and nine stable

structures are obtained. The adsorbed CH2 at each site has two
geometries, i.e.,  one H bonds to Ni (or Co) atom, the other H atom
points toward the midway of the metal–metal bridge [0] (they are
denoted as top-Ni–H and top-Co–H, respectively), which results
in different activation characteristics of the two  C–H bonds. For
example, when CH2 adsorbed on HCP-2 site, in top-Co–H, the bond
of C–H in which H pointing toward Co atom is stretched to 1.167 Å,
and another bond of C–H is only stretched to 1.101 Å, while the bond
of C–H in which H pointing toward Ni atom is elongated to 1.156 Å
and another bond of C–H is elongated to 1.102 Å in top-Ni–H. A sim-
ilar configuration was also obtained on pure Ni (1 1 1) [32,38]. Our
calculated bond lengths of C–H are 1.165 Å, 1.103 Å on HCP  site and
1.157 Å, 1.102 Å on FCC site, respectively, and the calculated adsorp-
tion energies of CH2 are −4.65 eV on HCP site and −4.67 eV on FCC
site on Ni (1 1 1). However, on NiCo (1 1 1) surface, the adsorption
energies are −4.56 eV (top-Ni–H), −4.64 eV (top-Co–H) on HCP-1,

−4.56 eV (top-Ni–H), −4.65 eV (top-Co–H) on HCP-2, −4.66 eV (top-
Ni–H), −4.73 eV (top-Co–H) on FCC-1, −4.52 eV (top-Ni–H), and
−4.59 eV (top-Co–H) on FCC-2, respectively. It is clear that the order
for adsorption energy of CH2 is as follows: FCC-1(top-Co–H) > FCC-
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cating the electron transfer from alloy NiCo surface to CHx upon
chemisorption, in agreement with the following LDOS analysis.
Similar to those on Ni (1 1 1), the adsorbates are best described
as CHx

ı− anions. Wang et al. [14] explained that the change from

Table 1
The Mulliken charges of CHx (x = 0–3) on pure Ni (1 1 1) and NiCo (1 1 1).
Energy (eV)

Fig. 3. The LDOS of CHx (x = 0–3)

(top-Ni–H) > HCP-2(top-Co–H) > HCP-1(top-Co–H) > FCC-2(top-
o–H) > HCP-2(top-Ni–H) = HCP-1(top-Ni–H) > FCC-2(top-Ni–H).

.1.4. CH adsorption on NiCo (1 1 1)
CH is not absorbed on top and bridge sites, but adsorbed on

hreefold site with the remaining H atom oriented perpendicular
o the NiCo (1 1 1) surface. Four stable geometries were found. The
dsorption energies are −6.12 eV on HCP-1, −6.11 eV on HCP-2,
6.13 eV on FCC-1, and −6.02 eV on FCC-2, respectively. The bond
f C–H is approximately from 1.099 to 1.102 Å while it is 1.103
nd 1.101 Å on pure Ni (1 1 1) calculated by us which is slightly
onger. The adsorption energies are −6.24 eV and −6.15 eV on HCP
nd FCC sites on pure Ni (1 1 1), respectively. Clearly, it is easy to
onclude that addition of Co decrease the adsorption energy of CH.
he stability order for all configurations on NiCo (1 1 1) is as follows:
CC-1 > HCP-1 > HCP-2 > FCC-2.

.1.5. C adsorption on NiCo (1 1 1)
Like CH adsorption, C only prefers to adsorb on threefold sites,

nd four stable geometries were found. The adsorbed C has C2v sym-
etry. For C on HCP-1 site, the bond of C–Ni is elongated to 1.778 Å,

nd the bond of C–Co is elongated to 1.819 Å, and the adsorption
nergy is −6.82 eV. Other three adsorption energies are −6.60 eV
n FCC-2, −6.74 eV on HCP-2, and −6.71 eV on FCC-1, respectively.
he adsorption order is as follows: HCP-1 > HCP-2 > FCC-1 > FCC-
. Our calculated adsorption energies of C on pure Ni (1 1 1) are
6.90 eV on HCP and −6.80 eV on FCC, which is higher than those
n corresponding adsorption sites on NiCo (1 1 1), indicating that
he addition of Co decrease the adsorption energy of C. It has been
eported that substitutionally embedded Bi, Co and Au atoms in
he pure Ni (1 1 1) surface have the same effects [39]. In addi-

ion, Nørskov and co-workers [19] believed that the decrease of C
dsorption weakens the interaction between the carbon atoms and
he surface, thus the formation of CO becomes more likely which
revents the building up of a graphite layer.
Energy (eV)

Co (1 1 1) and on pure Ni (1 1 1).

3.1.6. H adsorption on NiCo (1 1 1)
H adsorbed on NiCo (1 1 1) may  be at top, bridge and three fold

sites. For H adsorption on top site, only a stable geometry is found
with adsorption energy of −2.15 eV. There are two  stable config-
urations for H adsorption on bridge site, namely, B-NiNi site and
B-CoCo site, and the adsorption energies are both −2.58 eV, how-
ever, the geometric parameters are different (dH–Ni = 1.638, 1.639 Å
vs. dH–Co = 1.674, 1.676 Å).

For H adsorption on threefold site, four stable geometries were
found. The adsorption energies are −2.73 eV on HCP-1, −2.72 eV
on HCP-2, −2.75 eV on FCC-1, and −2.72 eV on FCC-2, respectively.
These adsorption energies are approximately equal. Obviously, H
prefers to chemisorb on the threefold hollow sites, which is in line
with that on pure Ni (1 1 1). However, on Ni (1 1 1), the adsorption
energies of H are −2.74 eV on HCP site and −2.77 eV on FCC site,
respectively, which are slightly higher than those on corresponding
sites on NiCo (1 1 1).

3.1.7. Electronic properties of CHx (x = 0–3)
In order to profound insight into the electronic structures of the

chemisorbed CHx (x = 0–3) on NiCo (1 1 1), the Mulliken charges and
the local density of states (LDOS) of CHx adsorbed on FCC-1 site, are
shown in Table 1 and Fig. 3.

From Table 1, the Mulliken charges of all the CHx (x = 0–3)
adsorbed on pure Ni (1 1 1) and NiCo (1 1 1) are both negative, indi-
CH3 CH2 CH C

On pure Ni (1 1 1) −0.65 −0.64 −0.52 −0.45
On  NiCo (1 1 1) −0.68 −0.68 −0.57 −0.46
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ig. 4. Top view of the co-adsorption modes on NiCo (1 1 1) surface (CHx is fixed on
CC-1 site, H sits on 1, 2, 3, 4, and 5 site, respectively).

ree CHx to chemisorbed CHx
ı− anions makes CHx prefer to sit on

hreefold hollow site because of significant charges transfer from Ni
urfaces to CHx upon chemisorption. Therefore, CHx also prefer to
eside on threefold hollow site on NiCo (1 1 1), which is consistent
ith above results from adsorption energy.

The DOS of the surface may  explain the properties of the
dsorbed species [40,41]. Similarly, the DOS of adsorbates also may
xpress the adsorption properties. It is well know that p-band of the
Hx is related to its adsorption process, herein, we plot the p-band
enters of them to explain the stability properties of adsorbed CHx

t FCC-1 site on NiCo (1 1 1), and then compared to those on Ni
1 1 1). As shown in Fig. 3(a), the p-band center of adsorbed CH3
s −5.96 eV on NiCo (1 1 1) while it is −5.87 eV on pure Ni (1 1 1).
bviously, there is a larger downshift of p-band center in adsorbed
H3 on NiCo (1 1 1) than that on pure Ni (1 1 1), indicating a more
table adsorption of CH3 on NiCo (1 1 1) than that on pure Ni (1 1 1).
owever, for CH and C adsorbed on NiCo (1 1 1), the p-band cen-

ers, which are −4.21 and −3.81 eV, respectively, exhibit an upshift
ompared to those (−5.10 and −3.88 eV) on pure Ni (1 1 1) [shown
n Fig. 3(c) and (d)], which indicates less stable adsorption on NiCo
1 1 1) than that on pure Ni (1 1 1). The change of p-band center in
dsorbed CHx is mainly caused by the addition of Co into Ni crystal.
owever, the change of p-band is not obvious for CH2 adsorption
n NiCo (1 1 1) compared to that on pure Ni (1 1 1).

We  also examine the d-band center of clean surface Ni and sur-
ace alloy atom. Our calculated d-band center of surface Ni atom
s −1.87 eV while it is −1.98 eV for surface alloy atom, which is an
bvious downshift on NiCo (1 1 1) and causes the different surface
ctivation for adsorption of CHx.

.2. CH4 sequence dehydrogenation on NiCo (1 1 1)

In order to investigate CH4 sequence dehydrogenation on NiCo
1 1 1) surface, it is necessary to investigate the coadsorption of CHx

x = 0–3) and H firstly. We  only consider that CHx preadsorbs on the
CC-1 site, and H coadsorbs at all possible threefold sites, as shown
n Fig. 4. In Mode 1 (4), CHx resides at the FCC-1 site while H resides
t the HCP-1 site, and they share one Ni (Co) in a linear way. In Mode

 (5), CHx resides at the FCC-1 site while H resides at the FCC-2 site,
nd they share one Ni (Co) in a zigzag way. CHx and H both reside
t the FCC-1 site in Mode 3, and they share one Co atom in a zigzag
ay.
.2.1. CH4 → CH3 + H
As shown in Fig. 5, five stable coadsorption structures of CH3

nd H are found. The coadsorption energies and calculated bond
arameters are present in Fig. 5. The coadsorption energies of CH3
nce 257 (2011) 8955– 8964

and H are −4.49, −4.44, −4.43, −4.49, and −4.43 eV from Modes
1–5, respectively. These values are less negative than the sum of
adsorption energies of CH3 and H adsorption isolated in their cor-
responding sites, indicating repulsion interactions in CH3 and H
coadsorption geometries. These coadsorption configurations are
considered as the final states (FS) of the first step in CH4 dissociation
on NiCo (1 1 1).

Based on physisorbed CH4 and coadsorbed CH3 and H, CH4 dis-
sociation is examined first, and five possible paths (FCC-1 → Mode
1, 2, 3, 4, 5) are mapped out. The geometries and parameters of all
possible transition states are present in Fig. 6. Path 1 (2) is that CH4
dissociation on top of a Ni atom into CH3 and H via TS1-1 (TS1-
2) along with CH3 moving to FCC-1 site and H moving to opposite
HCP-1 (FCC-2) site. Path 3 (4 or 5) is that CH4 dissociation on top
of a Co atom into CH3 and H via TS1-3 (TS1-4 or TS1-5) along with
CH3 moving to FCC-1 site and H moving to opposite FCC-1 (HCP-1
or FCC-2) site. The overall TS geometries are very similar to those
on pure Ni (1 1 1). The energy data in Table 2 clearly show that
the Paths 3, 4 and 5 have almost approximate activation energy of
1.30 eV, while Paths 1 and 2 have higher activation energies (1.40
and 1.42 eV), which indicates that dissociation of CH4 is favorable
on top of Co atom than that on top of Ni. In transition state TS1-5, the
breaking C–H bond is elongated to 1.663 Å, the forming H–Co bond
is 1.509 Å and C–Co bond is 2.115 Å. This reaction is endothermic
by 0.26 eV and has an energy barrier of 1.29 eV, which is larger than
our tested value (1.18 eV) on pure Ni (1 1 1). Therefore, the incorpo-
ration of Co into the Ni crystal hinders the activation of CH4, similar
to the effect of embedded Au and Cu atoms in Ni (1 1 1) [19,40].

3.2.2. CH3 → CH2 + H
The coadsorption of CH2 at FCC-1 site and H at different sites

are examined, and five coadsorption geometries are also found, as
shown in Fig. 5. The coadsorption energy is −7.27 to −7.42 eV while
a total of adsorption of CH2 and H is −7.40, −7.29, −7.32, −7.31 and
−7.29 eV, respectively, indicating almost no effect in Modes 1 and
2, and a attractive interaction between CH2 and H in coadsorption
Modes 3, 4 and 5 compared to their adsorption isolated in their
corresponding sites.

Considered the most stable CH3 adsorbed on FCC-1 site as the
initial state (IS) and those coadsorbed configurations of CH2 and H
as the FS, the transition states of CH3 dissociation are searched. Sim-
ilarly, five possible paths (FCC-1 → Modes 1, 2, 3, 4, 5) are designed
for CH3 dehydrogenation. The geometries and parameters of all
possible transition states are present in Fig. 6. Path 1 (2) is that
one H atom from adsorbed CH3 deletes on top of a Ni atom via TS2-
1 (TS2-2) along with it moving to opposite HCP-1 (FCC-2) site. Path
3 (4 and 5) is that one H atom from adsorbed CH3 deletes on top of a
Co atom via TS2-3 (TS2-4 and TS2-5) along with it moving to oppo-
site FCC-1(HCP-1 and FCC-2) site. The overall TS geometries are also
very similar to that on pure Ni (1 1 1). It is clearly showed that the
reaction barriers in the Paths 3, 4 and 5 are equal from Table 2, and
their corresponding pathways are more favorable kinetically com-
pared to Paths 1 and 2. In transition state TS2-5, the departing C–H
bond is stretched to 1.737 Å, and the forming H–Co bond is short-
ened to 1.550 Å. This reaction is endothermic by 0.25 eV and has a
lower energy barrier of 0.77 eV compared to those in the first step,
which is approximately equal to that (0.78 eV) on pure Ni (1 1 1).
Therefore, the incorporation of Co into the Ni crystal almost has no
effect on the dehydrogenation of CH3.

3.2.3. CH2 → CH + H

As shown in Fig. 5, all coadsorption configurations of CH and H

have little impact on the energetics, as compared to their individual
adsorption energetics. Thus they are selected as the FS of the CH2
dehydrogenation reaction.
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Fig. 5. The optimized geometries of co

According to the configurations of CH2 at FCC-1 and FS, five pos-
ible reaction paths (FCC-1 → Modes 1, 2, 3, 4, 5) are conceived for
H2 dehydrogenation. The geometries and parameters of all possi-
le transition states are present in Fig. 6. The energy data in Table 2
learly show that the Paths 3 and 4 is more favorable kinetically. In
he transition state TS3-3, the rupturing C–H bond is increased to
.588 Å, the forming H–Co bond is shortened to 1.526 Å. This reac-
ion is exothermic by 0.16 eV and needs to overcome a low energy
arrier of 0.34 eV which is approximately equal to that (0.37 eV) on
ure Ni (1 1 1).

.2.4. CH → C + H
As shown in Fig. 5, the coadsorption of C and H has more or less

nteraction compared to the sum of individual adsorption energies.

ll coadsorption configurations are considered as the FS of the CH
ehydrogenation reaction.

Similar to above paths of CHx dissociation, five possible paths
FCC-1 → Modes 1, 2, 3, 4, 5) are designed for CH dehydrogenation.
ed CHx (x = 0–3) and H on NiCo (1 1 1).

The geometries and parameters of all possible transition states are
present in Fig. 6. One can obtain that the Paths 3 and 4 have the
approximate reaction barrier and they are more favorable kinet-
ically from Table 2. In transition state TS4-3, the breaking C–H
bond is elongated to 1.664 Å, and the forming H–Co bond is 1.523 Å.
This reaction is endothermic by 0.73 eV and has an energy barrier
of 1.26 eV, which is lower than that (1.36 eV) on pure Ni (1 1 1).
Therefore, the incorporation of Co into the Ni crystal accelerates
the dissociation of CH.

3.2.5. Energetics of dissociation CH4
According to reaction barriers (Ea) and reaction enthalpies

(�H(c) and �H(s)) of successive dehydrogenation of CH4 on
NiCo (1 1 1) and Ni (1 1 1), we plot the optimal potential energy

surface, as displayed in Fig. 7. For each dehydrogenation step,
the initial state is taken as a CHx (x = 1–4) species, and the final
state is CHx−1 (x = 1–4) species plus one coadsorbed H atom at the
same unit cell and adsorbed (4 − x)H atoms at infinite distance at
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table FCC-1 site [CHx−1(x = 1–4)/H, and CHx−1(x = 1–4) + (4 − x)H].
he energy of CHx−1(x = 1–4) plus (4 − x) H atoms at infinite
istance [CHx−1(x = 1–4) + (4 − x)H] is consider to be the starting
oint for the following step.

The barriers of the first and fourth dehydrogenation steps are
ery close on NiCo (1 1 1) from the Table 2, but the absolute energy
f TS1-5 is found to be higher from Fig. 7, so one can conclude

hat the first step of CH4 dissociation into CH3 and H is the rate-
etermining step in the reaction of CH4 dissociation on NiCo (1 1 1).
owever, it is clear that the rate-determining step is the reaction

able 2
he reaction barriers (Ea, eV), reaction enthalpies (�H(c) and �H(s), eV) of successive de

Reaction path 

CH4 → CH3 + H CH4(@Ni T site) → TS1-1 → Mode 1 

CH4(@Ni T site) → TS1-2 → Mode 2 

CH4(@Co T site) → TS1-3 → Mode 3 

CH4(@Co T site) → TS1-4 → Mode 4 

CH4(@Co T site) → TS1-5 → Mode 5 

CH3 → CH2 + H FCC-1 → TS2-1 → Mode 1 

FCC-1  → TS2-2 → Mode 2 

FCC-1 → TS2-3 → Mode 3 

FCC-1  → TS2-4 → Mode 4 

FCC-1 → TS2-5 → Mode 5 

CH2 → CH + H FCC-1 → TS3-1 → Mode 1 

FCC-1  → TS3-2 → Mode 2 

FCC-1 → TS3-3 → Mode 3 

FCC-1  → TS3-4 → Mode 4
FCC-1 → TS3-5 → Mode 5 

CH  → C + H FCC-1 → TS4-1 → Mode 1 

FCC-1  → TS4-2 → Mode 2 

FCC-1 → TS4-3 → Mode 3
FCC-1 → TS4-4 → Mode 4 

FCC-1 → TS4-5 → Mode 5
inued)

of CH dissociation on Ni (1 1 1), which is slightly higher by 0.07 eV
than that on NiCo (1 1 1).

Nørskov and co-workers [19] obtained that alloying Ni surface
with Au atoms leads to increase of dissociation barrier of CH4 into
CH3 and H which is the rate-limiting step in the steam-reforming
process on Ni surface, and resist the carbon formation. Conversely,
addition Co to Ni crystal causes the decrease of dissociation barrier

of CH4 into CH3 and H, so we can conclude that alloying Ni crys-
tal with Co atoms also cannot block the carbon formation, that is,
carbon is easy to form on NiCo (1 1 1).

hydrogenation of CH4 on NiCo (1 1 1).

Ea �H(c) �H(s)

1.40 0.21 0.05
1.42 0.26
1.30 0.27
1.30 0.21
1.29 0.26

0.84 0.21 0.21
0.86 0.36
0.76 0.25 0.15
0.77 0.22
0.77 0.25

0.43 −0.34 −0.22
0.46 −0.17
0.34 −0.16 −0.15
0.36 −0.28
0.40 −0.09

1.51 0.58 0.64
1.46 0.82
1.26 0.73
1.29 0.58
1.34 0.82
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Fig. 6. Optimized structures of the transition states of CH4 sequence dissociation on NiCo (1 1 1).
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ig. 7. Potential energy surface of CH4 dissociation on Ni (1 1 1) and NiCo (1 1 1)
CHx/H (x = 0–3) denotes the co-adsorbed CHx and H, CHx + H denotes the adsorbed
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. Conclusion

In this work, we conduct a DFT-based computational study on
he adsorption and dissociation of CHx on NiCo (1 1 1) bimetallic
lloy model, and compare the results with those on pure Ni (1 1 1).
FT calculations show that the preferred site on NiCo (1 1 1) is con-

istent with those on pure Ni (1 1 1). Like those on pure Ni (1 1 1),
Hx and H prefer to adsorb on threefold hollow site on NiCo (1 1 1).
trictly speaking, CHx (x = 1–3) and H prefer to bond with two Co
toms and one Ni atom at FCC-1 site, C prefer to bond with two  Co
toms and one Ni atom at HCP-1 site. However, the change trend
f the adsorption energies is different on NiCo (1 1 1) compared
ith that on pure Ni (1 1 1). It is less negative for CH and C on
iCo (1 1 1) than those on pure Ni (1 1 1), while it is more nega-

ive for CH3 adsorption on NiCo (1 1 1), which may  be explained
y comparing p-band centers of CHx adsorbed on the two sur-
aces.

On the basis of the coadsorption of CHx and H, the dissociation
f CHx (x = 1–4) is investigated. The results show that dissociation
f CH4 is favorable on top of Co atom than that on top of Ni, and
he reaction barrier is almost not sensitive to the share way of
oadsorbed species, but sensitive to the share atom. The activa-
ion energy in the first step of CH4 dissociation is increased by
.11 eV on NiCo (1 1 1) compared to that in corresponding step
n pure Ni (1 1 1), while that in the last step is decreased by
.10 eV. In addition, the activation energies in the second and the
hird steps are almost invariable on the two surfaces. The rate-
etermining step for CH4 dissociation is considered as the first
tep of dehydrogenation on NiCo (1 1 1), while it is the fourth
tep of dehydrogenation on Ni (1 1 1). Furthermore, the activa-
ion barrier in rate-determining step is slightly higher by 0.07 eV

n Ni (1 1 1) than that on NiCo (1 1 1). Therefore, one can believe
hat carbon is easy to form on NiCo (1 1 1) although the adsorp-
ion energy of C is slightly decreased compared to that on Ni
1 1 1).

[
[
[
[
[

nce 257 (2011) 8955– 8964

It  is necessary to point out that our results are not in line with
the above experimental results, suggesting that it is indispensable
to consider other factors effect on reaction.

Acknowledgements

The work was  supported by the National Natural Science Foun-
dation of China (Grant No. 20976115) and the National Younger
Natural Science Foundation of China (Grant No. 20906066).

References

[1] K. Tomishige, Y.G. Chen, K. Fujimoto, J. Catal. 181 (1999) 91–103.
[2]  J.R. Rostrup-Nielsen, J.H.B. Hansen, J. Catal. 144 (1993) 38–49.
[3] A. Erdöhelyi, J. Cserényi, F. Solymosi, J. Catal. 141 (1993) 287–299.
[4]  O. Tokunaga, Y. Osada, S. Ogasawara, Fuel 68 (1989) 990–994.
[5]  J.H. Kim, D.J. Suh, T.J. Park, K.L. Kim, Appl. Catal. A: Gen. 197 (2000) 191–200.
[6] R. Takahashi, S. Sato, T. Sodesawa, M.  Kato, S. Takenaka, S. Yoshida, J. Catal. 204

(2001) 259–271.
[7] S. Tang, L. Ji, J. Lin, H.C. Zeng, K.L. Tan, K. Li, J. Catal. 194 (2000) 424–430.
[8]  V.C.H. Kroll, H.M. Swaan, C. Mirodatos, J. Catal. 161 (1996) 409–422.
[9] H.M. Swaan, V.C.H. Kroll, G.A. Martin, C. Mirodatos, Catal. Today 21 (1994)

571–578.
10] S.C. Tsang, J.B. Claridge, M.L.H. Green, Catal. Today 23 (1995) 3–15.
11]  J. Wei, E. Iglesia, J. Catal. 224 (2004) 370–383.
12] M.P. Kaminsky, N. Winograd, G.L. Geoffroy, M.A. Vannice, J. Am. Chem. Soc. 108

(1986) 1315–1316.
13] J.E. Mueller, A.C.T. van Duin, W.A. Goddard III, J. Phys. Chem. C 113 (2009)

20290–20306.
14] S.G. Wang, D.B. Cao, Y.W. Li, J. Wang, H. Jiao, Surf. Sci. 600 (2006) 3226–3234.
15] N.M. Galea, D. Knapp, T. Ziegler, J. Catal. 247 (2007) 20–33.
16] M.S. Liao, Q.E. Zhang, J. Mol. Catal. A: Chem. 136 (1998) 185–194.
17] M.F. Haroun, P.S. Moussounda, P. Légaré, J. Mol. Struct.: Theochem. 903 (2009)

83–88.
18] D. Liu, W.N.E. Cheo, Y.W.Y. Lim, A. Borgna, R. Lau, Y. Yang, Catal. Today 154

(2010) 229–236.
19] F. Besenbacher, I. Chorkendorff, B.S. Clausen, B. Hammer, A.M. Molenbroek, J.K.

Nørskov, I. Stensgaard, Science 279 (1998) 1913–1915.
20] A.M. Molenbroek, J.K. Nørskov, B.S. Clausen, J. Phys. Chem. B 105 (2001)

5450–5458.
21] J.R. Rostrup-Nielsen, I. Alstrup, Catal. Today 53 (1999) 311–316.
22] I. Alstrup, J.R. Rostrup-Nielsen, J. Catal. 100 (1986) 545–548.
23] K. Takanabe, K. Nagaoka, K. Nariai, K. Aika, J. Catal. 232 (2005) 268–275.
24] J. Zhang, H. Wang, A.K. Dalai, J. Catal. 249 (2007) 300–310.
25] M.C. Payne, D.C. Allan, T.A. Arias, J.D. Joannopoulos, Rev. Mod. Phys. 64 (1992)

1045–1097.
26] V. Milman, B. Winkler, J.A. White, C.J. Pickard, M.C. Payne, E.V. Akhmatsakaya,

R.H. Nobes, Int. J. Quantum Chem. 77 (2000) 895–910.
27] J.P. Perdew, K. Burke, M.  Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865–3868.
28]  D. Vanderbilt, Phys. Rev. B 41 (1990) 7892–7895.
29] H.J. Monkhorst, J.D. Pack, Phys. Rev. B 13 (1976) 5188–5192.
30] G.A. Somorjai, Introduction to Surface Chemistry and Catalysis, Wiley, New

York, 1994.
31] V. Shah, T. Li, K.L. Baumert, H. Cheng, D.S. Sholl, Surf. Sci. 527 (2003) 217–227.
32] S.G. Wang, X.Y. Liao, J. Hu, D.B. Cao, Y.W. Li, J. Wang, H. Jiao, Surf. Sci. 601 (2007)

1271–1284.
33] T.A. Halgren, W.N. Lipscomb, Chem. Phys. Lett. 49 (1977) 225–232.
34] Z. Zuo, W.  Huang, P. Han, Z. Li, Appl. Surf. Sci. 256 (2010) 5929–5934.
35] P.S. Moussounda, M.F. Haroun, B.M. Mabiala, P. Légaré, Surf. Sci. 594 (2005)

231–239.
36] D.C. Sorescu, Phys. Rev. B 73 (2006) 155420–155436.

37] M.F. Haroun, P.S. Moussounda, P. Légaré, Catal. Today 138 (2008) 77–83.
38] H. Liu, R. Zhang, B. Wang, unpublished results.
39] W.  An, X.C. Zeng, C.H. Turner, J. Chem. Phys. 131 (2009) 1747021–17470211.
40] Y. Xu, A.V. Ruban, M. Mavrikakis, J. Am.  Chem. Soc. 126 (2004) 4717–4725.
41] J. Greeley, J.K. Nørskov, Surf. Sci. 592 (2005) 104–111.


	CH4 dissociation on NiCo (111) surface: A first-principles study
	1 Introduction
	2 Computational details
	2.1 Methods
	2.2 Models

	3 Results and discussion
	3.1 Adsorption of CHx on NiCo (111)
	3.1.1 CH4 adsorption on NiCo (111)
	3.1.2 CH3 adsorption on NiCo (111)
	3.1.3 CH2 adsorption on NiCo (111)
	3.1.4 CH adsorption on NiCo (111)
	3.1.5 C adsorption on NiCo (111)
	3.1.6 H adsorption on NiCo (111)
	3.1.7 Electronic properties of CHx (x=0–3)

	3.2 CH4 sequence dehydrogenation on NiCo (111)
	3.2.1 CH4→CH3+H
	3.2.2 CH3→CH2+H
	3.2.3 CH2→CH+H
	3.2.4 CH→C+H
	3.2.5 Energetics of dissociation CH4


	4 Conclusion
	Acknowledgements
	References


