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It is investigated  for  the interactions  of bimetal  NiCo  with  MgO  as well  as its effects  on  the  H  adsorption
and  H2 dissociation  using  a density  functional  theory  method.  Two  models,  Ni2Co2 cluster  supported  on
perfect  MgO(001)  and oxygen-vacancy  MgO(001)  are  used  to represent  bimetal  NiCo  deposited  on  MgO
catalysts.  The  results  show  that  the Ni2Co2/MgO  catalyst  with  oxygen-vacancy  exhibits  stronger  metal-
support  interaction  compared  to the  perfect  Ni2Co2/MgO,  however,  it has  the weaker  H  adsorption  ability
as  well  as the  better  H2 dissociation  activity.  Compared  with  Ni4/MgO,  the  interaction  between  metal
ensity-functional theory
etal-support interaction
irshfeld charge
dsorption energy
2 dissociation

and  support  is weaker  on  the corresponding  Ni2Co2/MgO,  and  H adsorption  is stronger  as  well  as  the  H2

dissociation  is  accelerated.  The  results  indicate  that  both  addition  of  a  second  metal  Co  and  modification
the  support  MgO  can  tune  the  metal-support  interaction,  further  to change  the  H adsorption  ability,
meanwhile  improve  the  activity  of H2 dissociation.  This  work  finely  identifies  the  experimental  result
that  tune  the  metal-support  interaction  can  improve  the  catalyst’s  performance.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Metal-support interaction is fundamental important for hete-
ocatalyst, because the interaction can change the performance of
atalyst. In general, the interaction exists in transition metal sup-
orted on oxide support surfaces [1–5], such as MgO, Al2O3 and
iO2. For example, Hu et al.[6–9] found that a Ni/MgO catalyst had
xcellent anti-coking performance, which was partly attributed to
he strong Ni-MgO interaction.

Recently, it is considered as one of the hot issue to focus on
uning metal-support interaction, further modifying the catalytic
roperties [10,11]. Tsang et al. [12] fine-tuned the catalytic prop-
rties of Pd by rationally varying the metal-support interaction
hrough the formation of bimetallic nanoparticles. The metal-
upport interaction also can be evaluated by density functional
heory method, Wang et al.[13] calculated and obtained that the
inding energies are 0.8, 1.1, 2.0 and 0.8 eV for metal (metal = Ni,

d, Pt or Cu) on perfect MgO  surface and 1.1, 2.6, 3.7 and 0.8 eV in
etal and MgO  with an oxygen vacancy.

∗ Corresponding author at: No. 79 Yingze West Street, Taiyuan 030024, PR China.
E-mail address: wangbaojun@tyut.edu.cn (B. Wang).

ttp://dx.doi.org/10.1016/j.apsusc.2016.08.045
169-4332/© 2016 Elsevier B.V. All rights reserved.
H adsorption, H2 dissociation or formation are widely involved
in the reactions catalyzed by Ni-based catalysts, such as CO metha-
nation, CO2 methanation, CH4/CO2 reforming, CH4/H2O reforming
and so on. Ni-based catalysts are effective for the above reactions.
However, carbon deposition is disadvantage for the activity and
life of Ni-based catalysts in above reactions. In order to avoid car-
bon deposition, three ways are conducted to tune metal-support
interaction, further to keep the reaction continue. The three ways
are as follows: (i) addition a second metal, such as Fe, Co and Cu,
to Ni-based catalysts (ii) selecting different support, such as MgO,
SiO2, Al2O3 for the Ni-based catalysts (iii) addition promoter to Ni-
based catalysts. For example, A. Djaidia et al. [14] added M (M = Fe
or Cu) to Ni/MgO and proved that the bimetallic catalysts have high
performances and a good resistance for coke formation. Zhang et al.
[15] have compared four Ni-based bimetallic catalysts Ni-M-Al2O3-
MgO (M = Mn,  Fe, Co and Cu), and concluded that Ni-Co bimetallic
catalyst has superior performance in respect of activity and stabil-
ity compared to other Ni-M combinations. The good performance
of the catalysts results from not only the synergy effect between Ni
and a second metal, but also metal-support interaction. Is it advan-

tageous for the interaction between metal and support to increase
or decrease for the reaction? Hossain et al. [16] found that the acti-
vation of energy of hydrogen desorption for Co-Ni/Al2O3 is less than
that of unpromoted Ni/Al2O3 samples, this is mainly because that

dx.doi.org/10.1016/j.apsusc.2016.08.045
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.08.045&domain=pdf
mailto:wangbaojun@tyut.edu.cn
dx.doi.org/10.1016/j.apsusc.2016.08.045
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Fig. 1. The crystallographics axis of MgO  surface as well as top and side views of
Ni4 supported on perfect and defective MgO(001) surface. (a) the crystallographics
axis of MgO  surface (b) perfect Ni4/MgO (c) defective Ni4/MgO. (The blue spheres:
 K. Li et al. / Applied Sur

o might promote the performance of Co-Ni/Al2O3 particles by
educing the metal-support interactions. However, Cui et al. [17]
laimed that moderate metal-support interaction is necessary to
nsure the high activity and stability of the Ni/Al2O3 catalyst for
yngas methanation.

The metal-support interaction effects on catalytic performance
ay  be from two respects. One is that it affects the electron struc-

ure of metals, the other is that it changes catalyst’s geometric
roperties. Mineva et al. [18] obtained that small electron trans-

er of 0.2–0.3 e from the support MgO  to the metal Rh or Pd by DFT
alculation. On the other hand, Koningsberger et al. [19] proposed
hat the morphology of the metal clusters change is related to the
nteraction between metal-support by means of X-ray absorption
echnique. Sterrer and his co-workers [20] observed an long-range
rdered Au array on the MgO  surface, which indicates that charges
ransfer between the substrate and Au.

For MgO  supported Ni-based bimetal catalysts, there is only a
ittle work focused on the tuning the interaction of metal-support,
urther tuning the catalysts’ performance. The detailed contribu-
ions about the active component-support structures, the electron
ransfer between metal and MgO  as well as the metal-support effect
n the reaction, are scarce. Therefore, we need address this prob-

em herein. One approach is to rely on so-called model catalysts.
he results based on the model catalysts become possible to corre-

ate the geometric and electronic structures as well as the related
dsorption properties and reaction mechanisms at a high level of
etail [21–23]. Here, we apply this model approach to the important
lass of nickel-cobalt bimetal cluster loaded on MgO  catalysts. The
on-polar (001) surface of magnesium oxide is the most studied
ne [24–26]. Its relatively simple structure does not undergo sig-
ificant relaxation or reconstruction and can provide a good model

or describing deposited transition metal atoms as well as adsorp-
ion features of small molecules. In addition, point defect involved
-vacancy on the oxide surface was discussed.

Recently, density functional theory (DFT) studies have shown
hat the existence of oxide supports considerably affect the chemi-
al reactivity of the metal catalyst on Ni-based catalysts because of
he metal-support interaction [27–29]. Our previous work reported
hat Ni4 supported on nanosized MgO  was highly stable and active
n CH4/CO2 reforming via DFT method [30]. In the present work,
heoretical methods based on quantum chemistry can provide elec-
ronic and atomic level information that cannot be easily obtained
y experimental methods. Therefore, we carried out DFT calcu-

ations with periodic slab model on the interactions between
i-based bimetals (Ni2Co2) and MgO  surfaces as well as their
ffects on H adsorption and H2 dissociation, and compared those
n Ni4/MgO. Our aims are: (1) to provide a precise evaluation of
he interaction between bimetal NiCo and support MgO; and (2)
o clarify the mechanism of H adsorption and H2 dissociation on
iCo/MgO; (3) to analysis their corresponding electronic nature; (4)

o figure out the metal-support interaction effects on H adsorption
nd H2 dissociation.

. Computational details

.1. Computational model

Li et al. [31] used Ni4/�-Al2O3(100) model to represent Ni
upported on Al2O3 surface. Based on the above model, they investi-
ated the dissociation of CH4 and H2. In our previous work [30], two
odels, Ni4 cluster supported on perfect MgO(001) and oxygen-
acancy MgO(001) were used to represent catalysts of Ni deposited
n MgO. The crystallographics axis of MgO  surface as well as
i4/MgO structures and the corresponding parameters are shown

n Fig. 1. Fig. 1(a) represents the crystallographics axis of MgO  sur-
Ni; the green spheres: Mg; the red spheres: O; the black spheres: O-vacancy) (Bond
lengths are in Å and dihedral angles are in ◦). (For interpretation of the references to
color in this figure legend, the reader is referred to the web  version of this article.)

face, Fig. 1(b) represents the perfect Ni4/MgO model, and Fig. 1(c)
represents the defective Ni4/MgO model. In the models, four differ-
ent sites where deposited metals are marked as a–d,  respectively.

Because it was  reported that NiCo bimetal active component
with Co/Ni ratio to unit showed the good performance in carbon
dioxide reformining of methane [15,32]. We  selected two  Co atoms
substitute for two Ni atoms in Ni4/MgO(001) as the model of NiCo
bimetal supported on perfect MgO. Therefore, four possible models
for Ni2Co2/MgO(001) were obtained, designated as Model 1–4, and
depicted in Fig. 2.

The defective Ni2Co2/MgO model catalysts are established by
removing a neutral oxygen atom from the surface of MgO under the
sites of a–c based on the most stable model of perfect Ni2Co2/MgO,
respectively. They are denoted as De-Model 1–1, De-Model 1–2 and
De-Model 1–3 in turn, and shown in Fig. 3.

Other model parameters for Ni2Co2/MgO are as follows, the
same as those for Ni4/MgO(001) [30]. The calculations being peri-
odic in three dimensions, a vacuum of 12 Å was  imposed between
two consecutive slabs in order to eliminate any noticeable interac-
tion with the periodic image along the z direction. The bottom two
layers were frozen in their bulk positions, whereas the remaining
two layers together with Ni2Co2 and the adspecies were allowed
to relax in all calculations.
2.2. Computational methods

All the calculations were performed in the framework of the
density functional theory (DFT) by using the Cambridge Sequen-
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Fig. 2. Top views of Ni2Co2 supported on the perfect MgO(001) surface. (The purple spheres: Co; the blue spheres: Ni; the green spheres: Mg;  the red spheres: O). (For
interpretation of the references to color in this figure legend, the reader is referred to the web  version of this article.)
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ig. 3. Top views of Ni2Co2 supported on the defective MgO(001) surface. (The purp
pheres:  O-vacancy). (For interpretation of the references to color in this figure lege

ial Total Energy Package (CASTEP) [33,34] in Material Studio 5.5
f Accelry Inc. The selected calculation parameters were the same
s those in our previous contribution [30,35] which is as follows:
he generalized gradient approximation (GGA) has been chosen to
epresent the exchange-correlation potential in the formulation
f the Perdew-Burke-Ernzerhof (PBE) [36]. In this framework, a

arge convergence of the plane wave expansion was  obtained with
n energy cut off of 340 eV. For geometry optimization, the Bril-
ouin zone is sampled in a 2 × 2 × 1 Monkhorst-Pack set [37]. The
eometries were not optimized, until the energy, the force and the
ax  displacement converge to 2.0 × 10−5 eV/atom, 0.05 eV/Å and

 × 10−3 Å, respectively. Spin polarization was considered through-
ut all calculations.

Before adspecies adsorption, the binding energy of Ni2Co2 and
gO  is evaluated according to the following formula:

bin = E(Ni2Co2/MgO) − E(Ni2Co2) − E(MgO)

here E(Ni2Co2/MgO) is the total energy of the whole system when
i2Co2 is deposited on MgO, E(Ni2Co2) and E(MgO) are the ener-
ies of the isolated metal and support, respectively. The binding
nergy between Ni2Co2 and MgO  can be divided into the deforma-
ion energies of Ni2Co2 [denoted as Edef(Ni2Co2)] and MgO  [denoted
s Edef(MgO)], as well as the interaction energy between Ni2Co2 and
gO  (Einter). Correspondingly, Ebin can be expressed as:

bin = Edef (Ni2Co2) + Edef (MgO) + Einter

def (Ni2Co2) = E(Ni2Co2)′ − E(Ni2Co2)

def (MgO) = E(MgO)′ − E(MgO)

inter = E(Ni2Co2/MgO) − E(Ni2Co2)′ − E(MgO)
′

here E(Ni2Co2)′ and E(MgO)
′

are the energies of the deformed
onfigurations of Ni2Co2 and MgO, respectively, when Ni2Co2 and
gO  interacts.
eres: Co; the blue spheres: Ni; the green spheres: Mg;  the red spheres: O; the black
e reader is referred to the web  version of this article.)

The adsorption energy (Eads) of adspecies is calculated as fol-
lows:

Eads = E(ads/Ni2Co2/MgO) − E(Ni2Co2/MgO) − E(ads)

Where E(ads/Ni2Co2/MgO) represents the total energy of adspecies
adsorbed on Ni2Co2/MgO, and E(ads) represents the energy of
the isolated adspecies. E(Ni2Co2) and E(ads) are computed by
placing them in a 10Å × 10Å × 10 Å cubic box, respectively. The
adsorption energy of adspecies on Ni2Co2/MgO can be divided
into the deformation energies of adspecies [Edef(ads)] and cata-
lyst [Edef(Ni2Co2/MgO)], as well as the interaction energy between
adspecies and catalyst (Eint). Correspondingly, Eads of adspecies can
be expressed as:

Eads = Edef (ads) + Edef (Ni2Co2/MgO) + Eint

Edef (ads) = E(ads)′ − E(ads)

Edef (Ni2Co2/MgO) = E(Ni2Co2/MgO)′ − E(Ni2Co2/MgO)

Eint = E(ads − Ni2Co2/MgO) − E(ads)′ − E(Ni2Co2/MgO)
′

Where E(ads)′ and E(Ni2Co2/MgO)
′

are the energies of the
deformed configurations for the adspecies atom and substrate after
adsorption, respectively. Meanwhile, the energy of metal-support
interaction (MSI) is defined as:

EMSI = E(ads/Ni2Co2/MgO) − E(ads − Ni2Co2)
′ − E(MgO)

′

Where E(ads − Ni2Co2)
′

and E(MgO)′ represent the energy of the
unit of Ni2Co2 cluster and MgO  substrate upon adsorption, respec-
tively. Specially, when no adsorbed species,

EMSI = E(Ni2Co2/MgO) − E(Ni2Co2)′ − E(MgO)′ = Einter
In addition, the activation energy (Ea) is calculated according to

the following fumula:
Ea = ETS − ER

where ETS and ER are the energies of the transition state and the
reactant, respectively.
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Table 1
The energy (Energy, eV) of four different models of the perfect Ni2Co2/MgO.

Model 1 Model 2 Model 3 Model 4

Energy −50020.24 −50020.14 −50019.97 −50019.97

Table 2
The energy (Energy, eV) of three different models of the defective Ni2Co2/MgO.
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Table 3
The binding energies (Ebind, eV), the energy of strong metal-support interaction
(Einter, eV) and the deformation energies (Edef, eV) of Ni2Co2 and Ni4 on MgO(001);
Hirshfeld charge(e) of Ni2Co2 and Ni4 transferred from MgO(001).

P(Ni2Co2) D(Ni2Co2) P(Ni4) D(Ni4)

Ebin −3.07 −4.43 −3.21 −4.70
Edef(MgO) 0.64 0.67 0.68 0.63
Edef(Ni2Co2 or Ni4) −0.14 −0.05 −0.11 −0.03
De-Model 1–1 De-Model 1–2 De-Model 1–3

Energy −49580.66 −49581.24 −49580.67

The d-band center is calculated by the following formula [38,39].

d=
∫

−∞
∞

E�(E)dε
∫

−∞
∞
�d(E)dε

here �d represents the density of states projected onto the Ni(Co)
toms’ d-band; E is the energy of d-band.

. Results and discussion

.1. Ni2Co2 supported on MgO(001)

Perfect Ni2Co2/MgO(001) The structures of the four models of
i2Co2 supported on perfect MgO  are optimized, and their energies
re obtained (shown in Table 1) as well as the parameters of their
tructures were shown in Fig. 4.

The energies reported in Table 1 are similar, i.e., the systems
ave similar stability; then, we have selected Model 1 as the
odel catalyst representing the perfect Ni2Co2/MgO in the follow-

ng investigation, and denoted as P(Ni2Co2). As shown in Fig. 4,
n P(Ni2Co2), two Co atoms (Cob and Coc) and one Ni atom (Nia)
irectly interact with one oxygen atoms in the MgO  surface sepa-
ately, while the fourth atom (Nid) is located at the top site away
rom the support surface. The Ni-O and Co-O distances are longer in
i2Co2/MgO than the corresponding metal-O distances in Ni4/MgO
odel. Certainly, when Co substituted Ni in perfect Ni4/MgO, the

verage distance from metal cluster to MgO  is stretched. It is noted
hat the distance of Nia-Coc in Ni2Co2 cluster is the same long as
hat in Ni4. However, the dihedral angle Nia-Cob-Nid-Coc is a little
igger than that in Ni4. In addition, the distance of metal-oxygen in
i2Co2/MgO and Ni4/MgO are shorter than the distance of Ir cluster

upported on MgO  surface (2.6 Å) [40].
Defective Ni2Co2/MgO(001) The three aforementioned models of

i2Co2 on the defective MgO  surface were optimized. The corre-
ponding geometrical energies are listed in Table 2. The models
resent similar energy, the minimum corresponds to De-Model
–2, which is denoted as D(Ni2Co2). Because O-vacancy exists in
gO  surface, there are only two metal-oxygen bonds between
i2Co2 and MgO. The distances of the metal-oxygen in D(Ni2Co2)
re shorter than the corresponding distances of the metal-oxygen
n P(Ni2Co2). Meanwhile, the distance of Cob-vacancy is 1.56 Å. In
ur previous contribution, the interaction of NiM (M = Mn,  Fe, Co
nd Cu) bimetals with MgO(100) were investigated [41]. In that
ork, the bimetals only includes two atoms, i.e.,  one Ni atom and

ne M atom. When oxygen vacancy exists in MgO(001) surface,
he distance of metal to oxygen-vacancy in MgO  is shortened to
.50 Å compared that (1.95 Å) from metal to oxygen in perfect MgO,
onsistent with our present calculation. In addition, the distance
etween site a and c is slightly shorter than that in D(Ni4).
.1.1. Interactions between Ni2Co2 and MgO(001) surface
The extent of interaction between Ni2Co2 and MgO(001) is

oarsely represented using the binding energy. The binding ener-
Einter −3.57 −5.05 −3.78 −5.30
Hirshfeld charge for metal cluster −0.21 −0.35 −0.23 −0.37

gies are given in Table 3. Certainly, D(Ni2Co2) model is more stable
than P(Ni2Co2). Similar finding is presented between D(Ni4) and
P(Ni4). The result also is confirmed by experimental and theoreti-
cal investigations [42,43]. On the other hand, the binding energies
are weaker when two Ni atoms in active component substituted by
two Co atoms, indicating that Co addition can reduce the interaction
between the Ni and the support MgO. Our result is in agreement
with Kang et al. [44] They have investigated Ni4 and Ni3Fe deposited
on �-Al2O3(110) surface and the result showed that the binding
energies of the supported Ni4 and Ni3Fe are −4.98 eV and −4.80 eV,
respectively, suggesting that Fe addition can reduce the interaction
between the Ni cluster and the support.

In order to elucidate the interaction between Ni2Co2 and MgO
exactly, the binding energy is divided into three parts. They are
the deformation energies of isolated Ni2Co2 and MgO  as well as
the interaction energy between Ni2Co2 and MgO, shown in Table 3.
It is clear that the deformation of MgO  has the minus effect on
the binding energy of metal and support, which is consistent
with the literature [45–48]. However, the deformation of Ni2Co2
has the positive effect on the binding energy. Further, Ni2Co2
deformation energies have slight effect on the binding energy.
Importantly, the metal-support interaction has the main effect on
the binding energy. From Table 3, one can conclude that whether
in Ni2Co2/MgO or in Ni4/MgO, the metal-support interaction in
oxygen-vacancy models is stronger than that in corresponding per-
fect models. On the other hand, after addition of Co to Ni-based
catalyst, the metal-support interaction is decreased compared to
the corresponding pure perfect or defective Ni4/MgO models. Inter-
estingly, the change tendency of interaction energy and binding
energies are consistent in Ni4/MgO and Ni2Co2/MgO.

3.1.2. Hirshfeld charge about P(Ni2Co2) and D(Ni2Co2)
It is understood that ultimately all catalytic effects must be

electronic in the sense that chemical bonds are being formed and
broken by the catalyst, and these bonds are electronic by nature
[49]. In other words, the above observed relationships greatly
depend on the degree of electrons transfer between Ni2Co2 and
MgO. Therefore, in order to profound insight into the trends of the
interactions between bimetals Ni2Co2 and MgO  support, Hirshfeld
charges analysis was conducted on the P(Ni2Co2) and D(Ni2Co2).
The Hirshfeld charges of the deposited Ni2Co2 cluster on the
MgO(001) surface are shown in Table 3. In order to comparison,
we also list the Hirshfeld charges of the Ni4 transferred from MgO.

According to the results listed in Table 3, one can easily find
that the Hirshfeld charge of Ni2Co2 deposited on the perfect and
defective surfaces are both negative, indicating the electrons trans-
fer from MgO  surface to Ni2Co2 when chemical interaction exists
between Ni2Co2 and MgO. Furthermore, the data show a significant
charges transferred to Ni2Co2 (−0.35 e) from the defective surface,
which is more than that (−0.21 e) from the perfect surface, indicat-
ing the stronger interaction between Ni Co and MgO  is, the more
2 2
transferred charges from MgO  to Ni2Co2. Similar results can be
observed from the Ni4/MgO in our previous work [30]. In addition,
the quantity of transferred charge is decreased when Co is added



K. Li et al. / Applied Surface Science 390 (2016) 7–16 11

Fig. 4. The most stable configurations of the Ni2Co2/MgO and of H adsorbed on the subst

Table 4
The adsorption energies, deformation energy and interaction energy (Energy, eV)
and the Hirshfeld charges (Charge, e) for Ni2Co2, Ni4 cluster and H adsorbed on
Ni2Co2/MgO and Ni4/MgO.

P(Ni2Co2) D(Ni2Co2) P(Ni4) D(Ni4)

Energy Eads −3.09 −2.90 −2.95 −2.84
Edef(H) 0 0 0 0
Edef(Ni2Co2/MgO Ni4/MgO) 0.12 0.11 0.07 0.06
Eint −3.21 −3.01 −3.02 −2.90
EMSI −3.79 −5.14 −3.54 −5.09

t
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Charge H −0.11 −0.10 −0.10 −0.06
Ni2Co2 or Ni4 −0.13 −0.25 −0.13 −0.31

o active component Ni, accordingly, the interaction is weaker, i.e.,
he binding energy is lower.

.1.3. PDOS analysis about P(Ni2Co2) and D(Ni2Co2)
We also analyzed the d-band structure of Ni2Co2 supported on

gO, and compared with the Ni4 supported on MgO.
The calculated d-band centers of Ni2Co2 and Ni4 are shown in

ig. 5. Certainly, the d-band centers of P(Ni2Co2) and D(Ni2Co2) far-
her downshift from the Fermi level compared to the corresponding
-band centers of P(Ni4) and D(Ni4) [30]. In general, the closer the d-
and center to the Fermi level, the more reactive is the catalyst [38].
herefore, the possible activity order of the four model catalysts is:
(Ni4) > P(Ni4) > D(Ni2Co2) > P(Ni2Co2).

.2. H adsorption

.2.1. Geometries of H adsorbed on Ni2Co2/MgO
Different H adsorption configurations on Ni2Co2/MgO(001)

ubstrates are explored and the most stable adsorption config-
rations are found and shown in Fig. 4. They are named as
(Ni2Co2)-H and D(Ni2Co2)-H for single H atom adsorbed on perfect
i2Co2/MgO(001) and defective Ni2Co2/MgO(001), respectively.
he adsorption energies (Eads) are summarized in Table 4. Clearly,

he bridge sites of Coc-Nid are the most stable adsorption sites
or H atoms over Ni2Co2/MgO(001). The adsorption energy of H
n D(Ni2Co2)-H is slightly weaker than that in P(Ni2Co2)-H. On the
ther hand, our previous work on P(Ni4) and D(Ni4) indicated that
rate. (Bond lengths in Å, and dihedral angles in ◦; the white sphere: H atoms).

the bond length of H-Ni is in the range of 1.57 ∼ 1.74 Å, and the
adsorption energies of H are −2.95 and −2.84 eV, respectively [30].
Certainly, the adsorption energies of H are increased when Co is
added to Ni-based catalysts.

3.2.2. MSI effect on adsorption of H
The adsorption energy of H on P(Ni2Co2) is stronger than that on

D(Ni2Co2). Interestingly, how does the metal-support interaction
affect the adsorption energy of H? In order to clarify the effect of
interaction between metal (Ni2Co2) and support MgO  on H adsorp-
tion, the adsorption energy was  decomposed of three parts, i.e.,  the
deformation energies of Ni2Co2/MgO and H as well as the interac-
tion between H and Ni2Co2/MgO, shown in Table 4. For comparison,
we also list the corresponding values of energies from Ni4/MgO.

From Table 4, because the deformation of H is zero, and the
deformation of substrate has a little minus effect on the adsorption
energy of H, the adsorption energy of H is mainly from the inter-
action between H and substrate. Analyzing the connection among
EMSI, Eint and Eads, we  can find that the increase of metal-support
interaction (EMSI) in Ni2Co2/MgO leads to the decrease of the inter-
action (Eint) between H and substrate, further to the decrease of
the adsorption energy (Eads) of H for P(Ni2Co2)-H and D(Ni2Co2)-H.
For P(Ni4) and D(Ni4), the same conclusion can be concluded. Our
result is in consistent with Herrmann et al. [50] who found that the
initial heat of adsorption of hydrogen on Pt/TiO2 has a small but
significant decrease because of the development of strong metal-
support interaction. However, compared the corresponding values
in Ni4/MgO and Ni2Co2/MgO, one can obtain that, when added Co
to Ni active component, the interaction between metal and support
(Einter) in Table 3 is decreased, further the adsorption energy of H is
increased. In turn, the metal-support interaction (EMSI in Table 4)
becomes stronger for Ni2Co2/MgO. However, compared those after
and before H adsorption, the interactions between Ni2Co2 and MgO
is become stronger while it is weaker between Ni4 and MgO, which
indicates that the synergistic effect also is an important influence to

the H adsorption. In addition, our result is consistent to that of Kang
et al. [44]. When added Fe to Ni4/Al2O3, the interaction between
Ni and Al2O3 decreased accompanied the adsorption energy of H
(−2.83 eV on Ni4/Al2O3 and −2.96 eV on Ni3Fe/Al2O3) increase.
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.2.3. Hirshfeld charge about P(Ni2Co2)-H and D(Ni2Co2)-H
For further explain the effect of the metal-support interaction

n H adsorption, Hirshfeld charge is analyzed, listed in Table 4. It
an be seen from Table 4 that Hirshfeld charges of H are −0.11
nd −0.10 e on P(Ni2Co2) and D(Ni2Co2), meanwhile the charges of
i2Co2 are −0.13 and −0.25 e, respectively. Certainly, the sum of the
irshfeld charge of H and Ni2Co2 after H adsorption almost equals

o that of Ni2Co2 cluster on MgO  before H adsorption. Therefore,
rom the electronic effect of the interaction between Ni2Co2 and

gO, it can be deduced that Ni2Co2 cluster firstly obtains electrons
rom the MgO  support, and then transfers electrons to adspecies.
orrespondingly, Ni2Co2 cluster on MgO  acts as an electronic reser-
oir and conduit between the adspecies and support. The similar
esult is obtained by the Ni4 supported on the MgO  [30]. Due to the
tronger interaction between the metal and the support results in
he less charges transferred from the metal cluster to the H atom,
he adsorption ability of the substrate to H is weaker, compared
(Ni2Co2)-H and D(Ni2Co2)-H. Similar results are obtained from
he P(Ni4)-H and D(Ni4)-H.

.2.4. PDOS analysis about P(Ni2Co2)-H and D(Ni2Co2)-H
Further, project density of state (PDOS) analysis for NiCo and H

re conducted. PDOS of the s, p and d states of NiCo and s of H state
or H adsorption on Ni2Co2/MgO are shown in Fig. 6. This figure
hows that there is an orbital mixing of s-orbital of H atom with
he s-, p- and d-orbital of the NiCo atoms, which is primarily in the
ange of −7 to 0 eV below the Fermi level. For the H adsorption on
he perfect Ni2Co2/MgO, the area of the overlap of s-orbital of H and
-, p- and d-orbital of NiCo is bigger than the H adsorption on the
efective Ni2Co2/MgO. The result indicates that the bonding ability
etween H and Ni2Co2 cluster on perfect MgO  is stronger than that
n defective MgO, which is consistent with the results of Hirshfeld
harge and adsorption energy.

In addition, the order of adsorption energy of H on the catalyst
s D(Ni4) < P(Ni4) < D(Ni2Co2) < P(Ni2Co2), contrary with that of the
bove calculated d-band center, which indicates that the adsorp-
ion becomes stronger with d-band center of the catalyst downshift
way from Fermi level. Contrarily, in our previous investigation, on

he unsupported Ni(111), the H adsorption is weaker along with d-
and center upshift when Co is doped to pure Ni catalyst. Certainly,
he MgO  support affects the electronic state of active component,
urther affects the electronic state of adspecies, i.e., affects the abil-
(a)  H atom adsorbs on the perfect Ni2Co2/MgO; (b) H atom adsorbs on the defective
Ni2Co2/MgO. (The location of the dotted line represent the location of the Fermi
level).

ity of H adsorption, through active component transfer electrons to
adspecies.

3.3. H2 dissociation

3.3.1. H2 adsorption
There are many possible sites for H2 adsorption on Ni2Co2/MgO.

Here, we  only investigated H2 adsorption on the top site of Nid. The
most stable adsorption configuration is obtained by optimization,
and shown in Fig. 7. In order to distinguish the two H atoms in
H2, we marked them as Ha, Hb, respectively. H2 only molecularly
adsorbs at the top site of Nid atom with adsorption energy equal
to 0.05 eV and 0.01 eV on P(Ni2Co2) and D(Ni2Co2). Optimization
of the isolated H2 molecule resulted in a value of 0.75 Å for the
H H bond length. The equilibrium geometry of the adsorbed H2

molecule shows that the H H bond length is 0.76 Å. The adsorption
energies and the bond lengths indicate the very weak interaction
between H2 and Ni2Co2/MgO. Similarly, the most stable structures
of H2 adsorption on Ni4/MgO are also shown in Fig. 7. The adsorp-
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F d final state for H2 dissociation and the geometrical parameters on the Ni2Co2/MgO(001)
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Table 5
The adsorption energies, deformation energy and interaction energy (Energy, eV)
and the Hirshfeld charges (Charge, e) for Ni2Co2, Ni4 cluster and 2H coadsorbed on
Ni2Co2/MgO and Ni4/MgO.

P(Ni2Co2) D(Ni2Co2) P(Ni4) D(Ni4)

Energy Eads −6.18 −6.23 −6.29 −6.35
Edef(2H) 0 0 0 0
Edef(Ni2Co2/MgO Ni4/MgO) 0.31 0.20 0.19 0.15
Eint −6.49 −6.43 −6.48 −6.50
EMSI −4.40 −5.60 −4.49 −5.90
ig. 7. Side view of the geometries structures of the initial state, transition state, an
urfaces. (Bond lengths in Å).

ion energy of H2 molecular adsorbed on the P(Ni4) and D(Ni4) are
0.08 and 0.04 eV, respectively, which is physically adsorbed. The
eak interactions of H2 on Ni2Co2/MgO and Ni4/MgO do not show

 significant effect from the properties of the catalysts.

.3.2. H + H coadsorption
In the elementary reaction of H2 dissociation, the final state

hould be the coadsorption of H and H. Therefore, we investigated
he coadsorption of H and H based on the single H adsorption.
he sites for the most stable coadsorption geometries of 2H upon
2 dissociation on Ni2Co2/MgO and Ni4/MgO are considered and

he corresponding geometries are shown in Fig. 7 and the corre-

ponding coadsorption energies are listed in Table 5. One H atom
s adsorbed on the bridge Nia Nid, the H Nia and H Nid bond are
ormed; the other H atom is adsorbed on the bridge Nic Nid, the

 Nic and H Nid bond are formed. The coadsorption geometries
Charge 2H −0.19 −0.19 −0.18 −0.19
Ni2Co2 or Ni4 −0.08 −0.21 −0.06 −0.23
of 2H adsorbed on Ni2Co2/MgO and Ni4/MgO are similar. The coad-
sorption energies of the 2H on the P(Ni4) and D(Ni4) are higher
than those on Ni2Co2/MgO, meanwhile, the coadsorption ener-
gies of the two H atoms adsorbed on the defective surface are
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Table 6
Activation energies (Ea, eV) and reaction energies (�E, eV) for H2 dissociation reac-
tions on the Ni2Co2/MgO(001) and Ni4/MgO(001).

Ea/eV �E/eV

P(Ni2Co2) 0.25 −1.69
ig. 8. The PDOS for s, p, d-states of bare Ni2Co2 (Ni4) clusters and the stable Ni2Co
he  Ni2Co2/MgO and Ni4/MgO. (The location of the dotted line represent the locatio

igher than that on the perfect surface, which are different from the
dsorption energies of the single H atom adsorbs on Ni2Co2/MgO
nd Ni4/MgO. In addition, the deformation energy of the substrate
nd the metal-support interaction are analyzed and also listed in
able 5. Certainly, the coadsorption energy of two H atoms are also
ainly from the interaction between two H atoms and substrate.

nalyzing the relationship among EMSI and Eads, we  can find that the
esults are contradictory to those from H adsorption. The increase
f interaction in Ni2Co2/MgO leads to the increase of coadsorption
nergy of two H atoms for P(Ni2Co2) and D(Ni2Co2). In return, the
etal-support interaction becomes stronger than that when sin-

le H adsorption. For P(Ni4) and D(Ni4), the same conclusion can
e concluded. On the other hand, when addition Co to Ni/MgO
atalysts, the interaction between metal and MgO  is decreased,
imilarly, the adsorption energy of 2H is decreased, the other way
ound, the interaction between metal and MgO  is increased after
H adsorption.

.3.3. Process of H2 dissociation
Based on the previous H2 and 2H adsorption results, the follow-

ng study is focused on H2 dissociation on P(Ni2Co2) and D(Ni2Co2).

or further comparison, the H2 dissociation on the Ni4/MgO is
lso studied herein. When H2 adsorbed on the top of Nid atom
f P(Ni2Co2) and D(Ni2Co2) dissociates into two H atoms, the

 H distances are stretched and the Ha Nid and Hb Nid bond
D(Ni2Co2) 0.14 −1.71
P(Ni4) 0.45 −1.68
D(Ni4) 0.37 −1.77

are formed, as seen in the transition state structure P(Ni2Co2)-TS
and D(Ni2Co2)-TS in Fig. 7; Ha then moves to the bridge site of
Nia Nid. Meanwhile, the remaining Hb also moves to the bridge
site of Coc Nid. Certainly, the distance of H H is longer and the dis-
tances of Ha Nid and Hb Nid are shorter on the D(Ni2Co2) than on
P(Ni2Co2) for the transition state structure in H2 dissociation. Simi-
lar dissociation processes happen on P(Ni4) and D(Ni4). In addition,
the H H distance is longer for the transition state in H2 dissociation
on D(Ni4) than that on P(Ni4).

As shown in Table 6, the activation energy barrier of H2 disso-
ciation on P(Ni2Co2) surface is 0.25 eV with an enthalpy change of
−1.69 eV. The corresponding energy barrier and enthalpy change

on D(Ni2Co2) are 0.14 eV and −1.71 eV. For the H2 dissociation on
Ni4/MgO, the activation barriers are 0.45 and 0.37 eV on P(Ni4) and
D(Ni4) with enthalpy change of −1.68 and −1.77 eV, respectively.
Apparently, the activation energy on D(Ni2Co2) is lower than that
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n P(Ni2Co2). The same result can be obtained for the H2 dissocia-
ion on the Ni4/MgO. The above results indicate that H2 dissociation
n defective surface is favored as compared to that on perfect sur-
ace for the same active component. Simultaneously, based on the
esults of comparison about the dissociation of H2 between on
i2Co2/MgO and Ni4/MgO, one can conclude that the H2 dissoci-
tion is favored on Ni2Co2/MgO as compared to that on Ni4/MgO
or the corresponding surface, which indicates that addition of Co
o Ni/MgO can improve the catalytic activity.

.3.4. Effects of MSI  on H2 dissociation
From the above results, one can see that two different MgO  sup-

orts (perfect and O-vacancy MgO) as well as the addition of a
econd metal influence the H2 dissociation on Ni4/MgO surface. On
efective MgO  supported Ni2Co2, the metal-support interaction is
tronger than that on perfect Ni2Co2/MgO, which leads to the lower
eaction barrier of H2 dissociation. The same conclusion can be
rawn from the Ni4/MgO catalysts. This suggests that the increase
f metal-support interaction can accelerate H2 dissociation. On the
ther hand, when addition a second metal Co to Ni catalysts, the
etal-support interaction is decreased, correspondingly, acceler-

ting H2 dissociation. This provides ways to tune the interaction
f metal-support in order to modify the catalysts activity, that

s, reducing MgO  support to produce more oxygen vacancies, or
ddition a second metal to Ni/MgO, to tune the metal-support inter-
ction, further to improve the catalyst’s activity.

.3.5. PDOS analysis about the process of the H2 dissociation
To better explore the interaction effect between metal and sup-

ort on H2 dissociation process, the project density of state (PDOS)
nalysis are conducted, as shown in Fig. 8, in which displays the
alculated partial density of states projected about the bare Ni2Co2
Ni4) cluster and those initial state, transition state and final state in
he H2 adsorption-dissociation on Ni2Co2/MgO and Ni4/MgO. The
DOS of the Ni2Co2 (Ni4)-initial state showed that the PDOS peak
f s-band of H2 molecule is located around −8.0 eV and the PDOS
eak of d-band of the metal cluster is above −1 eV. Meanwhile,
his is slight overlap area of the s-orbital of H2 and the s-, p- and
-orbital of the metal cluster in the initial state, which indicates
hat the little interaction between H2 and metal cluster, further to
llustrate the physical absorption of H2 adsorbed on Ni2Co2/MgO
nd Ni4/MgO. During the adsorption-dissociation processes, the s-
rbitals of H2 shift toward the Fermi level. In the transition state,
he overlap areas of the s-orbital of H2 and the s-, p- and d-orbital
f the metal cluster are bigger than those in the initial state on all
atalysts. However, the overlap areas on D(Ni2Co2) and D(Ni4) are
igger than those on P(Ni2Co2) and P(Ni4), which illustrates the
igher activity for H2 dissociation on metal clusters supported on
he defective MgO  than that on the perfect MgO. In the final states,
t is observable that the strong overlap between two H atoms and
he metal, giving rise to the chemical coadsorption state for the two

 atoms on the catalysts.
In addition, the order of d-band center of Ni or NiCo is not con-

istent with the reactivity of the H2 dissociation on P(Ni4), D(Ni4),
(Ni2Co2) and D(Ni2Co2). This may  be caused by the interaction of
etal-support. This inconsistent was confirmed by Li et al. [31].

heir result demonstrated that the reactivity of the surface metal
tom depends not only on its initial state of the d-band center, but
lso on the redistribution of the electrons between the metal clus-

er and the support upon the adsorption of the adsorption species.
herefore, if the metal atoms are interacting with a particular sub-
trate atom, then the d-band center model may  fail to predict the
eactivity of the catalyst.

[

[

ience 390 (2016) 7–16 15

4. Conclusions

In this work, we have conducted a DFT-based computational
study on the interactions of Ni2Co2 with perfect and defective
MgO(001) as well as the effects of the interactions on H adsorp-
tion and H2 dissociation compared to those on Ni4/MgO. DFT
calculations show that the interaction between Ni2Co2 and oxygen-
vacancy MgO  are larger than that between Ni2Co2 and perfect
MgO, which indicates the existence of oxygen vacancy increases
the interactions between Ni2Co2 and MgO  significantly. However,
it shows the weaker H chemisorptions and lower H2 dissociative
barrier on defective Ni2Co2/MgO than those on the perfect sub-
strates. On the other hand, when addition a second metal Co, the
interaction between Ni and MgO  is decreased. However, H adsorp-
tion is increased, and the dissociation of H2 accelerates. The present
theoretical work indicates it is possible to tune metal-support inter-
action through addition of a second metal Co or selection a suitable
support (such as O-vacancy MgO) to modify the Ni-based catalyst
activity.
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