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a  b  s  t  r  a  c  t

A  density-functional  theory  method  has  been  conducted  to investigate  the  dissociation  of CH4 on  NiCu
(1  1 1)  surface.  Two  models:  uniform  surface  slab  model  (Model  A) and  Cu-rich  surface  slab  model  (Model
B)  have  been  constructed  to  represent  the  NiCu  (1 1 1)  surface,  in  which  the  ratio  of  Ni/Cu  is unit.  The
obtained  results  on  the two models  have  been  compared  with  those  obtained  on pure  Ni (1  1  1)  and
Cu  (1  1  1).  It  is  found  that  the adsorption  of  CHx(x  =  1–3)  on  Model  B are  weaker  than  on Model  A.  The
rate-determining  steps  of  CH4 dissociation  on  Model  A  and B  both  are  the  dissociation  of  CH,  and  the
corresponding  activation  barriers  are  1.37  and  1.63 eV, respectively.  Obviously,  it  is  approximately  equal
on Model  A  to that  on  pure  Ni  (1 1 1) [H. Liu,  R.  Zhang,  R. Yan,  B.  Wang,  K. Xie, Applied  Surface  Science
eaction barrier
ensity functional theory

257  (2011)  8955],  while  it is lower  by  0.58  eV  on Model  B  compared  to that on  pure Cu  (1  1  1).  Therefore,
the  Cu-rich  surface  has  better  carbon-resistance  ability  than  the  uniform  one.  Those  results  well explain
the  experimental  facts  that  NiCu/SiO2 has  excellent  catalytic  performance  and  long-term  stability  [H.-
W. Chen,  C.-Y.  Wang,  C.-H.  Yu,  L.-T.  Tseng,  P.-H.  Liao,  Catalysis  Today  97  (2004)  173],  however,  there  is
serious  carbon  deposition  on  NiCu/MgO–Al2O3 in  CO2 reforming  of  methane  [J. Zhang,  H.  Wang,  A.  K.
Dalai,  Journal  of  Catalysis  249  (2007)  300].
. Introduction

The growing interesting in CO2 reforming of CH4 to produce
ynthesis gas has stimulated extensive work on the research in
i-based catalysts [1–5]. The reforming reaction not only reduces
reenhouse gas emission, but also produces synthesis gas with
he ratio of CO and H2 to unit which is more preferable feed for
ome liquid fuel synthesis processes. In addition, Ni has good ini-
ial activity for the reforming reaction and its cost is low. However,
he troublesome carbon deposition restricts the industrialization
rocess.

Recently, Ni-based bimetallic catalysts have been reported that
hey can affect the catalytic behavior and carbon deposition [6–9].
hen et al. [10] reported that NiCu/SiO2 has excellent catalytic per-

ormance and long-term stability for CO2 reforming of methane at
00 ◦C. However, Wang and co-workers [11] observed serious car-
on deposition on NiCu/MgO–Al2O3. Why  is there so big difference

n the experimental results of NiCu catalysts? Many factors, such
s the surface structure of active component, the electronic struc-

ure of Ni-Cu and metal-support interaction etc., may  vary with the
ddition of copper into supported Ni catalyst system [10]. More-
ver, the structures of the Ni-Cu surface have been shown to be

∗ Corresponding author. Tel.: +86 351 6018239; fax: +86 351 6041237.
E-mail address: Wangbaojun@tyut.edu.cn (B. Wang).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.05.017
© 2012 Elsevier B.V. All rights reserved.

sensitive to temperature, suggesting that the formation of carbon
on the surface depends strongly on the morphology of the copper
and nickel on the surface [12,13].  Meanwhile, Cu is likely to form
homogeneous structures with Ni [14], or segregate on Ni surface
[15,16].

Carbon mainly results from CH4 dissociation from thermody-
namic viewpoint [17]. In addition, isotopic studies and forward
rate measurements confirmed the mechanistic equivalence among
CH4-reforming and decomposition of CH4 on Ni-based catalysts
[18]. Therefore, the chemistry of the successive dehydrogenation
reactions of methane is believed to be the key to understanding
the formation of carbon.

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
[19–21]. In this contribution, we  present a systematic study on the
successive dehydrogenation of CH4 on two  kinds of NiCu (1 1 1) sur-
faces using density functional theory (DFT) method. The adsorption
geometries and energetics of CH4 sequence dehydrogenation prod-
ucts on NiCu (1 1 1) have been investigated. Based on the optimized
adsorption geometries, the decomposition of CH4 was  first ana-

lyzed. Then, the results are compared with those obtained on pure
Ni (1 1 1) and Cu (1 1 1) surfaces. It is noted that only the effects
of active component on the reaction are considered, while other
factors are beyond in this work.

dx.doi.org/10.1016/j.apsusc.2012.05.017
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.2012.05.017
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Fig. 1. The surface and the adsorption sites on Mode

. Computational details

.1. Models

It is known that copper and nickel, which have similar lat-
ice constants, can easily form a stable face-centered-cubic (FCC)
iCu alloy system according to the Ni-Cu phase diagram [22], and

he alloy system is compositionally homogeneous. Thus, the bulk,
ncluding of the 1:1 Ni-Cu binary system, was modeled by replacing
alf the Ni atoms in a FCC Ni4 conventional cell with Cu atoms. The

attice constants a and c in the current calculations are 3.559 and
.616 Å, respectively, which has only slightly modified compared
o the lattice parameters of Ni bulk (3.541 Å).

The surfaces were obtained by cutting alloy of NiCu 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 to be reasonable
o investigate the adsorption and reaction mechanism in previous
iteratures [23–25].  The vacuum region between adjacent slabs was
n excess of 10 Å. In order to increase the calculation efficiency, the
ottom layer of slab was fixed at its equilibrium bulk phase position,
hile the top two layers and the adsorbates were allowed to relax

reely. A (2 × 2) supercell was used in the calculation in order to
educe interaction between adsorbates on the surface. Herein, we
an obtain the uniform slab model, denoted Model A (shown in
ig. 1). However, the composition varies nonmonotonically near
he surface, that is, the surface layer is strongly enriched in Cu while
he near-surface layers are enriched in Ni [16]. Therefore, the other

odel was built, i.e., we exchange a Ni atom on the surface layer
ith a Cu atom on the subsurface layer to obtain Model B (shown

n Fig. 1), which expresses that Cu segregates on the surface layer
nd Ni accumulates on the subsurface layer.

.2. Methods
Density functional theory (DFT) calculations were performed
sing the Cambridge Sequential Total Energy Package (CASTEP)
26,27]. All calculations were conducted with the generalized
d Model B of NiCu (1 1 1) (a) side view, (b) top view.

gradient approximation (GGA) with the Perdew–Burke–Ernzerhof
(PBE) exchange correlation functional [28]. Ionic cores were
described by ultrasoft pseudopotential [29] and the Kohn–Sham
one-electron states were expanded in a plane wave basis set up
to a cutoff of 340 eV in order to obtain accurate energetics for
all systems. A Fermi smearing of 0.1 eV was utilized and the cor-
rected energy extrapolated to 0 K. Brillouin zone integration was
approximated by a sum over special k-points chosen using the
Monkhorst–Pack method [30], and they were set up to 5 × 5 × 1.
Geometries were optimized until the energy had converged to
2.0 × 10−5 eV/atom and the force converged to 0.05 eV/Å and the
max  displacement converged to 2 × 10−3 Å. Spin polarization was
considered in all calculations.

The chemisorption energy, Eads, was calculated as follows:

Eads = Eadsorbates/slab − (Eadorbates + Eslab)

where Eadsorbates/slab is the total energies of adsorbates on slab
model, 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 slab.

The reaction energy was  calculated by the definition given as
follows:

�E =
(

EA/slab + EB/slab

)
−

(
EAB/slab + Eslab

)

where EA/slab, EB/slab and EAB/slab are the total energies of adsor-
bates A, B and AB adsorption on slab surface, respectively, Eslab is
the total energy of NiCu slab. For reaction AB → A + B, the posi-
tive value suggests endothermic, while the negative value suggests
exothermic.

Transition states (TS) are located by using the complete LST/QST
method [31]. 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
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Table  1
Vertical atomic displacements (�z, Å) for various surfaces of NiCu alloy.

�z(Ni1)a �z(Ni2) �z(Cu1) �z(Cu2)

Model A 0.048 0.011 −0.029 0.024
Model B 0.071 0.016 −0.013 0.016

a Ni1 (Cu1) and Ni2 (Cu2) denote Ni (Cu) atoms of the first and second layers,
respcetively. �z refers to the atomic displacement perpendicular to the surface.
N
d

s
t

3

3

t
a
a
b
f
0
a
C

to 0.79 eV with the zero-point energy correction. We  obtained that
egative �z denotes an outward displacement, toward the vacuum; positive �z
enotes an atom movement in the direction of the bulk.

tate calculations was set to: root-mean-square forces on atoms
olerance of 0.25 eV/Å.

. Results and discussion

.1. Surface properties

The calculated structural parameters of two model surfaces of
he alloyed NiCu are collected in Table 1. On Model A and Model B, Ni
toms of the first layer (Ni1) move inward (into the bulk) while Cu1

toms relax outward (to the surface) with respect to the computed
ulk-terminated geometry. The vertical displacement �z is larger
or Ni1 than for Cu1 atoms: the values for Model A are 0.048 and

.029 Å, respectively; the corresponding values of Model B are 0.071
nd 0.013 Å. However, Ni and Cu atoms of the second layer (Ni2 and
u2) both slightly move inward. From above results, we  think that

Fig. 2. The adsorption configurations of the C
nce 258 (2012) 8177– 8184 8179

a little difference of geometry paramenters between Model A and
Model B.

3.2. CH4 dissociation

Nowadays, experimental researchers have proved the mech-
anism of CH4 dissociation, i.e., sequential dehydrogenation, by
detecting chemisorbed CH3, CH2 and CH on Ni (1 1 1) using sec-
ondary ion mass spectroscopy (SIMS) and X-ray photoelectron
spectroscopy (XPS) techniques [32]. Theoretical calculations about
CH4 dissociation on metal surface, which are mainly focused on
clean metal catalyst [33–37],  also support the successive dehydro-
genation mechanism.

On the other hand, theoretical studies have been paid much
attention to CH4 dissociation on Ni(1 1 1), collected in literature
[38,39],  which points out that there is discrepancy between the
dissociation barriers of the first step for CH4 dissociation for exis-
tent results obtained from periodic slab models. For example,
Kratzer et al. [40] obtained that a dissociation barrier of about
1.04 eV (including zero point corrections), however, spin polar and
the lattice relaxation are not considered. Jackson and co-workers
[41] got that the dissociation barrier is 1.08 eV. Zhu et al. [42]
reported that the activation energy is 0.91 eV, and it is lowered
the dissociation barrier is 1.18 eV without zero point correction,
which is consistent with Wang and co-workers [34]. The differ-
ences of barriers may  ascribe to the models and methods employed.

Hx(x = 0–4) on Model A of NiCu (1 1 1).
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Table 2
Calculated adsorption energies (eV) of the CHx on the alloyed NiCu (1 1 1), Ni(1 1 1) and Cu (1 1 1) surfaces. (The energies in bold are the adsorption energies at the most
stable  adsorption sites).

Ni(1 1 1) Cu(1 1 1) NiCu(1 1 1)

HCP FCC HCP FCC Model A Model B

HCP-1 HCP-2 FCC-1 FCC-2 HCP-1 HCP-3 HCP-4 FCC-1 FCC-3 FCC-4

CH3 −1.78 −1.81 −1.35 −1.37 −1.54 −1.81 −1.61 −1.77 −1.58 −1.60 −1.24 −1.66 −1.62 −1.39
CH2 −4.66 −4.66 −3.85 −3.91 −4.20a −4.71 −4.25 −4.70 −4.22 −4.27 −3.78 −4.35 −4.34 −3.93

−4.30a −4.67 −4.25 −4.66 −4.24 −4.27 −4.33 −4.27
CH −6.24  −6.15 −5.01 −5.09 −5.51 −6.18 −5.52 −6.20 −5.54 −5.58 −4.90 −5.61 −5.60 −4.99
C  −6.90 −6.80 −5.31 −5.38 −5.19 −6.80 −5.90 −6.74 −5.96 −6.03 −5.09 −5.98 −5.99 −5.08
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H  −2.74 −2.77 −2.49 −2.51 −2.65 −2.84 −2.7

a The adsorption energies for CH2 in top-Ni-H and top-Cu-H, respectively.

lthough differences exist, it does not affect our aim to compare the
issociation of CH4 dissociaton on different NiCu catalyst surfaces.

n addition, we also examined the CH4 dissociation on Cu (1 1 1).

.2.1. CHx(x = 0–4) adsorption
There are four high-symmetry sites on the (1 1 1) surface of pure

i: top (T), bridge (B), hexagonal-close-packed (HCP) and face-
entered-cubic (FCC) threefold hollow sites. On the NiCu (1 1 1)
urface, some additional sites are found because of the replace-
ent of 50% Ni atoms by Cu and the Cu segregation on the surface.

hese adsorption sites are presented in Fig. 1.

.2.1.1. CH4 adsorption. Previous calculation results have proved
hat the adsorption energy of CH4 is substantially small on tran-
ition metal surface, which may  be negligible [43–45].  Here only
ne kind of geometry of CH4 adsorption is considered on NiCu
1 1 1) surface, that is, three H atoms point to the surface, another

 points to the surface normal (shown in Figs. 2 and 3). The cal-
ulated adsorption energies both are −0.02 eV on the two  models,
hich are approximately equal to that on pure Ni (1 1 1) [38,39].

he molecule is positioned 3.678 Å above the surface on Model A
nd 3.556 Å on Model B. Obviously, the addition of Cu has little
mpact for CH4 adsorption on the two surfaces of NiCu (1 1 1).

.2.1.2. CH3 adsorption. For CH3 adsorption on aforementioned
ites, there are two possible configurations with different
zimuthal orientations: C H bond pointing toward the nearest-
eighboring metal atom or toward the midway between two
eighboring metal atoms. Our previous study shows that there
re almost no differences in energies and geometry parameters
etween the two configurations [46]. Herein, we only considered
he former. On the other hand, CHx(x = 0–3) prefers to adsorb at
he threefold sites according to previous investigation, so we  only
onsider the configuration that CHx(x = 0–3) adsorb at the threefold
ites in the following sections.

The adsorption of CH3 on thses two models is first examined,
nd the adsorption energies at the threefold-hollow sites are listed
n Table 2, along with the adsorption energies of CH3 on pure Ni
1 1 1). The adsorption configurations on the two models are shown
n Figs. 2 and 3.

There are four stable configurations obtained for CH3 adsorbed
t the threefold-hollow sites on Model A, while there are six sta-
le structures on Model B. On HCP-1, HCP-3, FCC-1 and FCC-3 sites,
H3 interacts with two Cu atoms and one Ni atom, while CH3 is
onded to three Cu atoms on HCP-4 and FCC-4 sites, respectively.
s shown in Table 2, it is clear that the order for adsorption ener-
ies of CH3 on Model A is as follows: HCP-2 > FCC-2 > FCC-1 > HCP-1.

owever, the order on Model B is as follows: FCC-1 > FCC-3 > HCP-

 > HCP-1 > FCC-4 > HCP-4. On the other hand, for the most stable
dsorption, it can be seen that Model A is energetically more
avorable than Model B to adsorb CH3, which in turn is more
−2.81 −2.61 −2.68 −2.40 −2.72 −2.70 −2.51

favorable than Cu (1 1 1). In addition, CH3 has the approximately
same adsorption energy on Model A as those on Ni (1 1 1) surface.

3.2.1.3. CH2 adsorption. The calculated CH2 adsorption energies at
the threefole hollow sites are given in Table 2, and the adsorption
configurations on the two models are shown in Figs. 2 and 3. The
adsorbed CH2 on HCP-1(3) and FCC-1(3) have two geometries, i.e.,
one H bonds to Ni (or Cu) atom, the other H atom points toward the
midway of the metal–metal bridge (for clarity, they are denoted
as top-Ni-H and top-Cu-H, respectively), which results in differ-
ent activation characteristics of the two  C H bonds. For example,
when CH2 adsorbed on HCP-2 site, in top-Cu-H, the bond of C H
in which H pointing toward Cu atom is stretched to 1.114 Å, and
another bond of C H is only stretched to 1.109 Å, while the bond
of C H in which H pointing toward Ni atom is elongated to 1.114 Å
and another bond of C H is elongated to 1.103 Å in top-Ni-H. A
similar configuration is also obtained on pure Ni (1 1 1) [34,47] and
Cu (1 1 1) surface [48]. On NiCu (1 1 1), the most stable site for CH2
adsorption on Model A is still HCP-2, while it is FCC-1 site on Model
B. The adsorption energies become more negative from Cu (1 1 1)
to Model B, and further to Ni (1 1 1) and Model A.

3.2.1.4. CH adsorption. CH is adsorbed at the threefold site with
the remaining H atom oriented perpendicular to the NiCu (1 1 1)
surface. It is noted that C moves to the nearby bridge site of Ni-Ni
after geometry optimization on Model A, as shown in Fig. 2. From
Table 2, we  can obtain that addition of Cu decreases the adsorption
energy of CH. CH adsorbed on Model A is more favorable than on
Model B. The stability order for all configurations on Model A is as
follows: FCC-2 ≈ HCP-2 > FCC-1 ≈ HCP-1, while that on Model B is
FCC-1 ≈ FCC-3 ≈ HCP-3 > HCP-1 > FCC-4 > HCP-4.

3.2.1.5. C adsorption. Like CH adsorption, C also moves to the
nearby bridge site of Ni-Ni after geometry optimization on Model
A. On NiCu (1 1 1), the most stable site for C adsorption on Model
A still is HCP-2, while it is HCP-3 site on Model B. The adsorption
energies become more negative from Cu (1 1 1) to Model B, and fur-
ther to Ni (1 1 1) and Model A. It is noted that the adsorption energy
of the most stable adsorbed C is −6.03 eV on Model B, it is less nega-
tive by 0.77 eV than that on Model A, and by 0.87 eV than that on Ni
(1 1 1). The decrease of C adsorption energy weakens the interac-
tion between the carbon atoms and the surface, thus the formation
of CO becomes more likely to prevent the building up of a graphite
layer [49]. Therefore, we  can conclude that Model B of NiCu (1 1 1)
may  suppress carbon formation.

3.2.1.6. H adsorption. Similar to CH and C adsorption on Model A,

H also moves to the nearby bridge site of Ni-Ni after geometry
optimization. However, the adsorption energy is more negative on
Model A than that on Ni (1 1 1) and Model B, and it has the weakest
adsorption on Cu (1 1 1).
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tern A3 is the preferred combination of CH3 and H on Model A.
The value of Eads of the coadsorbed CH3 and H (−4.45 eV) is slight
lower than the sum of the values of Eads for the isolated CH3 and H
(−4.65 eV), indicating the weak repulsive interaction between CH3

Table 3
Co-adsorption energies (eV) at different patterns on the NiCu (1 1 1) surface.

Model A Model B

Pattern 1 Pattern 2 Pattern 3 Pattern 1 Pattern 2
Fig. 3. The adsorption configurations o

.2.2. Mechanism for CH4 dissociation
Cu is of very low reactivity respect to CH4 dissociation com-

ared to Ni. Therefore, Cu atom is not the active site. Herein, we  only
nvestigate the dissociation of CH4 above Ni active site. CHx(x = 1–4)
an dissociate on the top of Ni into coadsorbed CHx−1 and H through
ifferent paths. The big difference between the paths is the coad-
orbed Patterns of the products. These coadsorbed Patterns are
hown in Fig. 4. On Model A, there are three coadsorbed Patterns
or CHx−1 at HCP-2 and H at three three-fold sites separately. Pat-
ern A1 and A3 are the coadsorbed CHx−1 at the HCP-2 site and H
eparately at the FCC-1 and HCP-2 site share one Ni in a zigzag way,
hile Pattern A2 is both the coadsorbed CHx−1 and H at FCC-3 sites

hare one Ni in a linear way.
On Model B, however, there are only two coadsorbed Patterns
or CHx−1 at FCC-1 site and H at two different three-fold sites sepa-
ately. Pattern B1 is that both CHx−1 and H adsorb at the FCC-1 sites
nd they share one Ni atom in a linear way. Pattern B2 is that CHx−1
dsorbs at the FCC-1 site while H adsorbs at the FCC-3 site, and
Hx(x = 0–4) on Model B of NiCu (1 1 1).

they share a Ni atom in a zigzag way. The calculated coadsorption
energies of CH3 and H are listed in Table 3.

3.2.2.1. CH4 → CH3 + H. From Table 3, we can clearly see that Pat-
CH3 and H −4.16 −4.43 −4.45 −4.12 −4.13
CH2 and H −7.05 −7.51 −7.44 −6.82 −6.85
CH  and H −8.53 −8.87 −8.85 −8.08 −8.13
C  and H −9.03 −9.38 −9.31 −8.28 −8.34
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Fig. 4. The coadsorption Patterns of CHx

nd H. Thus, coadsorbed CH3 and H in Pattern A3 are selected as
he final state (FS) in CH4 dehydrogenation. On Model B, Pattern
1 and B2 have the approximate coadsorption energies. Whearas,
here exists a weaker repulsive interaction in Pattern B2 than that
n Pattern B1. Therefore, the coadsorbed configuration of CH3 and

 in Pattern B2 is selected as the FS.
We take CH4 physisorbed on NiCu (1 1 1) as initial state (IS) for
tudying CH4 dissociatioin. On Model A, CH4 can dissociation on the
op of Ni into coadsorbed CH3 and H through the transition state
f TS A1 (shown in Fig. 5). In the TS A1, the CH3 fragment and H
oth are bound at the top of Ni tilting to their own final threefold

Fig. 5. The geometries and parameters of the transit
 on NiCu (1 1 1). (a) Model A, (b) Model B.

sites, the distances of C-Ni and H-Ni are 2.066 and 1.505 Å, respec-
tively. This geometry resembles those of the activated complexes
for CH4 dissociation on Ni (1 1 1) and other close-packed transition
metal surfaces [50,46]. This reaction is endothermic by 0.07 eV. The
activation barrier is 1.09 eV, which is lower than those on pure Ni
(1 1 1) [47] and Cu (1 1 1) [48].

On Model B, CH4 also can dissociation on the top of Ni into CH3

and H via the transition state of TS B1 (shown in Fig. 5), whose
geometry resembles that on Model A. In TS B1, the distances of
C-Ni and H-Ni are 2.205 and 1.474 Å, respecitvely. This reaction is
an endothermic process with activation barrier of 1.32 eV, which is

ion states on the Model A and B of NiCu (1 1 1).
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arger than our result on pure Ni (1 1 1) surface (1.18 eV) [47], but
maller than that on pure Cu (1 1 1) surface (1.88 eV). Obviously, the
ncorporation of Cu atoms into the Ni (1 1 1) affects the dissociation
f CH4, furthermore, the different morphology affects the reaction
arrier.

.2.2.2. CH3 → CH2 + H. For co-adsorbed CH2 and H, the lowest val-
es of Eads both are in Pattern A2 and B2 on Model A and B,
especitvely. As for the second dehydrogenation step, the TS config-
rations are similar to those on Ni (1 1 1) and other transition metal
urfaces [50,46], in which the CH2 fragments are located at their
avorable adsorption sites and the detached H atoms are positioned
t the adjacent threefold site. On Model A, the preferred reaction is
ndothermic by 0.05 eV and needs to overcome a low energy bar-
ier of 0.66 eV, which is lower than that (0.77 eV) on pure Ni (1 1 1)
47] and that (1.47 eV) on Cu (1 1 1). In transition state TS A2, the
istance between H and CH2 are elongated to 1.744 Å from 1.121 Å

n CH3, and the forming bond of Ni-H is shortened to 1.517 Å. How-
ver, the reaction energy and the energy barrier on Model B are
.32 and 0.77 eV, respectively. In transition state TS B2, the dis-
ance between H and CH2 is increased to 1.779 Å from 1.121 Å in
H3, and the forming bond of Ni-H is decreased to 1.483 Å.

.2.2.3. CH2 → CH + H. Similar to the second step, the co-adsorbed
H and H in Pattern A2 and B2 are considered as the final states
ecause of their higher coadsorption energies. In the third dehydro-
enation step, CH2 with top-Ni-H structure dissociates into CH and
. The reaction was exothermic by 0.36 eV with an activation bar-

ier of 0.37 eV on Model A while it is thermal neutral with the energy
arrier of 0.46 eV on Model B. In addition, the reaction barrier is
.37 eV on Ni (1 1 1) [47] and 1.05 eV on Cu (1 1 1). In TS A3(B3), the
eparation between the cleaved H and the C atom is 1.687(1.755)
˚ , and the bond length of the H and Ni is 1.483(1.483) Å.

.2.2.4. CH → C + H. Similarly, the co-adsorbed C and H in Pattern
2 and B1 are considered as the final states in CH dehydrogenation
tep. The formation of surface C is accomplished by the dissociation
f CH on the top of the surface Ni atom. The most preferred TS
onfigurations (TS A4 and TS B4) on the two model surfaces are
hown in Fig. 5. Both the two reactions are endothermic by 0.51
nd 0.89 eV, and the activation barriers are calculated to be 1.37 and
.63 eV on Model A and B, respectively. The former is approximately
qual to that on Ni (1 1 1) while the latter is much higher than that
n Ni (1 1 1). However, the activation barrier is 2.21 eV on Cu (1 1 1),
igher than those on NiCu (1 1 1).

.2.3. Enegetics of dissociation CH4
For the purpose of elucidating the effect of the different active

omponent surfaces on the kinetics of CH4 dissociation and car-
on deposition, the potential energy diagrams for CH4 dissociation
n the alloyed NiCu surfaces are compared with those on pure Ni
1 1 1) and Cu (1 1 1). According to reaction barriers (Ea) and reac-
ion energies (�E) of successive dehydrogenation of CH4, we  plot
he optimal potential energy surface, as displayed in Fig. 6. The
um of the total energies of the active component slab and free CH4
olecules was taken as the origin.
From Fig. 6, we can see that, on Model A, the highest barrier

or CH dissociation is 1.37 eV, while that is 1.63 eV on Model B.
bviously, the fourth step of CH4 dissociation into CH3 and H is

he rate-determining step in CH4 dissociation on Model A and B as
ell as on Ni (1 1 1) and Cu (1 1 1) surfaces. As a further compari-
on, the activation barrier of the rate-determining step on Model
 is approximately equal to that on Ni (1 1 1), while the activation
arrier is higher by 0.27 eV on Model B than that on Ni (1 1 1), but

ower by 0.58 eV than that on Cu (1 1 1). It is well know that C is
physisorb CH→ C+HCH
2
→ CH+HCH

3
→ CH

2
+HCH

4
→ CH

3
+H

Fig. 6. Potential energy profiles of the CH4 dissociation on different catalyst surfaces.

esay to form on pure Ni (1 1 1) at high temperature while it is diffi-
cult to form on Cu (1 1 1). Therefore, we think that C is favorable to
form on uniform NiCu surface. However, it is unfavorable on Cu-rich
NiCu surface. That is to say, Cu-rich NiCu surface can suppress the
carbon deposition. Whereas, the uniform NiCu surface cannot sup-
press carbon deposition. Our results well explain the experimental
facts described in Section 1.

4. Conclusions

In this work, we have conducted a DFT-based computational
study on the dissociation of CH4 on NiCu (1 1 1) bimetallic alloy
models, and compare the results with those on pure Ni (1 1 1) and
Cu (1 1 1). Two models, uniform surface (Model A) and Cu-rich sur-
face (Model B), have been considered to express the NiCu (1 1 1)
surface. The corresponding results on the two models have been
compared with those obtained on pure Ni (1 1 1) and Cu (1 1 1) sur-
faces. On Model A, CHx(x = 0–3) prefer to adsorb at the threefold
sites to bond to two  Ni atoms and one Cu atom while they pre-
fer to adsorb at the threefold sites composed of one Ni and two Cu
atoms on Model B. Moreover, the adsorption of C becomes stronger
from Cu (1 1 1) to Model B, and further to Ni (1 1 1) and Model A,
indicating that Model B can suppress carbon formation.

The rate-determining steps both are CH dissociation on the two
models on the NiCu (1 1 1) surface. The activation barrier of the rate-
determing step is 1.37 eV on Model A, approximately equal to that
on Ni (1 1 1), while it is 1.63 eV on Model B, higher by 0.27 eV than
that on Ni (1 1 1), but lower by 0.58 eV than that on Cu (1 1 1). Those
indicate that C is easy to form on uniform NiCu surface. Conversely,
it is unfavorable to form on Cu-rich NiCu surface.
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