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A  density-functional  theory  method  has  been  conducted  to  investigate  the interactions  of  NiM  (M  = Mn,
Fe, Co  and  Cu)  with  MgO  (1  0 0)  as  well  as  the  effects  of  interactions  on  the  adsorption  of  CO2. The  binding
energies  of NiM  on  MgO  and  the  adsorption  energies  of  CO2 on NiM/MgO  have  been  calculated,  and  the
ccepted 20 May  2012
vailable online 27 May 2012
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results  show  that  the  defective  NiM/MgO  catalysts  exhibit  stronger  metal–support  interaction  (MSI)  than
the perfect  NiM/MgO  catalysts  do, leading  to weaker  adsorption  ability  to CO2, except  NiMn/MgO  system.
However,  for  the  catalysts  with  the  same  MgO  surface  and  different  bimetals,  the  stronger  the MSI  is, the
stronger  adsorption  ability  of  the  substrate  to  CO2 is, except  NiCu/MgO  system.

© 2012 Elsevier B.V. All rights reserved.
ensity functional theory

. Introduction

It has always been a hot topic in recent years that catalytic
eforming of CH4 with CO2 to produce synthesis gas [1–7]. This
rocess not only reduces greenhouse gas emission, but also pro-
uces synthesis gas with the ratio to unit which is more preferable
eeds for some liquid fuel synthesis processes. Metal Ni, because of
ts good activity and relatively low cost, is selected as the catalyst in
he reforming reaction. However, a serious problem, carbon of coke
ormation, made Ni catalysts deactivate and restricted the indus-
rialization process [8,9]. Fortunately, the O species [10,11] from
O2 dissociation may  interact with the formed carbon to reduce
he carbon deposition. Therefore, CO2 dissociation is an important
tep in CH4/CO2 reforming reaction. Further, the adsorption of CO2
s an initial step for dissociation process. A detailed mechanism for
dsorption of CO2 at the molecular level can help us to better under-
tand the key factors that affect the performance of the catalysts to
emove carbon.

Several studies have shown that bimetallic systems have certain
haracteristics that make them better catalysts than the corre-
ponding pure metals because of their better activation, stability
nd selectivity [12,13]. Besenbacher et al. [14,15] found that alloy-

ng Ni catalysts with small amounts of gold can greatly reduce
oking. Pt-Ni/MCM-41 has also been reported that it has excel-
ent performance in hindering carbon formation [16]. Wang and

∗ Corresponding author. Tel.: +86 351 6018539.
E-mail addresses: wangbaojun@tyut.edu.cn, wangbaojuntyut@163.com

B.  Wang).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.05.100
co-workers [17] have compared four bimetallic catalysts systems
Ni-M-Al2O3-MgO (M = Mn,  Fe, Co and Cu), and concluded that Ni-
Co bimetallic catalyst has superior performance in terms of activity
and stability compared to other Ni-M combinations, which resulted
from not only the synergy between Ni and Co, but also strong
metal–support interaction (MSI). Other studies have also confirmed
that formed carbon can be reduced when strong MSI  exists in the
catalyst [18–20].  This effect is determined both by characters of
support surface and metal [21].

MgO  has often been used as a support for dispersed metal par-
ticles owing to its relatively well-defined surface structure and
stoichiometry [22]. More importantly, it is easy to form defects
on the MgO  surface, which can show strong MSI, and further
have a direct influence on the properties of adsorbed species
[23–25]. For example, Markovits and co-workers [26] compared
the adsorption of the first transition metal row on the regular
and defective MgO  (1 0 0) surfaces, and they found Co, Ni and Cu
atoms all exhibit higher adsorption energies apparently on the
defective surfaces. Wang et al. [24,27] also got the similar con-
clusion using both cluster and embedded cluster models. Ferrari
et al. [28] have found that only when Pd atoms bound to defect
sites, do they become catalytically active for reactions, which is
mainly due to the electrons transfer from the cavity to the sup-
ported metal [24,29,30].  Further, the effect of defective MgO  with
metals on adsorption characteristic to small molecules has also
been studied. Fuente et al. [31] studied the adsorption of NO on

single gold atom and Au2 dimmer deposited on the perfect sur-
face and the oxygen vacancy surface of MgO  using cluster models.
It was found that the adsorption of NO is stronger when the Au
atom is supported on a perfect site than when it is on a defect

dx.doi.org/10.1016/j.apsusc.2012.05.100
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:wangbaojun@tyut.edu.cn
mailto:wangbaojuntyut@163.com
dx.doi.org/10.1016/j.apsusc.2012.05.100
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Table 1
Binding energies (eV) of NiM adsorbing on MgO  surfaces.

NiMn NiFe NiCo NiCu
832 B. Wang et al. / Applied Surfa

ite, while the NO molecules bonds weakly with Au2 both on the
wo substrates. To the best of our knowledge, a few studies about
upport MgO  are based on the periodic model [32], and the active
omponents are single atom or dimmer basically. However, for Ni-
ased bimetals active components, few investigations are reported,
lthough they have been used broadly in experiment. Further-
ore, there is no conclusion to distinguish the degree of interaction

etween MgO  and different Ni-based bimetals both in experimen-
al and theoretical studies. In addition, studies about the effects
f defective MgO  supported bimetals on CO2 adsorption are sel-
om.

In the present work, we carry out a density functional theory
DFT) calculations with periodic slab model on the interactions
etween Ni-based bimetals (NiMn, NiFe, NiCo and NiCu) and MgO
urfaces as well as their effects on CO2 adsorption. Our aims are: (1)
o study the effects of oxygen vacancy on the interactions of MgO
ith NiM and the adsorption ability of NiM/MgO to CO2; (2) to

tudy which bimetal shows the strongest interaction with surface
nd which bimetal system shows the strongest adsorption charac-
eristic to CO2; and (3) to find the correlations between MSI  and
dsorption ability of NiM/MgO to CO2.

. Computational details

.1. Computational method

All the calculations are performed in the framework of DFT by
sing the Cambridge Sequential Total Energy Package (CASTEP)
33,34]. The generalized gradient approximation (GGA) has been
hosen to represent the exchange-correlation potential in the
ormulation of the Perdew–Burke–Ernzerhof (PBE) [35]. In this
ramework, a large convergence of the plane wave expansion is
btained with an energy cut off of 340 eV. For geometry optimiza-
ion, the Brillouin zone is sampled in a 2 × 2 × 1 Monkhorst-Pack
et [36], and test calculations with a k-point grid of 5 × 5 × 1 gave

 numerical difference in Ni-M (M = Mn,  Fe, Co, and Cu) binding
nergy of less than 0.01 eV. A Fermi smearing of 0.1 eV is utilized.
he geometries are optimized, until the energy, the force and the
ax displacement converged to 2.0 × 10−5 eV/atom, 0.05 eV/Å and

 × 10−3 Å, respectively. Spin polarization is considered throughout
ll calculations. All of the bimetals containing NiMn, NiFe, NiCo and
iCu are in high-spin states, and the initial magnetic moments of
n,  Fe, Co, Ni and Cu are 5.0, 4.0, 3.0, 2.0 and 1.0 uB, respectively.
The binding energy of NiM is evaluated according to the follow-

ng formula:

bin = ENiM/MgO − ENiM − EMgO

here ENiM/MgO is the total energy of the whole system, ENiM and
MgO are the energies of the isolated metal and support, respec-
ively.

The adsorption energy of CO2 is defined as follows:

ads = ECO2−NiM/MgO − ECO2 − ENiM/MgO

here ECO2−NiM/MgO and ECO2 represent the total energy of CO2
dsorbing on NiM/MgO and the energy of the free CO2, respectively.
he energies of free NiM and CO2 are computed by placing them in

 10 Å × 10 Å × 10 Å cubic box, respectively.

.2. Model
Model about supported Ni-based catalyst is built based on two
ections: the active component and the support.

(a) The active component
P −1.82 −1.83 −1.89 −1.83
D −2.86  −2.99 −3.04 −3.02

Ni-based bimetals (NiMn, NiFe, NiCo and NiCu) are described
by two linking atoms (Ni-M).

(b) The support
In the following study, we select the stable surface of MgO,

(1 0 0) surface, as the support. The lattice constant of MgO  (1 0 0)
is calculated to 4.301 Å with the error of 2.13% compared to the
experimental value of 4.213 Å, which is in agreement with other
DFT-based theoretical reports [37]. We  model the MgO  (1 0 0)
surface using a four-layer slab. Meanwhile, we test the effect of
the slab thickness on the energy data, and find that the binding
energies change obviously going from three to four MgO  layers,
while they change at most by 0.01 eV in the same way from four
to five, which proves the convergence versus slab thickness.

The calculations being periodic in three dimensions, we
impose a vacuum of 10 Å between two  consecutive slabs in
order to eliminate any noticeable interaction with the periodic
image along the z direction. Considering adsorptions of isolated
bimetallic alloys, we  use a 2 × 2 supercell containing 16 O and
16 Mg  atoms, depicted in Fig. 1(a) and (b). Hence, the distance
between two  adsorbed NiMn is 6.083 Å (take NiMn as an exam-
ple), which is large enough to prevent any noticeable lateral
interaction. The formation of oxygen vacancy on the MgO  (1 0 0)
surface has been investigated in several previous theoretical
studies by removing a neutral oxygen atom [27,38],  as shown
in Fig. 1(c). The bottom two layers are frozen in their bulk posi-
tions, whereas the remaining two layers together with NiM and
the adsorbed CO2 are allowed to relax in all calculations.

We consider that MSI  exists when NiM adsorbs on surface.

3. Results and discussion

3.1. Interactions of NiM (Mn, Fe, Co, Cu) with MgO  (1 0 0)

For the perfect MgO  (1 0 0) surface, it is well known that the
anionic site is the preferred adsorption site for most transition
metal atoms [39]. For the oxygen vacancy surface, the transition
metal atoms like to be adsorbed above the vacancy [28,40]. There-
fore, in this work, we  assume that Ni (or M)  is adsorbed on oxygen
atom for the perfect surface, while it is adsorbed above the oxygen
vacancy for the defective surface, and the bond axis of NiM is per-
pendicular, parallel or oblique to the surface. The calculated results
show that the adsorption structures of parallel state are most sta-
ble as shown in Fig. 2, and have been selected as the substrates, on
which the CO2 adsorption will be studied. The most stable adsorp-
tion modes are named as P (NiM) and D (NiM), with P indicating the
perfect surface and D indicating the defective surface. For example,
P (NiMn) and D (NiMn) represent the most stable configurations for
NiMn supported on the perfect and defective surfaces. In P (NiMn),
NiMn is with Mn  and Ni atoms linking to two O atoms separately.
In D (NiMn), NiMn is with Ni above the oxygen vacancy and Mn
linking to O atom. Like NiMn, NiFe and NiCo occupy the same sta-
ble sites. However, the most stable adsorption configuration for D
(NiCu) is with Cu above the oxygen vacancy and Ni linking to O
atom.
3.1.1. Energetic analysis of NiM on MgO (1 0 0) surface
The interactions between NiM and MgO  can be measured by

binding energies of NiM on MgO, which have been shown in Table 1.
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Fig. 1. Structures of top view of MgO  (1 0 0) surface, side view of perfect and defective MgO  surfaces (P represents the perfect surface and D is the defect surface).

F  surfaces, and the settings of the binding height for NiMn adsorbing on the two surfaces
( e between Ni and O2 atom on the perfect surface, h1
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Fig. 3. The bond distance shift of NiM adsorbing on the two surfaces.
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ig. 2. The most stable configurations for NiMn adsorbing on perfect and defective
h1 as the distance between M and O1 atom on the perfect surface, h2 as the distanc

 atom on the defect surface and hv as the distance between Ni and the oxygen vac

The calculated binding energies of NiM adsorbing on the perfect
urface are −1.82, −1.83, −1.89 and −1.83 eV for bimetals along
he row, namely NiMn, NiFe, NiCo and NiCu, respectively, and are
2.86, −2.99, −3.04 and −3.02 eV on oxygen vacancy, respectively.
hese results indicate that bimetals bind more strongly to the sur-
ace with oxygen vacancy than those to a perfect surface, which has
een proved by theoretical studies combined with experimental
etection [23,27,41,42].

In each MgO  systems, although the differences of binding ener-
ies of different NiM bimetals are little, they can still exhibit the
ifferences of the interactions between different bimetals NiM and
gO. Therefore, we distinguished the interactions by comparing

he values of the binding energies. For the perfect surface, the order
f binding energies is as follows: P (NiCo) > P (NiFe) = P (NiCu) > P
NiMn), and the binding energies of NiM adsorbing on the defec-
ive surface follow the sequence of D (NiCo) > D (NiCu) > D (NiFe) > D
NiMn). Clearly, both the two surfaces exhibit the strongest inter-
ction with NiCo.

.1.2. Geometry analysis of NiM on MgO  (1 0 0) surface
The binding energies of these bimetals show an interesting cor-

elation with their binding structures (bond distance shift, �d, and
inding heights, h). We  defined �d  as the bond distance shift before
nd after the bindings of NiM. For binding heights, h, h1 is consid-
red as the distance between M and O1 atom on the perfect surface,
2 as the distance between Ni and O2 atom on the perfect surface,
1

′ as the distance between M and the O atom on the defective sur-
ace and hv as the distance between Ni and the oxygen vacancy, as
hown in Fig. 2.

In order to clarify the correlation between binding energies and
inding structures, we plot the Figs. 3 and 4. For NiM bond dis-
ances, they are all lengthened after NiM adsorbing on the surfaces.
rom Fig. 3, it can be seen clearly that the bond distances of bimet-

ls are extended more largely by the surface with oxygen vacancy
han those by the perfect surface in all cases. For binding heights,
rom Fig. 4, we can see that hv changes much compared to h2, and
he value of hv is smaller than that of h2, while h1

′ does not show

0.00
NiC uNiCoNiFeNiMn

Fig. 4. The adsorption height of NiM adsorbing on the two surfaces.
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Table  2
The Mulliken charges of NiM transferred from MgO  (1 0 0).

NiMn NiFe NiCo NiCu
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Table 3
Bond distance (Å), the angle ∠OaCOb of CO2 (◦) and adsorption energies of CO2 (eV).

C O bond ∠OaCOb Ead

C Oa C Ob

P D P D P D P D

NiMn 1.286 1.285 1.276 1.259 129.2 132.3 −1.38 −1.51
NiFe 1.284 1.288 1.268 1.262 132.8 132.0 −2.03 −2.01

The calculated Edef.CO2
, Edef.NiM/MgO and Eint are listed in Table 4.

Seen from Table 4, the data shows clearly that Edef.CO2
and

Edef.NiM/MgO values are much smaller than Eint values and have no

Table 4
The distortion energies (eV) of CO2 and the substrate as well as interaction energies
(eV).

Edis-NiM Edis-CO2 Eint

P D P D P D
P −0.30 −0.35 −0.34 −0.53
D −0.68  −0.71 −0.73 −1.14

pparent changes compared to h1. It is not difficult to understand
hat bimetals adsorb closer to the surface with oxygen vacancy than
hose to the perfect surface in all cases. Analyzing the above results,
e can conclude that oxygen vacancy surface exhibits stronger

nteraction with the bimetals than the perfect surface does, which
s consistent with the result gotten from the binding energies.

It is noted that no apparent trend of change can be got from the
eometrical variations in each MgO  system with different bimetals.

.1.3. Electron analysis of NiM on the perfect and defective MgO
1 0 0) surfaces

It is understood that ultimately all catalytic effects must be
lectronic in the sense that chemical bonds are being formed and
roken by the catalyst, and these bonds are electronic by nature
43]. In other words, the observed relationships greatly depend
n the degree of electrons transfer between NiM and MgO  (1 0 0).
herefore, in order to profound insight into the trends of the inter-
ctions between bimetals and MgO  surface, the Mulliken charges
re shown in Table 2.

According to the results listed in Table 2, several conclusions
an be obtained. Firstly, the Mulliken charges of NiM adsorbing on
he perfect and defective surfaces are both negative, indicating the
lectrons transfer from MgO  surface to NiM upon chemisorption.
econdly, the data show a significant charges (−0.68 to −1.14e)
ransferred to NiM from the defective surface, which are more than
hat (−0.3 to −0.53e) from the perfect surface, indicating the defec-
ive surface attracts NiM stronger than the perfect surface, which
s consistent with the results obtained from the binding energies.
hirdly, both on the perfect and defective surfaces, the transferred
harges are increased gradually from NiMn to NiCu in the light of
he sequence of the periodic table, which is consistent with the
equence of the binding energies of NiMn, NiFe and NiCo, except
iCu. NiCu attracts the most electrons owing to the fact that Cu has

he half-filled 4s1 and 3d10 configurations.

.2. Adsorption of CO2 on supported NiM

.2.1. Adsorption characteristics of CO2 adsorbing on the
ubstrate

Different CO2 adsorption configurations on NiM/MgO substrates
re explored and two adsorption configurations are found to be
table as shown in Fig. 5. We  select the most stable one to study,
s shown in Figs. 5(a) and (b). The most stable configurations for
he two substrates are named as P (NiM)-CO2 and D (NiM)-CO2.
or example, P (NiMn)-CO2 and D (NiMn)-CO2 represent the most
table configurations for CO2 adsorbing on the perfect and defect
ubstrates. For clarity, the oxygen atoms of CO2 are labeled as Oa

nd Ob, CO2 adsorbs directly on the NiMn with C atom linking to
he bimetal, Oa linking to Mn  atom and Ob linking to Ni atom.

The adsorption energies (Eads) as well as other structural param-
ters of the configurations are summarized in Table 3.

In P (NiMn)-CO2, the adsorption energy of CO2 is −1.38 eV,
 Oa(Ob) bond is 1.286 (1.276) Å, and Oa C Ob angle is 129.2◦.

n D (NiMn)-CO2, the adsorption energy of CO2 is larger (−1.51 eV),
Oa and C Ob bonds are shorter, and Oa C Ob angle is larger
ompared to those of the former. The results show that D (NiMn)
xhibits stronger adsorption ability to CO2 than P (NiMn) does.
owever, in other three bimetals systems, the substrates with oxy-
en vacancy show the opposite action on the adsorption of CO2.
NiCo  1.282 1.285 1.268 1.261 132.4 132.0 −2.11 −2.03
NiCu 1.230 1.264 1.300 1.267 129.9 135.0 −1.50 −1.41

For example, the calculated Eads of CO2 in P (NiFe)-CO2 is −2.03 eV
with Oa C Ob angel being 132.8◦, while in D (NiFe)-CO2, the Eads
value is smaller (−2.01 eV), and the Oa C Ob angel value is also
smaller compared to those in P (NiFe)-CO2. Therefore, one can con-
clude that the perfect substrate acts favoring the NiM CO2 bond,
and NiM/MgO with oxygen vacancy weakens CO2 adsorption. The
fact of the adsorption energies of CO2 decrease is consistent with
experimental and theoretical results [37,44,45].  The reason that P
(NiMn) system adsorbs CO2 weaker than D (NiMn) system may
be that NiMn bond in the perfect system is elongated apparently
from 2.131 to 3.150 Å by the adsorption of CO2, while NiMn bond
in defect system as well as the other NiM bonds in each system is
almost not changed.

We also compare the effects of each MgO  system with different
bimetals on the adsorption of CO2. The calculated Eads values of
CO2 follow the orders of P (NiCo)-CO2 > P (NiFe)-CO2 > P (NiCu)-
CO2 > P (NiMn)-CO2 and D (NiCo)-CO2 > D (NiFe)-CO2 > D (NiMn)-
CO2 > D (NiCu)-CO2, indicating the strongest adsorption ability of
NiCo/MgO substrates to CO2. In Section 3.1.1, we have found that D
(NiCu) system shows higher binding energies than that in D (NiMn)
and D (NiFe) systems, and NiCu obtains the most electrons because
of the half-filled 4s1 and 3d10 configurations of Cu. Just because of
this, D (NiCu) exhibits the relatively lower adsorption ability to CO2
than D (NiMn) and D (NiFe) do.

3.2.2. Energetic analysis of CO2 adsorbing on the substrate
Several studies [46,47] have stated that the adsorption of

CO2 can be considered as a two-step process: first, CO2 deforms
from its linear gas phase structure into a bent CO2 fragment
(distortion energy, Edef.CO2

); second, the bent CO2 fragment
binds the substrate (interaction energy, Eint), which is the driv-
ing force of the chemisorptions process, and can express the
binding capability of the substrate. Of course, there is a defor-
mation for the substrate in CO2 adsorption (Edef.NiM/MgO). The
adsorption energy of CO2 on the substrate can be decomposed
into deformation energy of CO2, the deformation energy of the
substrate and interaction energy between CO2 and the sub-
strate. Therefore, the Eads of CO2 can be expressed according to

Eads = Eint + Edef.NiM/MgO + Edef.CO2
NiMn 0.42 0.21 2.32 2.06 −4.16 −3.78
NiFe 0.29 0.14 2.07 2.10 −4.38 −4.26
NiCo 0.43 0.30 2.08 2.01 −4.61 −4.43
NiCu 0.08 0.039 2.21 1.82 −3.78 −3.28
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Fig. 5. Stable configurations for C

eciding effect on CO2 adsorption, although they make contribu-
ion to the process of CO2 adsorption. Therefore, we  analyze Eint
alues only. The calculated Eint on the perfect substrates are −4.16,
4.38, −4.61 and −3.78 eV for bimetals systems along the row,
amely NiMn, NiFe, NiCo and NiCu, respectively, and are −3.78,
4.26, −4.43 and −3.28 eV for the defect substrates. The results

ndicate that the existence of oxygen vacancy does not increase
he binding ability of the substrate to CO2, but decrease the bind-
ng ability compared to the perfect substrates, which is agreement

ith the conclusion gotten from adsorption energy except that of
iMn system. That is to say, the adsorption energy can be reflected
ell by interaction energy.

Similarly, the effects of each MgO  surface system with different
imetals on the binding ability of the substrates to CO2 have also
een analyzed. According to the results exhibited in Table 4, the cal-
ulated Eint follows the orders of D (NiCo)-CO2 > D (NiFe)-CO2 > D
NiMn)-CO2 > D (NiCu)-CO2 and P (NiCo)-CO2 > P (NiFe)-CO2 > P
NiMn)-CO2 > P (NiCu)-CO2. Clearly, among the four bimetal sys-
ems, NiCo substrate shows the largest binding ability to CO2,
hich is also consistent with the conclusion gotten from adsorp-

ion energy. The high degree of consistency between Eint values and
ads values proves that the binding ability of the substrate to CO2
ecides the adsorption ability of the substrate to CO2.

. Conclusions

In this work, we conduct a DFT-based computational study on
he interactions of NiM (M = Mn,  Fe, Co and Cu) with perfect and
efective MgO  (1 0 0) as well as the effects of the interactions
n the adsorption of CO2. DFT calculations show that the bind-
ng energies of NiM on the oxygen vacancy are larger than those
n the perfect surface, transferred charges between NiM and the
efective surface are also larger than those between NiM and the
erfect surface, which indicate the existence of oxygen vacancy

ncreases the interactions between NiM and MgO  (1 0 0) surface
ignificantly. However, the removal of oxygen shows the weaker
O2 chemisorptions on NiFe/MgO, NiCo/MgO and NiCu/MgO than
he perfect substrates do. But NiMn/MgO defect system shows the
igher adsorption ability to CO2.

For each MgO  system with different bimetals, the binding ener-
ies of NiM adsorbing on MgO  (1 0 0) increase gradually from NiMn
o NiCo system and then depress for NiCu system. The transferred
harges follow the same order like the binding energies for NiMn,
iFe and NiCo systems except NiCu. Interestingly, the adsorption
bility of CO2 adsorbing on NiM/MgO substrates also follows the
ame order like the binding energies for NiMn, NiFe and NiCo,
xcept NiCu. Among the four bimetal systems, NiCo shows the
ighest interaction with the surface, leading to the strongest CO2

hemisorption both on the perfect and defect substrates.

Analyzing the connection between Ebin and Eads, we can find
hat for the same bimetal systems with different MgO surfaces,
he stronger the MSI  is, the weaker the adsorption ability of the

[

[

 perfect and defective substrates.

substrate to CO2 is, except NiMn system, while for each MgO  sys-
tem with different bimetals, the stronger the MSI  is, the stronger
the adsorption ability of the substrate to CO2 is, except NiCu sys-
tem.
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