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(OH) reaction for carbon
elimination on different types of CoNi(111) surfaces:
a DFT study†

Xiaoqiang Guo,a Hongyan Liu,b Baojun Wang,*a Qiang Wangc and Riguang Zhang*a

A density-functional theory (DFT) method has been performed to investigate the reaction of C + O(OH) on

three types of bimetallic alloy CoNi(111) surface, and the results obtained are compared with those on the

pure Ni(111) surface. Our results show that the introduction of Co into the Ni catalyst is beneficial for the

adsorption of C, O and OH species, while it weakens the adsorption of CO. Moreover, O(OH) absorbs

preferentially on the CoNi(111) surfaces with the surface enrichment of Co compared with the

homogeneous CoNi(111) surface; the increased degree of O adsorption energy outweighs the

corresponding values of C on the pure Ni(111) and three types of bimetallic alloy CoNi(111) surfaces,

indicating that Co has a stronger affinity for oxygen species than for carbon species. On the other hand,

the mechanism of the C + O(OH) reaction and the corresponding rate constants at different

temperatures show that OH species have a stronger ability to eliminate carbon than O species on Ni(111)

and CoNi(111) surfaces; on the CoNi(111) surface, when the Co surface coverage is equal to 1 monolayer

(ML), compared to Ni(111), the C + O reaction can be accelerated. When the Co surface coverage is

equal to 3/4 ML, the C + OH reaction is the most favorable; further, the rate constant for the C + OH

reaction on a CoNi(111) with Co surface coverage of 3/4 ML is much larger than that of the C + O

reaction on a CoNi(111) with Co surface coverage of 1 ML. As a result, for carbon elimination on the

CoNi alloy surface, OH species should serve as the key species for carbon elimination, and the Co

surface coverage of CoNi(111) surface should be kept at 3/4 ML.
1. Introduction

Catalytic reforming of CH4 with CO2 is exceptionally attractive
from the environmental and economical points of view,1–7 since
this process can provide a potential way to utilize two abundant
greenhouse gases as the building blocks for producing
synthesis gas with a ratio of unity, which is very benecial for
the synthesis processes of some liquid fuels. A supported-Ni
catalyst is regarded as the most attractive catalyst for this
process. However, the rapid accumulation of coke on the cata-
lyst and coke-induced deactivation are the main drawbacks
preventing its application.8,9

Coke accumulation on the catalyst is the result of carbon
formation and carbon removal. Thus, the avoidance of coking
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requires maximal rates of carbon removal and theminimization
of one or more of the processes leading to carbon formation.10

An effective way to suppress coke accumulation is to increase
the feed CO2/CH4 ratio, and add the appropriate amount of
steam, which can result in higher rates of carbon removal and
can improve the stability.11,12 It is widely accepted that the role
of CO2 or H2O is to provide an oxidizer of CHx (x¼ 1–3) species,
i.e., O and OH species.13,14 Previous studies have proposed that
the oxygen intermediates, such as O and OH species, act largely
as surface cleaners to scavenge the deposited carbon, further
restoring the catalyst activity.15–17 Thus, both C + O and C + OH
reactions are believed to be the key steps in understanding
carbon elimination.

A large number of studies have shown that surface O species
originating from CO2 dissociation are the key intermediates for
carbon elimination, however, only a little attention has been
paid to the OH species; for example, the studies by Ferreira-
Aparicio et al.18 have shown that surface OH species may play
a key role in its resistance to deactivation by signicantly
decreasing the rate of carbon deposition on the metal. Mean-
while, based on isotopic TPO experiments, Goula et al.19

assumed that OH species derived from the dissociation of
adsorbed H2O can participate in the carbon removal. By means
of density functional theory (DFT) calculations, Shishkin and
This journal is © The Royal Society of Chemistry 2015
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Ziegler20 have shown that OH species from adsorbed H2O
interact favorably with C to form CO species. According to their
microkinetic analysis of dry reforming, Maestri et al.13 have
reported that CH4 consumption proceeds via pyrolysis and
carbon oxidation by the supercial OH species, which is
consistent with the previous DFT slab calculations that C
oxidation by OH species is more favorable than that by O
species.14,21 The above studies show that OH species may serve
as the key species for carbon elimination. Therefore, insight
into the promotional effect of OH species on carbon removal is
evidently needed.

Nowadays, there is much research directed towards
improving the stability and coking resistance of Ni-based
catalysts. It has been suggested that bimetallic catalysts can
improve the performance of activity and stability compared to
the corresponding monometallic catalysts.22,23 In particular,
Co–Ni bimetallic catalysts have been proved to display a
distinctive carbon-resistance ability and excellent catalytic
performance. Co has also received much attention as an active
metal for the catalytic reforming of CH4 with CO2. Compared
to Ni-based catalysts, supported Co catalysts can exhibit a high
tolerance to carbon deposition but gradually deactivate
because of oxidation,24,25 implying that they have a stronger
affinity for oxygen species derived from CO2 than carbon
species. The combination of the oxygenophile nature of Co
with that of Ni (stronger affinity for carbon species) is bene-
cial for reducing the possibility of metal oxidation and sup-
pressing carbon formation. It is speculated that, by
accelerating CH4 decomposition, Ni provides the reductive
hydrogen to Co via spillover phenomena,26,27 which can inhibit
the oxidation of the Co. Koh et al.28 have found that the pres-
ence of Ni increases the reducibility of Co3O4 to Co, and the
existence of Co leads to a decrease in the rate of coke forma-
tion by catalyzing the oxidation of surface carbon. Zhang and
co-workers29 have reported that a Co–Ni bimetallic catalyst
with an approximate Co/Ni ratio of one can completely elimi-
nate carbon for up to 250 h. However, the benecial effects of
bimetallic catalysts on carbon elimination remain unsolved,
and need to be claried.

On the other hand, the arrangement of the active component
and the morphology of the CoNi surface are obviously affected
by the reacting atmosphere, and the coexistence of reductive
(CH4, H2, CO) and oxidative (CO2, H2O) species. Meanwhile, Co
tends to form homogeneous structures with Ni,30,31 or segregate
on Ni surfaces,29,32,33 and as a result, the modication of the
surface morphology will in turn have an effect on the adsorption
properties of key intermediates, and further on the reactivity of
the deposited carbon with oxygen intermediates.25,30 However,
up to now, studies of the C + O(OH) reaction for carbon elimi-
nation on CoNi alloys are still scarce. In our previous work,34 we
have investigated the C + O reaction on a homogeneous
CoNi(111) surface, but the promotional effect of OH species on
carbon elimination has not been considered. More importantly,
for the segregated CoNi surface, the underlying mechanisms of
the reaction of carbon elimination and the effect of CoNi
surface properties on carbon elimination have not been
investigated.
This journal is © The Royal Society of Chemistry 2015
In this study, a systematic DFT study of carbon elimination
on three kinds of CoNi(111) surface, including a homogeneous
surface, a surface with moderate segregation of Co, and a
surface with excessive segregation of Co, has been performed to
determine the reaction mechanism of carbon elimination. The
adsorption geometries and energetics involved in carbon elim-
ination on the three types of CoNi(111) surface are rstly dis-
cussed, and then the reactions of C + O and C + OH are
investigated to elucidate the effects of Co and the structural
properties of the CoNi surface on the carbon elimination
performance.
2. Computational details
2.1 Surface models

Previous studies have shown that th supported CoNi bimetallic
catalysts with an approximate Ni/Co ratio of one can provide the
best catalytic activity, along with the absence of coking in the
reforming of CH4 with CO2.29,35 According to XRD analysis, the
formation of a homogeneous alloy from the bulk to the surface
has been observed.31 Further, EXAFS tting results suggested
the formation of an ordered and homogeneous fcc Co–Ni alloy
with Ni $ 50%.36 Therefore, the CoNi binary system with a Ni/
Co ratio of one is simulated by replacing two Ni atoms in the
conventional cell of the four Ni atoms with two Co atoms. The
equilibrium lattice constants of the NiCo alloy are optimized to
be a ¼ 3.480 Å, b ¼ c ¼ 3.604 Å.

The surfaces are obtained by cutting the NiCo alloy along the
[111] direction. A rectangular (2 � 2) supercell with eight metal
atoms in each layer is used to represent the CoNi(111) surface.
Meanwhile, a 12 Å vacuum slab is employed to separate the
periodically repeated slabs. The rst Brillouin zone of the
CoNi(111) surface is sampled with a 4 � 4 � 1 k-point mesh.
The bottom two layers in the slab models are constrained, and
the upper two layers together with the adsorbed species are
allowed to relax during all calculations. Herein, we set up the
homogeneous CoNi(111) surface, which is denoted as Model A,
as shown in Fig. 1. However, since the reacting atmosphere has
an obvious effect on the structures of the CoNi surface, Co is
prone to segregation on the surface, and as a result, another two
models are constructed to represent the segregation of Co on
the CoNi(111) surface: one is that resulting from exchanging
two interval Ni atoms on the surface layer with two Co atoms on
the subsurface layer; the other is that resulting from exchanging
four surface Ni atoms with the four Co atoms on the subsurface
layer, which are called as Model B and Model C, respectively
(shown in Fig. 1). From Models A–C, the numbers of Co atoms
presented on the surface layer are 4, 6 and 8, which corresponds
to Co surface coverages of 1/2, 3/4 and 1 ML, respectively, i.e.,
Model A represents the homogeneous surface, Model B presents
the surface with moderate segregation of Co, and Model C
presents the surface with excessive segregation of Co.
2.2 Computational methods

All DFT calculations in this study have been carried out using
the Vienna ab initio simulation package (VASP).37–39 The ionic
RSC Adv., 2015, 5, 19970–19982 | 19971

http://dx.doi.org/10.1039/C4RA15555F


Fig. 1 The adsorption sites on Models A–C of CoNi(111) surface. Light sky blue balls represent Ni atoms, and neon blue balls represent Co atoms.
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cores and their interaction with the valence electrons are
described by the projector augmented wave method (PAW)40,41

with a frozen-core approximation. The Kohn–Sham one-
electron valence states are expanded in a basis of plane waves
with a kinetic energy cutoff of 400 eV. The exchange–correlation
energy is described with the Perdew–Burke–Ernzerhof (PBE)42

scheme by using the generalized gradient approximation (GGA).
Brillouin zone sampling is performed using a Monkhorst–Pack
grid,43 and electronic occupancies are determined according to
Methfessel–Paxton scheme44 with an energy smearing of 0.1 eV.
Since the two magnetic elements Ni and Co are involved in the
system, the spin-polarized effect has been considered. The
relaxation of the electronic degrees of freedom is assumed to be
converged if the total energy change and the band structure
energy change between two steps are both smaller than 10�6 eV
Å�1. A force difference between two steps less than 0.01 eV Å�1

is used as the criterion for convergence of relaxation. Our
calculated lattice constant of Ni (3.518 Å) agrees with the
previous theoretical values (3.522 Å)45 and the experimental
value (3.52 Å).46

Reaction paths have been investigated using the climbing-
image nudged elastic band method (CI-NEB).47,48 Transition
states have been optimized using the dimer method.49,50 The
transition state structure is thought to be converged when the
forces acting on the atoms are all less than 0.05 eV Å�1 for the
various degrees of freedom set in the calculation.

The adsorption energy, Eads, is dened as follows:
Fig. 2 The stable adsorption configurations of the species related to
represent C, H and O atoms, respectively.

19972 | RSC Adv., 2015, 5, 19970–19982
Eads ¼ E(adsorbate/slab) � Eslab � Eadsorbate

where E(adsorbate/slab) is the total energies of adsorbate on the
slab model, Eslab is the total energy of the clean slab model.
Eadsorbate is the total energy of the isolated adsorbate obtained in
a 10 � 10 � 10 Å cubic cell.
3. Results and discussion
3.1 Adsorption of reaction intermediates

In order to obtain the most stable adsorption congurations of
related species involved in carbon elimination, various
adsorption sites on the pure Ni(111) and the alloyed CoNi
surfaces have been considered. There are four sites on the pure
Ni(111) surface: top (T), bridge (B), hexagonal-close-packed
(Hcp) and face-centered-cubic (Fcc). On the alloyed CoNi(111)
surface, several new adsorption sites are formed due to the
existence of two constituents in the lattice. According to the
previous calculations on Ni(111),14,21,51 the intermediates related
to carbon elimination preferentially absorb at the Fcc and Hcp
sites. Therefore, the threefold hollow sites of the alloyed CoNi
surface are considered and highlighted in Fig. 1. Fig. 2 presents
the stable adsorption congurations of the related species
involved in carbon elimination on the Ni(111) surface. Our
calculated adsorption sites for different adsorbates on Ni(111)
are in good agreement with the previously reported values.14,21

The calculated adsorption energies for all possible species at
carbon elimination on the Ni(111) surface. Grey, white and red balls

This journal is © The Royal Society of Chemistry 2015
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Table 1 Calculated adsorption energies (eV) of the species related to carbon elimination on the three types of alloyed CoNi(111) and the pure
Ni(111) surfaces. The energies in bold are the corresponding adsorption energies at the most stable adsorption sites

Species

Ni(111) CoNi(111)

Hcp Fcc

Model A Model B Model C

Hcp1 Hcp2 Fcc1 Fcc2 Hcp1 Hcp3 Hcp4 Fcc1 Fcc3 Fcc4 Hcp Fcc1 Fcc2

C �6.88 �6.83 �6.98 �6.84 �6.83 �6.66 �7.04 �7.06 �6.88 �6.88 �6.91 �6.89 �7.12 �6.98 �6.97
O �5.64 �5.76 �5.99 �5.73 �5.97 �5.74 �5.97 �6.12 �5.91 �5.98 �6.09 �5.98 �6.86 �6.72 �6.70
OH �3.35 �3.45 �3.64 �3.42 �3.68 �3.44 �3.63 �3.79 �3.55 �3.65 �3.79 �3.69 �3.75 �3.78 �3.76
COH �4.39 �4.39 �4.35 �4.32 �4.10 �4.22 �4.43 �4.39 �4.40 �4.40 �4.39 �4.40 �4.49 �4.45 �4.43
CO �1.89 �1.87 �1.74 �1.77 �1.73 �1.69 �1.79 �1.76 �1.76 �1.78 �1.74 �1.76 �1.82 �1.78 �1.74

�1.76b �1.53a �1.70d �1.46a �1.72c �1.48a �1.68c �1.72c

a The adsorption energies for CO at the top-Ni. b The adsorption energies for CO at the Ni–Ni bridge. c The adsorption energies for CO at the top-Co.
d The adsorption energies for CO at the Ni–Co bridge.
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the threefold hollow sites on the three types of CoNi(111)
surface models are summarized in Table 1, and the corre-
sponding adsorption structures are shown in Fig. 3–5,
respectively.

3.1.1 C adsorption. Our results show that the initial
congurations of C atoms adsorbed at the bridge and top sites
on the Ni(111) surface are optimized into that at the threefold
site aer geometry optimization. On the CoNi(111) surface, the
most favorable site on Model A is the Hcp1 site, while it is the
Hcp3 site on Model B, and the Hcp site on Model C. The
Fig. 3 The adsorption configurations of the species related to carbon e

This journal is © The Royal Society of Chemistry 2015
adsorption energy of Model C is �7.12 eV, it is slightly more
negative by 0.06 eV than that of Model B, and by 0.14 and 0.24
eV than those of Model A and the Ni(111) surface, respectively,
indicating that the introduction of Co leads to the increase of C
adsorption stability compared to the pure Ni(111) surface.

3.1.2 O adsorption. Similar to C adsorption on Ni(111), O
atoms located at the top site and bridge sites are inclined to
transfer to the threefold site aer geometry optimization. The
most stable site for O species on Ni(111) is found to be the Fcc
site with an adsorption energy of�5.76 eV, which is more stable
limination on Model A of CoNi(111). See Fig. 1 and 2 for color coding.

RSC Adv., 2015, 5, 19970–19982 | 19973

http://dx.doi.org/10.1039/C4RA15555F


Fig. 4 The adsorption configurations of the species related to carbon elimination on Model B of CoNi(111). See Fig. 1 and 2 for color coding.

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
5 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 T
ai

yu
an

 U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 1
2/

05
/2

01
5 

13
:5

8:
26

. 
View Article Online
by 0.12 eV than that at the Hcp site. On CoNi(111), the most
favorable O adsorption site for Models A–C is similar to the case
of C atom adsorption on CoNi(111). We can see from Table 1
that the adsorption energy of the most stable adsorbed O
increases from �5.76 eV on Ni(111), to �5.99 eV for Model A, to
�6.12 eV for Model B, to �6.86 eV for Model C. Clearly, the
introduction of Co signicantly promotes the adsorption
stability of O species.

On the other hand, O absorbed on Models B and C with the
surface enrichment of Co is more favorable than that on Model
A, and the increased degree of O adsorption energy far outstrips
the corresponding values of C atom adsorption on Ni(111) and
Models A–C, indicating that Co has a stronger affinity for oxygen
species than carbon species. The stability order for all cong-
urations on Model A is as follows: Hcp1z Fcc1 > Fcc2zHcp2,
that for Model B is Hcp3z Fcc3 > Fcc4z Fcc1zHcp1 > Hcp4,
and that for Model C is Hcp > Fcc1 z Fcc2.
19974 | RSC Adv., 2015, 5, 19970–19982
3.1.3 OH adsorption. OH is preferentially absorbed at the
threefold site with the O–H bond oriented perpendicular to the
Ni(111) and the three types of CoNi(111) surfaces. On Ni(111),
OH binding at the Fcc site is more favored than that at the Hcp
site. On Model A, four stable structures are veried; the most
favorable adsorption site is the Fcc1 site with an adsorption
energy of �3.68 eV. The other three adsorption energies are
�3.64 eV at the Hcp1 site,�3.42 eV at the Hcp2, and�3.44 eV at
the Fcc2, respectively. On Model B, there are six stable cong-
urations at the threefold site; the Hcp3 and Fcc3 sites sur-
rounded by three Co atoms are the most stable adsorption sites
with equal adsorption energies of �3.79 eV, which is energeti-
cally more favorable than that for Model A. For Model C, OH
binding at the Fcc1 site with the adsorption energy of �3.78 eV
is slightly favored compared with those at the Hcp and Fcc2
sites. Our results indicate that the segregation of Co is bene-
cial for OH adsorption. Moreover, it is noteworthy that the
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 The adsorption configurations of the species related to carbon elimination on Model C of CoNi(111). See Fig. 1 and 2 for color coding.
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adsorption energies become more negative on the alloyed
CoNi(111) surface compared to that on the pure Ni(111). Thus,
the introduction of Co still enhances the adsorption ability of
OH species.

3.1.4 COH adsorption. It is found that the initial adsorp-
tion congurations of COH at the top and bridge site are
unstable, and COH species placed initially at these two sites are
all relaxed to the threefold site aer geometry optimization.
From Table 1, we can see that the adsorption energies of COH
binding at the threefold site on Ni(111), Model B and C are
rather close (the energy difference is only within 0.06 eV),
respectively, suggesting that there is no obvious site preference.
However, onModel A, themost favorable COH adsorption site is
the Hcp1 site, where the C atom is located at the center of the
site, and the C–O bond is parallel to the surface normal.
Further, the differences in adsorption energies are very small on
Ni(111) and Models A–C (�4.39, �4.35, �4.43 and �4.49 eV,
respectively), indicating that the introduction of Co has little
effect on the adsorption stability of COH species.

3.1.5 CO adsorption. CO adsorption on the alloyed
CoNi(111) and Ni(111) surfaces is different from the species
mentioned above. CO located at the top site and bridge site can
exist. On the Ni(111) surface, four stable adsorption congura-
tions are obtained, and the corresponding adsorption energies
are�1.89 eV at the Hcp site,�1.87 eV at the Fcc site,�1.76 eV at
the bridge site, and �1.53 eV at the top site, respectively, which
clearly show the order of adsorption energy: Hcpz Fcc > bridge
> top. On CoNi(111), there are seven stable congurations on
Model A, eight stable congurations are veried on Model B,
and four stable congurations are conrmed on Model C. CO
binding at the Ni–Co bridge site on Model A exists, but CO
located at other bridge sites on Models A–C tends to transfer to
the stable threefold site aer geometry optimization. OnModels
B, C and Ni(111), CO binding at the threefold site is preferred
over those at the top and bridge sites, while for CO absorbed at
This journal is © The Royal Society of Chemistry 2015
the Ni–Co bridge site and Co top site onModel A, the adsorption
energies differences are very small. Compared to Ni(111), it can
be deduced that the introduction of Co into the Ni catalyst
weakens the adsorption ability of CO, which agrees with the
previous results obtained by experimental observation31,35 and
theoretical calculation.34
3.2 Mechanism for carbon elimination reactions of C + O
and C + OH

3.2.1 Carbon elimination on Ni(111). Fig. 6 presents the
congurations of the initial states (IS), transition states (TS),
and nal states (FS) for carbon elimination reactions of C + O
and C + OH on Ni(111). C preferentially adsorbs at the Hcp and
Fcc sites due to the small difference of adsorption energy, and
O(OH) favorably binds at the Fcc site. Two stable co-adsorption
structures of C and O(OH) are obtained, and chosen as the
initial states; in the nal states, since the difference in
adsorption energy for CO(COH) species is very small between
the Hcp and Fcc sites, CO(COH) species are located at the Hcp
or Fcc site according to the corresponding IS conguration. The
activation barriers and reaction energies for C + O and C + OH
reactions are listed in Table 2.

(A) C + O reaction. As shown in Fig. 6, Path 1 is that the co-
adsorbed C and O, which are absorbed at the Hcp and Fcc site,
respectively, combine to form CO via TS1 along with O moving
through the top of Ni, and the C–O distance is shortened from
3.21 Å in IS to 1.87 Å in TS1, and 1.19 Å in FS. This step is
exothermic by 1.50 eV, and needs to overcome a high activation
barrier of 2.29 eV. In Path 2, the co-adsorbed conguration of C
and O atoms at two Fcc sites in a zigzag way is chosen as the
initial state, and CO binding at the Hcp site is chosen as the
nal state; in TS2, the O atom transfers to the Ni–Ni bridge site,
and the C atom is absorbed at its original site; the activation
barrier of Path 2 via TS2 is 1.35 eV with the reaction energy of
RSC Adv., 2015, 5, 19970–19982 | 19975
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Fig. 6 Top views and side views for the structures of the initial states
(IS), transition states (TS), and final states (FS) involved in carbon
elimination on the Ni(111) surface. The unit of bond length is Å. See
Fig. 1 and 2 for color coding.
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�1.66 eV, which are lower than those of Path 1, namely, Path 2
is more favorable both thermodynamically and kinetically than
Path 1.

(B) C + OH reaction. Similarly, two paths are considered for
the C + OH reaction. In Path 1, C adsorbed at the Hcp site
associates with OH at the Fcc site to form COH via TS3; in TS3,
OH is located at the top of Co, C resides in its original site, and
the C–O bond length is shortened from 3.22 Å in IS to 2.13 Å in
TS3; this reaction is exothermic by 0.74 eV with an activation
barrier of 1.26 eV. Path 2 involves C and OH co-adsorbing at two
Fcc sites in a zigzag way, which can couple to form COH via TS4;
19976 | RSC Adv., 2015, 5, 19970–19982
in TS4, C is adsorbed at the Fcc site, and OH interacts with a Ni
atom to approach the Hcp site. This reaction needs to overcome
a low activation barrier of 1.06 eV with a reaction energy of
�0.89 eV, which are lower than those of Path 1, namely, Path 2
is more favorable both thermodynamically and kinetically than
Path 1.

The above results show that Path 2 is the most favorable
pathway for both C + O and C + OH reactions. The activation
barrier of the C + OH reaction is lower by 0.29 eV than that of the
C + O reaction, which means that the OH species is more
favorable for carbon elimination than O species.

On the other hand, our calculated activation barriers of the
most favorable path for C + O and C + OH reactions on a p((2 �
2)) Ni(111) surface are 1.35 eV and 1.06 eV, respectively, which
are in agreement with the previous calculated values (1.33 eV
and 1.20 eV)21 with a p(3 � 3) Ni(111) surface. Meanwhile,
discrepancies for the activation barriers of the C + O(OH)
reaction exist due to the use of different sized Ni(111) surfaces;
for example, Wang and co-workers52 obtained an activation
barrier of 0.64 eV for the C + O reaction on a three-layer p(2 � 2)
model using DFT calculations. Liu et al.34 used a similar model
andmethods, and obtained a larger activation barrier (Ea¼ 0.86
eV) for the C + O reaction. In other work, Zhu et al.14 reported
that the activation barrier of the C + O(OH) reaction is 1.59 eV
(1.46 eV) using a periodic four-layer p(3 � 3) slab model, and
both are reduced to 1.43 eV (1.34 eV) with the zero-point energy
correction. The above studies suggested that the selected size of
the model signicantly affects the activation barriers of the C +
O(OH) reaction. Moreover, there are large repulsive interactions
between C and O(OH) in the co-adsorption conguration on a
p(2� 2) model, for example, the lateral interaction energies of C
and O in the linear and zigzag modes are 0.58 and 1.01 eV,
respectively. In contrast, for the same co-adsorption modes of C
and O in our study, the lateral interaction energies are much
lower (0.14 and 0.33 eV, respectively). Therefore, to avoid the
uncertainty induced from the lateral interaction, we focus on
our results calculated by using a p(2O3 � 2) model.

3.2.2 Carbon elimination on Model A of CoNi(111). Our
results show that on the homogeneous alloy CoNi surface,
Model A, the most favorable adsorption site of C is the Hcp1
site, and O(OH) species preferentially absorb at the Hcp1 and
Fcc1 sites due to the relatively small energy difference in
adsorption energy. Two co-adsorption congurations of C and
O(OH) are found, and selected as the initial states. The nal
states consist of CO adsorbed at the T-Co, B–Ni–Co and Hcp1
site (the energy difference is within 0.04 eV), and COH located at
the Hcp1 site according to the corresponding IS conguration.
The geometries and parameters of all possible transition states
along the reaction of carbon elimination are presented in Fig. 7
and 8, respectively.

(A) C + O reaction. For the C + O reaction, six possible paths
are mapped out. In Path 1, the co-adsorption of C and O sharing
one Co atom in a zigzag way occurs at the Hcp1 site, and couples
to produce CO adsorbed at the Hcp1 site via TS A1, in which C is
located at its original site, and O transfers to the Ni–Co bridge
site; the corresponding activation barrier and reaction energy
are 1.52 and �1.13 eV, respectively. Path 2 is that C and O co-
This journal is © The Royal Society of Chemistry 2015
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Table 2 Calculated activation energies (Ea/eV) and reaction energies (DH/eV) of C + O and C +OH reactions on the pure Ni(111) and three types
of alloyed CoNi(111) surfaces

Reaction Paths

Ni(111) CoNi(111)

Ea DH

Model A Model B Model C

Ea DH Ea DH Ea DH

C + O / CO Path 1 2.29 �1.50 1.52 (1.50)a �1.13 1.50 (1.47) �1.04 1.36 (1.33) �1.02
Path 2 1.35 (1.33) �1.66 1.61 �0.94 1.72 �0.77
Path 3 1.53 �1.12
Path 4 1.61 �0.93
Path 5 1.52 �1.10
Path 6 1.71 �0.92

C + OH / COH Path 1 1.26 �0.74 1.19 (1.19) �0.52 1.32 (1.30) �0.44 1.42 �0.24
Path 2 1.06 (1.04) �0.89 1.24 �0.50 1.43 �0.23 1.40 (1.38) �0.34
Path 3 1.41 �0.29

a The values presented in parentheses are the activation energies with ZPE correction.
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adsorb at the Hcp1 and Fcc1 sites, respectively, and both react
with each other to form CO via TS A2; in TS A2, the distance of
C–O is shortened to 1.85 Å from 3.06 Å; this step is an
exothermic process by 0.94 eV with an activation barrier of 1.61
eV. In Paths 3–6, the initial states of Paths 3 and 5 resemble that
in Path 1, while those in Paths 4 and 6 are similar to that in Path
2. The nal states of Paths 3 and 4 consist of CO adsorbed at the
T-Co site, whereas Paths 5 and 6 take CO adsorbed at the Ni–Co
bridge site as the nal states. Four paths involve a similar
transition state, whose geometry resembles those in Paths 1 and
2. The reaction barriers in Paths 3 and 5 are approximately
equal, and are more favorable kinetically compared to Paths 4
and 6. Meanwhile, all reaction paths are exothermic, namely,
they are thermodynamically favorable. In dynamics, Paths 1, 3
and 5 have the lowest reaction barriers among the six possible
paths. Considering the reaction kinetics and thermodynamics,
Path 1 is thought to be the most favorable path for C + O
reaction to form CO on Model A.

(B) C + OH reaction. Two possible paths are conceived for
C + OH reaction. The co-adsorbed structure of C + OH is similar
to the co-adsorption of C + O in Paths 1 and 2. The nal states
consist of COH adsorbed at the Hcp1 site. In Paths 1–2, C
associates with OH into COH via a similar transition state, in
which OH transfers to the top of Co, and C is located at its
original site. Our results show that Path 1 is more favorable
kinetically than Path 2. Path 1 is exothermic by 0.52 eV with an
activation barrier of 1.19 eV, which is lower than that of the
most favorable path (1.52 eV) for C + O reaction. Obviously, the
OH species is more preferred for carbon elimination than the O
species on the homogeneous CoNi surface.

3.2.3 Carbon elimination on Model B of CoNi(111). On
Model B, the C atom prefers to absorb at the Hcp3 and Hcp1
sites, O(OH) binding at the Hcp3 and Fcc3 sites is more favor-
able, and as a result, two stable co-adsorption structures of C
and O(OH) are obtained, which are considered as the initial
states of carbon elimination. The nal states consist of CO and
COH adsorbed at the Hcp1 and Hcp3 sites, respectively. The
structures of the stationary states for the reaction of carbon
elimination on Model B are displayed in Fig. 9.
This journal is © The Royal Society of Chemistry 2015
(A) C + O reaction. Two possible paths are designed for C +
O reaction. In Path 1, C and O co-adsorb at the Hcp1 site and
Hcp3 site, respectively, and both can react to form CO
adsorbed at the Hcp1 site via TS B1. In TS B1, O moves to the
Co–Co bridge site, C leaves its original site, the distance of
C–O is shortened to 1.80 Å in TS, and the forming C–O bond in
FS is 1.20 Å; this reaction is exothermic by 1.04 eV with an
activation barrier of 1.50 eV. In Path 2, the co-adsorption of C
and O absorbed at the Hcp3 and Fcc3 sites can react to form
CO absorbed at the Hcp3 site via TS B3; this reaction is
exothermic by 0.77 eV with an activation barrier of 1.72 eV,
which is higher by 0.22 eV than that in Path 1. As a result,
considering the reaction kinetics and thermodynamics, Path 1
is more favorable both kinetically and thermodynamically
than Path 2.

(B) C + OH reaction. Similarly, two possible paths are
conceived for C + OH reaction. As displayed in Fig. 9, the co-
adsorption structures of C + OH are similar to the correspond-
ing structures of C + O, and COH is located at the Hcp1 and
Hcp3 sites, respectively. Two paths involve a similar transition
state, which resembles TS A5 on Model A. As listed in Table 2,
Path 1 is more favorable both thermodynamically and kineti-
cally than Path 2. Path 1 is exothermic by 0.44 eV with an acti-
vation barrier of 1.32 eV, which is lower by 0.18 eV than that of
the most favorable path for C + O reaction. Therefore, the OH
species has a stronger ability to eliminate carbon deposition
than the O species on the CoNi alloy with the surface enrich-
ment of Co.

3.2.4 Carbon elimination on Model C of CoNi(111). The
geometries of the ISs, TSs, and FSs for C + O and C + OH reac-
tions on Model C are presented in Fig. 10. The activation
barriers and reaction energies are also listed in Table 2.

(A) C + O reaction. The co-adsorbed C and O binding at two
Hcp sites in a zigzag mode is chosen as the IS, CO located at the
Hcp site is chosen as the FS. The obtained TS conguration is
similar to TS B2 on Model B, in which C is located at the Hcp
site, and O is positioned at the adjacent Co–Co bridge site. This
reaction is exothermic by 1.02 eV with an activation barrier of
1.36 eV.
RSC Adv., 2015, 5, 19970–19982 | 19977
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Fig. 7 Structures of the stationary states for C + O reaction on Model
A of CoNi(111). See Fig. 1 and 2 for color coding.

Fig. 8 Structures of the stationary states for the association of C + OH
on Model A of CoNi(111). See Fig. 1 and 2 for color coding.
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(B) C + OH reaction. Three possible paths are conceived for
C + OH reaction since OH positioned at the Fcc1, Hcp and Fcc2
sites have equal adsorption stabilities. Our results show that
19978 | RSC Adv., 2015, 5, 19970–19982
Path 2 is the most favorable reaction both thermodynamically
and kinetically compared to Paths 1 and 3. Path 2 is exothermic
by 0.34 eV with an activation barrier of 1.40 eV, which is larger
than that of the C + O reaction, indicating that both O species
have a relatively strong ability to remove carbon deposition on
Model C with excessive segregation of Co.

3.3. Brief summary of the mechanism of C + O(OH) reaction

In order to elucidate the effect of different active component
surfaces on carbon elimination, we compare the C + O and C +
OH reactions on the alloyed CoNi(111) and the pure Ni(111)
surfaces. The activation barrier and reaction energy for the most
favorable path of the C + O and C + OH reactions on these
different surfaces are also displayed in Table 2.

For the reaction C + O / CO, on Ni(111) surface, the most
favorable path needs to overcome an activation barrier of 1.35
eV, which is lower than those on Models A and B by 0.17 and
0.15 eV, respectively, namely, when the Co surface coverage of
the CoNi(111) surface is equal to 1/2 and 3/4 ML, the C + O
reaction is obviously restrained. Meanwhile, the activation
barrier of the C + O reaction on Model A is approximately equal
to that on Model B, indicating that the moderate segregation of
Co on the CoNi(111) alloy surface from 1/2 to 3/4 ML has little
effect on the C + O reaction. However, the activation barrier of
the most favorable path on Model C with the excessive segre-
gation of Co is 1.36 eV, which is lower than those on Models A
and B, suggesting that when Co surface coverage of the
CoNi(111) surface is equal to 1 ML, the C + O reaction is
accelerated on the alloy CoNi(111) surface. For the reaction C +
OH / COH, the activation barrier (1.06 eV) of the most favor-
able path on Ni(111) is less than those onModels A–C (1.19, 1.32
and 1.40 eV, respectively), suggesting that as Co segregation
increases, the C + OH reaction is obviously restrained. Further,
This journal is © The Royal Society of Chemistry 2015
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Fig. 9 Structures of the stationary states for C + O(OH) reaction on
Model B of CoNi(111). See Fig. 1 and 2 for color coding.

Fig. 10 Top views and side views of the structures of stationary states
for carbon elimination on Model C of CoNi(111). See Fig. 1 and 2 for
color coding.
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our results show that compared to the Ni(111) surface, the
reaction energy of C + O(OH) increases with the increasing Co
surface coverage of the alloy CoNi(111) surface, namely, the
exothermic energy decreases.

On the other hand, we can see from Table 2 that the acti-
vation barrier of the C + OH reaction is much lower than those
of the C + O reaction on Ni(111), Models A and B, respectively,
namely, when Co surface coverage is less than or equal to 3/4
ML, the OH species has a stronger ability to eliminate carbon
than the O species. When the Co surface coverage of the
CoNi(111) surface increases to 1 ML, the O species is slightly
more favorable for carbon elimination than the OH species.
Meanwhile, our results on the CoNi(111) surface show that the
This journal is © The Royal Society of Chemistry 2015
activation barrier of the C + O reaction on Model C with Co
surface coverage of 1 ML is much larger than that of the C + OH
reaction on Model A with Co surface coverage of 1/2 ML.
Therefore, for carbon elimination on the CoNi alloy surface, OH
species should serve as the key species for carbon elimination
rather than O species, and the Co surface coverage of CoNi(111)
surface should be kept 1/2 ML.

3.4. Effect of temperature on C + O and C + OH reactions

Previous studies have reported that catalytic reforming of CH4

with CO2 is a highly endothermic reaction, which requires
operating temperatures of 800–1000 K to obtain the high
RSC Adv., 2015, 5, 19970–19982 | 19979
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Table 3 The rate constant k (s�1) for C + O(OH) reaction at different temperatures on the pure Ni(111) and the alloyed CoNi(111) surfaces

Surface Reaction

Rate constant k (s�1)

800 K 850 K 900 K 950 K 1000 K

Ni(111) C + O / CO 9.38 � 104 3.15 � 105 9.28 � 105 2.45 � 106 5.87 � 106

C + OH / COH 6.59 � 106 1.72 � 107 4.06 � 107 8.77 � 107 1.76 � 108

Model A C + O / CO 8.7 � 103 3.38 � 104 1.13 � 105 3.34 � 105 8.89 � 105

C + OH / COH 4.85 � 105 1.42 � 106 3.72 � 106 8.83 � 106 1.93 � 107

Model B C + O / CO 2.89 � 104 1.1 � 105 3.61 � 105 1.05 � 106 2.75 � 106

C + OH / COH 5.11 � 105 1.67 � 106 4.78 � 106 1.23 � 107 2.89 � 107

Model C C + O / CO 1.88 � 105 6.36 � 105 1.88 � 106 4.97 � 106 1.2 � 107

C + OH / COH 1.96 � 105 6.9 � 105 2.11 � 106 5.75 � 106 1.42 � 107
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equilibrium conversion of CH4 and CO2 to H2 and CO, and to
minimize the thermodynamic driving force for carbon deposi-
tion.53 Therefore, to further understand the effect of tempera-
ture on the reactions of C + O(OH) on Ni(111) and the alloyed
CoNi(111) surfaces, we have calculated the rate constants of the
most favorable path of C + O(OH) reaction at the temperatures
of 800, 850, 900, 950 and 1000 K, respectively, and the corre-
sponding results are listed in Table 3. A detailed description of
the rate constant calculation has been given in the ESI.†

From Table 3, we can see that the rate constant k of the C +
O(OH) reaction increases rapidly as the temperature increases
on Ni(111) and the alloyed CoNi(111) surfaces; at the same
temperature, the rate constant of the C + OH reaction is larger
than that of the C + O reaction on the same catalyst surface,
indicating that the OH species has a stronger ability to elimi-
nate carbon than the O species. For C + O reaction, at the same
temperature, the rate constants are in the order Model C >
Ni(111) > Model B > Model A, which shows that the C + O
reaction is obviously restrained on Models A–B, however,
compared to the Ni(111) surface, the C + O reaction is acceler-
ated onModel C. Namely, when the Co surface coverage reaches
1 ML, the carbon elimination ability of the C + O reaction on the
alloy CoNi surface is more favorable than that on the Ni(111)
surface. For the C + OH reaction, the rate constants are in the
order Ni(111) > Model B > Model A > Model C at the same
temperature, which means that compared to Ni(111), the C +
OH reaction is obviously restrained on Models A–C; further, the
rate constants of the C + OH reaction on Model B are much
larger than that of the C + O reaction on Model C.

As a result, for carbon elimination on the CoNi alloy surface,
OH species should serve as the key species for carbon elimina-
tion, and the Co surface coverage of the CoNi(111) surface
should be kept at 3/4 ML, which is different from the results
obtained from the activation barrier. The discrepancies may be
because the activation barrier is calculated at a temperature of
0 K, but the rate constants are calculated at a temperature of 800–
1000 K, indicating that reaction temperature obviously affects
the kinetics of C + O(OH) reaction under realistic conditions.

4. Conclusions

In this work, we have carried out a systematic DFT study to
investigate the adsorption of C, OH, O, COH and CO species
19980 | RSC Adv., 2015, 5, 19970–19982
involved in carbon elimination, as well as the mechanism of C +
O(OH) reaction on three types of alloyed CoNi(111) surface and
the pure Ni(111) surface. For the alloyed CoNi(111) surface,
three models, the homogeneous surface (Model A), the surface
withmoderate segregation of Co (Model B), and the surface with
excessive segregation of Co (Model C), have been constructed to
represent a CoNi(111) surface with different surface Co segre-
gation. Our results show that compared to the pure Ni(111), the
incorporation of Co into the Ni catalyst increases the adsorption
stability of the C, O and OH species, but weakens the adsorption
stability of CO species, and has little effect on COH adsorption.
Meanwhile, Co has a stronger affinity for oxygen species than
carbon species. On the other hand, the mechanism and rate
constants of C + O(OH) reaction show that the OH species is
more favorable for carbon elimination than O species on
Ni(111) and the alloy CoNi(111) surfaces; on the alloy CoNi(111)
surface, when Co surface coverage is equal to 1ML, compared to
Ni(111), the C + O reaction can be accelerated. For the C + OH
reaction, on CoNi(111) surface, when the Co surface coverage is
equal to 3/4 ML, the C + OH reaction is obviously favorable
according to the rate constant calculations. Further, the rate
constants of the C + OH reaction on the CoNi(111) with Co
surface coverage of 3/4 ML is much larger than that of the C + O
reaction on CoNi(111) with Co surface coverage of 1 ML, sug-
gesting that OH species should serve as the key species for
carbon elimination on the alloy CoNi surface, and the Co
surface coverage of CoNi(111) surface should be kept at 3/4 ML
for carbon elimination on the alloy CoNi surface.
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M. C. Román-Mart́ınez, Ni, Co and Bimetallic Ni–Co
Catalysts for the Dry Reforming of Methane, Appl. Catal.,
A, 2009, 371, 54–59.

26 W. C. Conner Jr, G. M. Pajonk and S. J. Teichner, Spillover of
Sorbed Species, Adv. Catal., 1986, 34, 1–79.

27 W. C. Conner Jr and J. L. Falconer, Spillover in
Heterogeneous Catalysis, Chem. Rev., 1995, 95, 759–788.

28 A. C. W. Koh, L. Chen, K. W. Leong and B. F. G. Johnson,
Hydrogen or Synthesis Gas Production via the Partial
Oxidation of Methane over Supported Nickel–Cobalt
Catalysts, Int. J. Hydrogen Energy, 2007, 32, 725–730.

29 J. Zhang, H. Wang and A. K. Dalai, Development of Stable
Bimetallic Catalysts for Carbon Dioxide Reforming of
Methane, J. Catal., 2007, 249, 300–310.

30 L. Chen, Q. Zhu and R. Wu, Effect of Co–Ni Ratio on the
Activity and Stability of Co–Ni Bimetallic Aerogel Catalyst
for Methane Oxy-CO2 Reforming, Int. J. Hydrogen Energy,
2011, 36, 2128–2136.

31 K. Takanabe, K. Nagaoka and K. Nariai, Titania-Supported
Cobalt and Nickel Bimetallic Catalysts for Carbon Dioxide
Reforming of Methane, J. Catal., 2005, 232, 268–275.
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