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Abstract
A density-functional theory (DFT) method has been conducted to systematically investigate the adsorption of CHx (x = 0∼4) as well as the
dissociation of CHx (x = 1∼4) on (111) facets of gold-alloyed Ni surface. The results have been compared with those obtained on pure
Ni(111) surface. It shows that the adsorption energies of CHx(x = 1∼3) are lower, and the reaction barriers of CH4 dissociation are higher in
the first and the fourth steps on gold-alloyed Ni(111) compared with those on pure Ni(111). In particular, the rate-determining step for CH4
dissociation is considered as the first step of dehydrogenation on gold-alloyed Ni(111), while it is the fourth step of dehydrogenation on pure
Ni(111). Furthermore, the activation barrier in rate-determining step is higher by 0.41 eV on gold-alloyed Ni(111) than that on pure Ni(111).
From above results, it can be concluded that carbon is not easy to form on gold-alloyed Ni(111) compared with that on pure Ni(111).
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1. Introduction

Catalytic reforming of CH4 with H2O and CO2 to pro-
duce synthesis gas has attracted increasing attention in recent
years [1−7]. The conversion of the greenhouse gases into a
valuable synthesis gas not only reduces emissions of green-
house gas but also satisfies the requirement of many synthesis
processes in chemical industry.

Ni-based catalysts, because of relatively low price and
good initial reactivity as compared with noble metal, are se-
lected to catalyze the reforming of CH4. However, they are
susceptible to deactivation from the deposition of carbon [8].
Carbon mainly results from CH4 dissociation from thermo-
dynamics viewpoint. In addition, isotopic studies and for-
ward rate measurements confirmed the mechanistic equiva-
lence among CH4-reforming and decomposition of CH4 on
Ni-based catalysts [9]. Therefore, in order to understand car-
bon formation in detail, it is central to investigate CH4 disso-
ciation considered as a key and sole process.

In order to control the deactivation by carbon formation,
modifying Ni catalysts with a second metal, such as gold, has
been developed through alloy formation. Scanning tunnel-
ing microscopy (STM) study showed a change in geometry
and electronic structure for gold-alloyed Ni catalyst, indicat-

ing that the chemical activity of Ni atoms may be modified by
nearest-neighbor Au atoms [10]. Kratzer et al. [11,12] pre-
sented a DFT study of the first step of CH4 dissociation on
gold-alloyed Ni(111) surface, and found the reactivity of Ni
atoms is affected by adjacent surface sites. However, the full
mechanism of CH4 dissociation on gold-alloyed Ni(111) is
still unclear. Kratzer and his co-workers [11] only investigated
the first step of CH4 dissociation on gold-alloyed Ni(111). In
addition, spin polarization was neglected in their calculation.

With recent developments, density functional theory
(DFT) method has already been extensively used to provide
qualitative and quantitative insights into the structure of active
surface and surface reaction [13−17]. Nowadays, several the-
oretical studies of CHx (x = 1∼4) adsorption and dissociation
on metal surface have been reported [18−24]. In our previous
work, we have studied the dissociation of CH4 on NiCo(111)
surface, and the results show that C is easy to form on the sur-
face by DFT method [25]. In this contribution, the first princi-
ple density functional theoretical investigation of the system-
atic mechanism of CH4 dissociation on gold-alloyed Ni(111)
surface were carried out, aimed at understanding the mech-
anism how carbon formation is suppressed. The adsorption
geometries and energies of CH4 sequence dehydrogenation
products on the surface have been investigated. Based on
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the optimized adsorption geometries, the decomposition of
CH4 was investigated, and then the results have been com-
pared with those obtained on pure Ni(111) surface. Finally,
the electronic properties of the surfaces have been plotted to
explain the properties of adsorption and activation.

2. Computational details

2.1. Computational method

Density functional theory (DFT) calculations were per-
formed using the Cambridge Sequential Total Energy Pack-
age (CASTEP) [26,27]. All calculations were conducted with
the generalized gradient approximation (GGA) using 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. A Fermi
smearing of 0.1 eV was utilized and the corrected energy ex-
trapolated to zero Kelvin. Brillouin zone integration was
approximated by a sum over special k-points chosen using
Monkhorst-Packmethod [30], and theywere 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 0.005 eV/ nm
and the max displacement converged to 0.2×10−3 nm. Spin
polarization was considered in all calculations.

2.2. Surface models

Gold atoms alloyed into Ni surface offer an ideal system
to study the effect of alloying on the chemical reactivity of
a catalyst. Zhang et al. [31,32] detected the most simple
Ni(111) by X-ray diffraction (XRD) technique. Therefore,
we focused the reaction mechanism on the most regular (111)
surface. The surfaces were obtained by cutting bulk Ni with a
face-centered cubic structure along [111] direction. The thick-
ness of each surface slab was chosen to be at least as thick as
a three-layer Ni(111) slab, which is proved reasonable to in-
vestigate the adsorption and reaction mechanism in literature
[25,33−35]. A (2×2) supercell was used in the calculation in
order to reduce the interaction between adsorbed molecules.
One of the four Ni atoms in the unit cell of the topmost layer
was replaced with gold, corresponding to a gold coverage of
1/4 ML. The vacuum region between adjacent slabs was in ex-
cess of 1 nm. In order to decrease the computational load, the
bottom layer of slab was fixed at its equilibrium bulk phase
position, with a lattice constant of 0.3500 nm, while the top
two layers and the adsorbates were allowed to relax freely.

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

Eads = Eadsorbates/slab− (Eadsorbates+Eslab)

where,Eadsorbates/slab is the total energy of adsorbates on gold-
alloyed Ni(111), Eadsorbates is the total energy of isolated ad-

sorbates which was calculated by putting the isolated adsor-
bates in a cubic box of 1×1×1 nm3, Eslab is the total energy
of gold-alloyed Ni(111) slab.

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

ΔEs = [EA/slab+EB/slab]− [EAB/slab+Eslab]

ΔEc = EA+B/slab−EAB/slab

where, EA/slab, EB/slab and EAB/slab are the total energies of
adsorbates A, B and AB adsorption on gold-alloyed Ni(111)
surface, respectively, Eslab is the total energy of gold-alloyed
Ni(111) slab, EA+B/slab is the total energy of the coadsorbed
A and B on gold-alloyed Ni(111) surface. For reaction AB→
A+B, positive value suggests endothermic, while negative
value suggests exothermic.

3. Results and discussion

3.1. Surface properties

Calculated structural parameters of pure and gold-alloyed
Ni(111) surfaces are collected in Table 1. On gold-alloyed
Ni(111) surface, Ni atoms of the first layer (Ni1) move in-
ward (into the bulk) while Au1 atoms relax outward (to the
surface) with respect to the computed Ni bulk-terminated ge-
ometry. The vertical displacementΔz is larger for Ni1 than for
Au1 atoms: the values for gold-alloyed Ni(111) surface are
0.0041 and 0.0475 nm, respectively. Opposite displacements
of the atoms cause a notable surface corrugation. Thus, the
layer spacing is obviously increased for gold-alloyed Ni(111)
than that for pure Ni(111), namely, addition of Au changes the
geometry structure of Ni(111) surface, even changes the cat-
alytic activity of the surface. This is consistent with the results
from STM study [10].

Table 1. Vertical atomic displacements (ΔΔΔzzz, nm) for pure and
gold-alloyed Ni(111) surfaces

Δz(Ni1)∗ Δz(Ni2) Δz(Au1) dNi12 dAuNi12
On pure Ni(111) 0.0035 0.0038 0.2475

On gold-alloyed Ni(111) 0.0041 0.0035 −0.0475 0.2459 0.2899
∗ Ni1 (Au1) and Ni2 denote Ni (Au) atoms of the first and second
layers, respectively. Δz refers to the atomic displacement perpen-
dicular to the surface. Negative Δz denotes an outward displace-
ment, toward the vacuum, positive Δz denotes an atom movement
in the direction of the bulk

3.2. CH4 dissociation

CHx (x = 1∼3) preferable occupying threefold sites have
been proved by experimental observations and theoreti-
cal calculations [18−25,36,37]. Herein, we only examine
CHx(x = 0∼3) and H species adsorbed at the highly coordi-
nated threefold hollow sites. These adsorption sites are pre-
sented in Figure 1. It is clear that each group of the threefold
site is split into two subsets.
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Figure 1. Surface and adsorption sites of gold-alloyed Ni(111)

3.2.1. CH4→ CH3+H

Adsorption of CH4, CH3 and H: The adsorption of
methane molecule on transition metal surfaces is generally

classified as a process of physisorptionwhere the attractive in-
teraction arises from the van der Waals force. Previous calcu-
lation results have proved that the adsorption energy of CH4 is
substantially small on transition metal surface, which may be
negligible [38,39]. Hence only one kind of geometry of CH4
adsorption is considered on gold-alloyed Ni(111) surface, that
is, three H atoms point to the surface, another H points to
the surface normal, as shown in Figure 2(a). The calculated
adsorption energy is −0.01 eV, in accord with previous calcu-
lated results [40] and experimental observations [41,42].

For CH3 adsorption, C−H bond points toward the
nearest-neighbor metal atoms, and the distances of C−H both
are elongated to about 0.1113 nm at fcc and hcp sites. Our
calculated adsorption energy of CH3 at fcc site (shown in Fig-
ure 2b) is−1.45 eV, which is more stable than that (−1.40 eV)

Figure 2. Adsorption geometries and parameters of CHx (x = 0∼4) and H on gold-alloyed Ni(111)
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at hcp site (shown in Figure 2c). It is interesting to note
that the initial structures for CH3 adsorbed on fcc-Au and
hcp-Au sites were optimized into fcc and hcp sites, respec-
tively, indicating the substitution of Ni surface atoms with
Au atoms blocks active sites partly, even those in the neigh-
bor of Au atoms. This result is in agreement with that ob-
tained by Kratzer et al. [11]. Therefore, we do not consider
the adsorption geometries on fcc-Au and hcp-Au sites in the
following study.

Our calculated adsorption energies for CH3 are−1.78 eV
on hcp site and −1.81 eV on fcc site on pure Ni(111), and the
longest distance of C−H is 0.1115 nm in configuration of CH3
adsorbed on fcc site. Compared with CH3 adsorption on pure
Ni(111), the adsorption energies are lower and the distance
of C−H is slightly shorter on corresponding sites on gold-
alloyed Ni(111), which indicates that substituting Ni surface
atoms with Au decreases the adsorption energy of CH3.

For H adsorption, they have the equal adsorption energies
of−2.65 eV at fcc and hcp sites (shown in Figures 2j and 2k).
However, on pure Ni (111), the adsorption energies of H are
−2.74 eV on hcp site and −2.77 eV on fcc site, respectively,
which are higher than those on corresponding sites on gold-
alloyed Ni(111).

Coadsorption of CH3 and H: In order to investigate
CH4 sequence dehydrogenation on gold-alloyed Ni(111) sur-
face, firstly it is necessary to investigate the coadsorption of
CHx(x = 0∼3) and H. Because the preferred site of CH3 is at
fcc site, only one coadsorption mode, namely, CHx(x = 0∼3)
is considered to preadsorb at fcc site while H coadsorbs at hcp
site in a linear way.

To elucidate the lateral interaction arising from coad-
sorption species, it is necessary to value the difference

(ΔEads) in adsorption energies between coadsorption species
[Eads(CHx/H)], with respect to CHx and H, and the sum
of CHx and H individual adsorptions on the same site as
in coadsorption [Eads(CHx) +Eads(H)]. The positive energy
differences indicate that there are repulsive interactions be-
tween the adsorbed CHx and H.

The coadsorption energies and calculated bond parame-
ters for CH3 and H are present in Figure 3. The coadsorption
energy of CH3 and H is −3.83 eV. ΔEads is 0.27 eV, indicat-
ing slight repulsion interactions in CH3 and H coadsorption
geometries. The coadsorption configuration is considered as
the final state (FS) of the first step in CH4 dissociation on
gold-alloyed Ni(111).

TS of CH4→ CH3+H: Based on physisorbed CH4 and
coadsorbed CH3 and H, CH4 dissociation is examined first,
and the possible path is mapped out, as shown in Table 2.
The geometry and parameters of the possible transition state
are present in Figure 4. CH4 dissociates on top of a Ni
atom into CH3 and H via TS1 along with CH3 moving to
fcc site and H moving to the opposite hcp site. The reac-
tion needs to overcome the energy barrier of 1.77 eV. In the
transition state TS1, the breaking C−H bond is elongated to
0.1712 nm, and the forming H−Ni bond is 0.1461 nm and
C−Ni bond is 0.2201 nm. This reaction is endothermic by
0.60 eV (ΔEs). Our calculated reaction barrier is 1.18 eV on
pure Ni (111) [43], which is higher by 0.59 eV than that on
gold-alloyed Ni(111). However, Kratzer et al. [11,12] ob-
tained that the difference of reaction barriers in the first step of
CH4 dissociation on gold-alloyed Ni(111) and pure Ni(111) is
0.39 eV, lower than our result. The difference may be caused
by used models and calculation methods mentioned in the
introduction.

Table 2. Reaction barriers and reaction energies of successive dehydrogenation of CH4 on gold-alloyed Ni(111) and pure Ni(111) (in parentheses)

Paths for dissociation of CH4 Reaction barrier (Ea, eV) Reaction energy (ΔEc, eV) Reaction energy (ΔEs, eV)
CH4 → CH3+H Physisorbed CH4 → TS1-1→ CH3+H 1.77(1.18) 0.87(0.39) 0.60(0.13)
CH3 → CH2+H fcc CH3→ TS2-1→ CH2+H 0.79(0.78) 0.23(0.21) 0.15(0.11)
CH2 → CH+H fcc CH2→ TS3-1→ CH+H 0.35(0.37) −0.37(−0.34) −0.34(−0.24)
CH→ C+H fcc CH→ TS4-1→ C+H 1.56(1.36) 0.81(0.61) 0.75(0.59)

Figure 3. Optimized geometries of coadsorbed CHx (x = 0∼3) and H on gold-alloyed Ni(111)
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Figure 4. Optimized structures of the transition states of CH4 sequence dissociation on gold-alloyed Ni(111)

3.2.2. CH3→ CH2+H

Adsorption of CH2: The adsorbed CH2 has two types of
inequivalent C−H bonds (shown in Figures 2d and 2e): one
H points toward the Ni atom, the other H points toward the
midway of the Ni–Ni bridge site, resulting in different acti-
vation characteristics of the two C−H bonds. For example,
when CH2 adsorbs at fcc or hcp site, one C−H bond in which
H points toward Ni atom is stretched to about 0.1785 nm, and
another C−H bond is 0.1102 nm. The calculated adsorption
energies of CH2 are−4.38 eV at fcc site and −4.30 eV at hcp
site on gold-alloyed Ni(111). Our calculated bond lengths of
C−H are 0.1165 nm, 0.1103 nm on fcc site and 0.1157 nm,
0.1102 nm on hcp site, respectively, and the calculated adsorp-
tion energies of CH2 are −4.67 eV on fcc site and −4.65 eV
at hcp site on pure Ni(111). Clearly, the adsorption of CH2 is
lower after inserting Au atom on pure Ni(111) surface.

Coadsorption of CH2 and H: The coadsorption of CH2
and H is examined. As shown in Figure 3, the coadsorption
energy is −6.95 eV, and ΔEads in the coadsorption mode is
0.08 eV, indicating a slight repulsive interaction between CH2
and H.

TS of CH3→ CH2+H: Considering the most stable CH3
adsorbed at fcc site as the initial state (IS) and coadsorbed
configuration of CH2 and H as the FS, the transition state of
CH3 dissociation is searched. Similar to the path of CH4 dis-
sociation into CH3 and H, a possible path is designed for CH3
dehydrogenation. The geometry and parameters of the possi-
ble transition state are present in Figure 4. CH3 dissociates
into CH2 and H via TS2 along with H moving to the opposite
hcp site. The energy barrier is 0.79 eV, which is approximate
to that (0.78 eV) on pure Ni(111) [43], and it is kinetically fa-
vorable compared with the first dehydrogenation step. In the
transition state TS2, the distance of breaking C−H bond is
stretched to 0.1752 nm, and the forming bond length of H−Ni
is shortened to 0.1475 nm. This reaction is found to be en-
dothermic by 0.15 eV (ΔEs).

3.2.3. CH2→ CH+H

Adsorption of CH: CH is absorbed at fcc site with the
remaining H atom oriented perpendicular to the surface, as
shown in Figures 2(f) and 2(g). The adsorption energies are
−6.02 eV and −6.06 eV at hcp and fcc sites on gold-alloyed
Ni(111), respectively, while they are −6.24 eV and −6.15 eV
at hcp and fcc sites on pure Ni (111), respectively. Clearly, it is
easy to conclude that addition of Au on pure Ni(111) surface
decreases the adsorption energy of CH.

Coadsorption of CH and H: The coadsorption geometry
for CH and H is shown in Figure 3. The coadsorption en-
ergy is −8.74 eV. The lateral interaction between CH and H
in the coadsorption mode is −0.03 eV, which indicates slight
attractive interaction between CH and H. The coadsorption
configuration is selected as the FS for CH dehydrogenation
reaction.

TS of CH2→ CH+H: According to the configurations of
CH2 at fcc site and FS, the possible reaction path is con-
ceived for CH2 dehydrogenation. The geometry and param-
eters of the possible transition states are present in Figure 4.
In the transition state TS3, the rupturing C−H bond is in-
creased to 0.1679 nm, the forming H−Ni bond is shortened
to 0.1509 nm. This reaction is exothermic by 0.34 eV [ΔEs]
and needs to overcome a lowest energy barrier of 0.35 eV, ap-
proximately equal to that (0.37 eV) on pure Ni(111) [43].

3.2.4. CH→ C+H

Adsorption of C: For C adsorption, the preferred bind-
ing site is at hcp site with the adsorption energy of −6.70 eV
(shown in Figure 2i). At fcc site, the adsorption energy of
C is −6.64 eV. Our calculated adsorption energies of C on
pure Ni(111) are −6.90 eV at hcp site and −6.80 eV at fcc
site, which are higher than those on corresponding adsorp-
tion sites on gold-alloyed Ni(111), indicating that addition of
Au reduces the adsorption energy of C. This finding of the
adsorption properties of Ni changed significantly after the ad-
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dition of Au, which is consistent with the experimental ob-
servation of the suppression of H2 and N2O chemisorption by
Chin et al [44].

Coadsorption of C and H As shown in Figure 3, the coad-
sorption of C and H has slight repulsive interaction compared
with the sum of individual adsorption energies. Thus, coad-
sorption configuration is considered as the FS for the reaction
of CH dehydrogenation.

TS of CH→ C+H: Similar to the above steps of CHx dis-
sociation, the possible path is designed for CH dehydrogena-
tion. The geometry and parameters of the possible transition
state are present in Figure 4. In the transition state TS4, the
breaking C−H bond is elongated to 0.1777 nm, and the form-
ing H−Ni bond is 0.1534 nm. The reaction barrier and the
reaction energy are 1.56 and 0.75 eV (ΔEs), respectively. On
pure Ni(111), the reaction barrier is 1.36 eV [43], which is
lower than that on gold-alloyed Ni(111).

3.3. Energetics of dissociation CH4

According to reaction barriers (Ea) and reaction ener-
gies (ΔEc and ΔEs) of the successive dehydrogenation of
CH4 on gold-alloyed Ni(111) and pure Ni(111), we plot the
optimal potential energy surfaces, as displayed in Figure 5.
For each dehydrogenation step, the initial state is taken as
a CHx(x = 1∼4) species, 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 stable fcc site
[CHx−1(x = 1∼4)/H, and CHx−1(x = 1∼4)+(4-x)H]. The en-
ergy of CHx−1(x = 1∼4) plus (4-x) H atoms at infinite dis-
tance [CHx−1(x = 1∼4)+(4-x)H] is considered to be the start-
ing point for the following step.

Figure 5. Potential energy surface of CH4 dissociation on pure Ni (111) and
gold-alloyed Ni(111). CHx/H(x = 0∼3) denotes the co-adsorbed CHx and
H, CHx+H denotes the adsorbed CHx and H separately, CH4 (g) denotes the
free CH4 molecule, respectively

From Figure 5, the activation energy of TS1 is found to be
the highest on gold-alloyed Ni(111), so one can conclude that
the first step of CH4 dissociation into CH3 and H is the rate-
determining step in the reaction of CH4 dissociation on gold-
alloyed Ni(111). However, it is clear that the rate-determining
step is the reaction of CH dissociation on pure Ni(111). Fur-
thermore, the reaction barrier in rate-determining step for CH4

dissociation is higher by 0.41 eV than that on pure Ni(111).
Therefore, one can conclude that substituting surface atoms
with Au can resist carbon formation. This result is consistent
with the results obtained by Kratzer et al [11,12] and Chin et
al. [44]. Chin and co-workers [44] found that adding Au to Ni
catalysts reduced both the amount of formed carbon and the
rate of carbon deposition.

3.4. Electronic properties

In order to gain an insight into the physical origin of the
difference in catalytic activity, electronic property analysis is
necessary. The d-band center describing the electronic effect
of the surface is calculated by the formula [11]:

εcd =

∫ Ef
−∞ Eρd(E)dE∫ Ef
−∞ ρd(E)dE

where, ρd represents the density of state projected onto the
surface d-band, and Ef is the Fermi energy.

The projected densities of states (PDOS) onto the surface
d-band (shown in Figure 6) are calculated and d-band cen-
ters are −1.87 eV and −2.33 eV for pure and gold-alloyed
Ni(111) surface, respectively. It is lower by 0.46 eV on gold-
alloyed Ni(111) relative to the pure Ni(111) surface, which is
in line with literatures [11,12]. In general, the closer the d-
band center to the Fermi level is, the more reactive the surface
is. Obviously, d-band center of gold-alloy Ni(111) surface is
farther away from the Fermi level than that of pure Ni(111).
Therefore, it is less reactive than pure Ni(111) surface. This
is consistent with our above calculated results: adsorption en-
ergies decrease and reaction barriers increase on gold-alloyed
Ni(111) compared with those on pure Ni(111). Detailed anal-
ysis found that d-band center shift can well explain the reac-
tivity variation of the surface in the presence of Au.

Figure 6. PDOS of pure Ni(111) and gold-alloyed Ni(111)
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4. Conclusions

In this work, we conduct a DFT-based computational
study on the adsorption and dissociation of CHx on gold-
alloyed Ni(111) surface, and compare the results with those on
pure Ni(111). DFT calculations show that the preferred site on
gold-alloyedNi(111) is consistent with those on pure Ni(111).
On the basis of the coadsorption of CHx and H, the dissoci-
ation of CHx(x = 1∼4) is investigated. The results show the
activation energy in CH4 dissociation is increased on gold-
alloyed Ni(111) compared with that on pure Ni (111). The
rate-determining step for CH4 dissociation is considered as the
first step of dehydrogenation on gold-alloyed Ni(111), while
it is the fourth step of dehydrogenation on pure Ni(111). Es-
pecially, the reaction barrier of rate-determining step for CH4
dissociation is higher by 0.41 eV on gold-alloyedNi(111) than
that on pure Ni(111). Therefore, one can believe that carbon
is not easy to form on gold-alloyed Ni(111).
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