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HIGHLIGHTS

GRAPHICAL ABSTRACT

« DFT method is employed to
investigate the interaction between
Ni and MgO.

« Charge transfers from MgO to
adspecies through Ni are studied.

« Strong Ni-MgO interaction can
increase the dissociation activity of
CH4.

« Calculation confirms that strong Ni-
MgO interaction can resist carbon
deposition.

« New design approaches for high
activity and free-carbon catalysts are
proposed.
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A theoretical understanding of CH, dissociation on Ni-based catalysts is of great importance for the devel-
opment of CH4 reforming catalysts with high activity and carbon-deposition resistance. Based on compar-
isons of CH,4 dissociation on perfect and defective MgO supported Nig, as well as Ni(111), the effects of
the strong interactions between Niq and MgO on CH,4 dissociation are systematically investigated by den-
sity functional theory (DFT) calculations. Our results indicate that the interaction between Niy and the
defective MgO is stronger than for the perfect MgO. Consequently, the adsorptions of CH,(x = 0-4) are
weaker than those on the perfect Niy/MgO. Hirshfeld charge analysis shows that electrons are transferred
from MgO to Niy, then to CH, adspecies; the stronger interactions between Ni4 and MgO lead to less elec-
tronic transfer from Niy to adspecies, which result in weaker adsorption of CH,. Potential energy surface
calculations of CH,4 dissociation indicate that there are lower energy barriers for the sequent dissociations
of CH4 — CH; + 2H and an appropriate barrier of CH oxidation matching up with that of CH, further dis-
sociation on the model catalyst of Ni4 supported on defective MgO. This might be an elementary require-
ment for an excellent CH, reforming catalyst, and may shed light on experimental catalyst development.

© 2014 Elsevier Ltd. All rights reserved.
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CH; — CH, + H (R2)
CH, — CH+H (R3)
CH—-C+H (R4)

are very important for CH4/CO, reforming to produce syngas (CO
and H;) and reduce the emission of two major green-house gases,
CO, [1-4] and CHy4. The key to CH4/CO, reforming is to develop a
catalyst with high reaction activity and good carbon deposition
resistance [5-9]. Ni-based catalysts might have potential industrial-
ization prospects, due to high activity and selectivity, as well as low
cost. However, these catalysts must overcome a significant hurdle,
i.e., carbon deposition, which leads to rapid deactivation. It has been
found that oxide supports considerably affect the catalytic activity
and carbon deposition on Ni-based catalysts in methane reforming
with CO,. Wei et al. [10] pointed out that Ni supported on nano-
sized ZrO,, MgO and y-Al,05 was highly active and stable. Hwang
et al. [11] reported that clay-supported Ni exhibited high catalytic
activities and long lifetimes. Similar results were obtained by Hou
et al. [12] on Al,03-supported Ni based catalysts.

Among all kinds of oxide supports, MgO is one of best choices
for Ni-based catalysts owing to its large and relatively well-defined
surface structure and stoichiometry [13], as well as its low oxygen
vacancy formation energy. Experimental results suggest that de-
fects on MgO have significant effects on the morphologies and
properties of Ni-based catalysts [14-16]. Hu and Ruckenstein
[17-21] found that a NiO/MgO catalyst had excellent anti-coking
performance, which was attributed to the high dispersion of re-
duced Ni species, basicity of the support surface, and strong nick-
el-support interaction [22]. Feng et al. [23] reported that the
NiO/MgO catalyst showed a higher activity after calcination at
800 °C, which was mainly due to the strong interactions between
metal and support. Although the experimental results show that
MgO might greatly improve the performance of Ni-based catalysts
in CH,4 reforming, the electronic nature of the effect of the interac-
tion between Ni and MgO on CH, adsorption, as well as the reac-
tion mechanism and carbon deposition in the CH4/CO, reforming
process is still uncertain.

Rapid development of the density functional theory (DFT) tech-
nique has resulted in a powerful tool for understanding chemical
reactions and designing catalysts at an atomic level [24-27]. DFT
has been used to investigate the dissociation of CH4 on pure Ni
[28-30], Pt [31],Rh [32], as well as the strong interactions between
metal and support on adsorption and reaction [33-36]. Studies on
the interaction of metal Ni and support MgO have been reported
[37,38], however, to the best of our knowledge, the effect of the
interaction between Ni and MgO on CH, adsorption and dissocia-
tion of CH4 on Ni/MgO catalyst, as well as their electronic nature,
have been seldom reported.

In this work, using the DFT method, the adsorption behaviors of
CH, (x = 0-4) and H, as well as the potential energy surfaces of CHy
dissociations on perfect and defective MgO-supported Ni, are
systematically investigated. The effects of the strong interactions
between Nigs and MgO on CH, adsorption and CH4 dissociation
are systematically studied, and their corresponding electronic
nature are explained by Hirshfeld charge analysis.

2. Computation details
2.1. Computational methods

The DFT calculations are performed using the Cambridge
Sequential Total Energy Package (CASTEP) [39,40] in Material
Studio 6.0 of Accelry Inc. All the calculations are conducted
with the generalized gradient approximation (GGA) and the

Perdew-Burke-Ernzerhof (PBE) exchange correlation function
[41]. Ionic cores are described by ultrasoft pseudopotential [42]
and the Kohn-Sham one-electron states are expanded in a plane
wave basis with a cutoff energy of 340 eV. An electronic tempera-
ture of 0.1 kT is utilized during calculations with the final results
extrapolated to 0 K. Brillouin zone integration is approximated by a
sum over special k-points using the Monkhorst-Pack method [43],
which is set as 2 x 2 x 1. Geometries are optimized until the fol-
lowing converging criteria are met: energy, force, and maximum
displacement are converged to 2.0 x 107> eV/atom, 0.05 eV/A,
and 2 x 1073 A, respectively. Spin polarization is considered in all
calculations. Transition states (TS) are located by using complete
linear synchronous transit (LST) or quadratic synchronous transit
(QST) methods [44]. Firstly, LST maximization is performed by an
energy minimization in the directions conjugated to reaction path-
way. Then, the TS approximation is used to perform QST maximi-
zation. From that point, another conjugate gradient minimization
is carried out. The cycle had been repeated until a stationary point
is located. The convergence criterion for transition state calcula-
tions was set to root-mean-square force of 0.25 eV/A per atom.
The adsorption energy, E.q5(X), is calculated as follows

Eaas(X) = E(X — Nis/MgO0) — E(X) — E(Nis/MgO) (ET)

where X represents adsorbed species, E(X — Niy/MgO) is the total
energy of the species adsorbed on Niy/MgO, E(X) is the energy of
free X species, and E(Nis/MgO) is the energy of Niy/MgO. Therefore,
a negative value corresponds to an energetically favorable adsorp-
tion. The adsorption energy of adspecies on Niy/MgO can be divided
into the deformation energy of adspecies (Eqer (X)), and catalyst (Eger
(Nig/MgO)), as well as the interaction energy between adspecies
and catalyst (Ej,e). Correspondingly, Eaqs(X) of adspecies can be ex-
pressed as

Eaas(X) = Eaet (X) + Eqer(Nig/MgO) + Eine (E2)
Eqer(X) = E(X') — E(X) (E3)
Eqer(Nig/Mg0) = E(Nis/Mg0') — E(Nis/MgO) (E4)
Eine = E(X-Nig/MgO) — E(X') — E(Nig/MgO') (E5)

where E(X’) and E(Niy/MgQ’) are the energies of the deformed con-
figurations for the X species and substrate after adsorption, respec-
tively. Meanwhile, the energy of strong metal-support interaction
(SMSI) is defined as:

Esmsi = E(X-Nig/MgO) — E(X-Ni}) — E(Mg0') (E6)

where E(X-Nij,) and E(MgO’) represent the energy of Niy4 cluster and
MgO substrate upon adsorption, respectively.

2.2. Models

A Niy/MgO(0 0 1) modeling catalyst, which has been proved to
be very stable and representative of Ni-based catalysts in the liter-
ature, is used in the present work [45-47]. The lattice constant of
MgO(001) is optimized to be 4.301 A, which is consistent with
the experimental value, 4.213 A [48]. A four-layer MgO(001) slab
is used for both perfect and defective Niy/MgO catalysts, in which
the bottom two layers are fixed in bulk position [49]. The defective
Niy/MgO modeling catalyst is established by removing a neutral
oxygen atom from the surface of MgO(001) [50,51].
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3. Results

3.1. MgO(001) supported Niy cluster

3.1.1. Perfect surface

The most stable adsorption configuration of Ni4 cluster on the
perfect MgO(00 1) surface is selected as the model catalyst, and de-
noted as P(Niy). Its structure is shown in Fig. 1(a), and the corre-
sponding geometrical parameters are listed in Table 1. In P(Nig),
three Ni atoms (Ni,, Ni, and Ni.) directly interact with three oxy-
gen atoms of the support surface, while the Nig atom is located
at the bridge site between Ni, and Ni.. It is noted that the Ni,-
Ni. bond in Niy cluster is cleaved and elongated to 3.046 A, which
enhances the interaction between Niy and MgO. Correspondingly,
the Niy cluster is deformed into a butterfly shape, and the dihedral
angle Ni,—Ni,—-Nig—Ni. of the tetrahedron is opened to 103.2°.

3.1.2. Defective surface

To explore the effect of the defective MgO(001) surface on CHy
dissociation, the structures of Niy cluster on MgO(001) with an
oxygen-vacancy were also investigated in the present work. The
most stable configuration of Niy on the defective MgO surface is
denoted as D(Nigq) and shown in Fig. 1(b). This is different from
the structure of Ni4q on the perfect MgO(001); Ni, is located above
the oxygen vacancy site and about 1.362 A above the surface in
D(Nig). Meanwhile, similar sites of Ni,, Ni. and Niyg are observed
for D(Ni4). The dihedral angle Ni,—Ni,—Nig—Ni. of the tetrahedron
expands to 119.4°, which is larger than that of P(Niy).

The calculated interaction energies between Nig and MgO are
—3.72 eV for P(Niy) and —5.06 eV for D(Niy), respectively. Obvi-
ously, the stronger interaction occurs when Niy is adsorbed on
the defective MgO surface, in contrast with that of the perfect
one. Compared with the values of Ni4 on spinel-like and non-spinel
Al;03 (—2.27 and —-2.79 eV) [52], Ni4 is more stable on MgO than
on A1203.

In order to shed insight on the electronic interactions between
Nis and MgO support, Hirshfeld charges of Niy are calculated and
listed in Table 2.

v

(a)

Top view Side view
(b) ﬁ I | ﬁ
Top view Side view

Fig. 1. Side and top views of Nis supported on perfect and oxygen-vacancy
MgO(001) surface (a) Niy on the perfect MgO(001) surface and (b) Nig on the
defective MgO(001) surface (to visually show the location of the missing O atom, a
black sphere was used to represent O vacancy).

As can be seen in Table 2, the total charges of Ni, in P(Nigq) and
D(Niy) are —0.22 and —0.37 e, respectively. The higher negative
charge on Nig in D(Ni4) indicates that more electrons are trans-
ferred from the defective MgO surface to Nig, which leads to the
stronger interaction between MgO and Nig. This is consistent with
the calculated interaction energy between Niy and MgO. However,
the charge transfer is different from the results by Li et al. [52],
who observed that the electrons of Niy cluster are transferred to
v-Al,03 when Niy cluster was deposited on y-Al,0s. In addition,
we further analyze the d-band structure of Ni(111) and Niy sup-
ported on MgO, as shown in Fig. 2, and calculate the d-band center
by E7 [53,54].

o, I EpalErde
I*. palBde

where p, represents the density of states projected onto the Ni
atoms’ d band; E is the energy of d-band. As shown in Fig. 2, the
d-band of Nig in D(Niq) becomes narrow compared to that in
P(Nigy) and Ni(111). The calculated d-band centers of Ni(111),
P(Nig) and D(Niy) are —1.42, —1.21 and —1.19 eV, respectively.
Obviously, the d-band centers of P(Nis) and D(Nig4) upshift to the
Fermi level compared to that of Ni(111). In general, the closer the
d-band center to the Fermi level, the more reactive is the catalyst
[55]. Therefore, the possible activity order of the three model cata-
lysts might be: D(Niy) > P(Nig) > Ni(111). However, this deduction
should be further tested, according to the potential energy surface
of the CH,4 dissociation reaction, due to the strong metal-support
interaction between Ni and MgO.

(E7)

3.2. CH, dissociation

To give a deeper insight into the CH,4 dissociation mechanism,
as well as the support effects of MgO, the potential energy surfaces
(PES) of methane dissociation reactions on the perfect and defec-
tive MgO supported on Niy, are systematically investigated. For fur-
ther comparison, the PES of CH, dissociation on Ni(111) without
MgO reported in our previous work [25], is also discussed herein.

e CH,; — CH; +H

CH, adsorption: As shown in Fig. 3, CH4 only molecularly ad-
sorbs at the top site of Nig atom. The geometrical parameters of
CH,4 adsorbed on Niy/MgO are listed in Supporting Materials. The
bond lengths of C-H on P(Ni4) and D(Ni,) remain 1.096 A, which
are the same as the free CH, molecule, indicating the very weak
interaction between CH4 and Niy/MgO. The distances of C-Niy are
3.463 and 2.901 A, and the adsorption energies are 0.05 and
0.09 eV on P(Ni4) and D(Niy), respectively. The positive adsorption
energies are consistent with that for CH, adsorption on spinel
Al,03 supported Niy (0.04 eV) [52]. Similarly, when CH, adsorbs
on Ni(111), the bond length of C-H is 1.097 A with an adsorption
energy of —0.02 eV, indicating their weak interaction. Based on the
bond lengths of C-H and the adsorption energies above, the inter-
actions between Niy and MgO have little effects on the adsorption
behaviors of CH4 on Nig/MgO.

CHj3 adsorption: The most stable configurations of CH3 on both
Niy/MgO models are adsorbed at the bridge site of Ni. and Nig, in
which a C-H bond points to the vicinal Nig atom and the other
two are located at the side of the Ni.—Nig. The C-Nig and C-Ni,
bond lengths are 2.095 and 1.956 A on P(Ni4), while 2.150 and
1.930 A on D(Niy), respectively. The C-H bonds, paralleled to the
Ni.-Nigq bond, are elongated to 1.139 and 1.124 A on P(Ni4) and
D(Niy), respectively. Meanwhile, the other two C-H bonds are al-
most elongated to 1.105 A. The corresponding adsorption energies
are —2.36 and —1.89 eV on P(Ni,) and D(Ni,), respectively, which
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Table 1

Interaction distances and relevant dihedral angles of the optimized structures of Nis/MgO system (bond in A, and angle in °).

Ni,—Nip Nip—Ni Nic—Nig Ni,—Nig Nip—Nig @(Ni,—Nip—Nig—Nic)
P(Ni4) 2.225 2.239 2.296 2.320 2.342 103.2
D(Niy) 2.269 2.321 2.232 2.272 2.895 119.4

Table 2
Hirshfeld charges for Niy/MgO and CH, (x = 0-3) adsorbed on supported Nis/MgO (in
e).

P(Nis) D(Ni4)
Niy/MgO Nig -0.22 -0.37
CHj3 /Nig/MgO CH; -0.12 -0.10
Nig -0.09 -0.25
CH;,/Nig/MgO CH, -0.14 -0.12
Nig -0.03 -0.22
CH/Nis/MgO CH -0.15 -0.14
Nig -0.08 -0.24
C/Nig/MgO C -0.20 -0.19
Nig -0.04 -0.22
H/Nis/MgO H -0.10 -0.06
Nig -0.13 -0.31
20
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Fig. 2. The PDOS for Ni4 on the three catalysts (a) Ni(111), (b) perfect Nis/MgO and
(c) defective Niy/MgO.

are both stronger than that on Ni(111), —1.81 eV. Similar adsorp-
tion energy increase was also reported by Li et al. [52], in which
CHj3 adsorbs at the interface (C bonded Al and Ni) with adsorption
energy of —2.50 eV on Nig/Al,05. These increases of adsorption
energies on Nig/support might be attributed to the interaction of
metal and support. To give insight into the support’s effect on
the adsorption of CHs, the adsorption energies of CHs; on both
Niy/MgO are divided into three parts, as seen in Table 3. Obviously,
the interaction energies between CHs and Ni, are the main contri-
bution to the adsorption energies. The different interaction ener-
gies between CHs; and Niy are caused by the different
interactions between supports and Ni. For further verification,
Hirshfeld charge is analyzed. It can be seen from Table 2 that
Hirshfeld charges of CH3 are —0.12 and —0.10 e on P(Nis) and
D(Ni4); meanwhile the charges of Niy are —0.09 and —-0.25 e,
respectively. Obviously, the sum of Hirshfeld charges of CH3 and
Nis almost equals that of Niy cluster on MgO before CH3 adsorp-
tion. Therefore, from the electronic effect of the interaction be-
tween Niy and MgO, it can be deduced that Nis cluster firstly
obtains electrons from the MgO support, and then transfers elec-
trons to adspecies. Correspondingly, Ni, cluster on MgO acts as

an electronic reservoir and conduit between the adspecies and
support.

H adsorption: H prefers to adsorb at the bridge sites of Ni, and
Nigq atoms of P(Ni4) and D(Niy4) surfaces to form two H-Ni bonds
with bond lengths of 1.566-1.737 A. The corresponding adsorption
energies of H on P(Niy) and D(Ni4) are —2.95 and —2.84 eV, respec-
tively, which is slightly stronger than that on Ni(111)(—2.73 eV). Li
et al. [52] reported that H prefers to adsorb at the interface be-
tween metal and support on the Niy/y-Al,03 with an adsorption
energy of —2.96 eV, followed by another interface adsorption
(—2.63 eV). We also examined the adsorption behaviors of H at
the two similar sites on P(Nis), and found that H only adsorbs on
the interface between Niy and perfect MgO with an adsorption en-
ergy of —2.73 eV, which is less stable than that at the bridge site of
Ni, and Nig.

CH, dissociates into co-adsorbed CH3; and H: When CH,4 adsorbed
on the top of Nig atom of P(Ni,4) dissociates into CHs and H, one of
the C-H bonds is elongated to 2.713 A with C-Niq and H-Nig4 bond
lengths of 1.935 and 1.530 A, respectively, as seen in the transition
state structure P(TS1); H then moves to the bridge site of Ni,—Niq4
with two H-Ni bonds of 1.601 and 1.617 A. Meanwhile, the remain-
ing CH3 moves to the bridge site of Ni.—Nig4, and the C-Ni. and C-
Nig bonds are 1.980 and 2.032 A, respectively. The activation en-
ergy barrier of CH4 dissociation on P(Ni4) surface is 1.52 eV with
an enthalpy change of —1.16 eV.

The dissociation of CH4 on D(Niy) is very similar to that on
P(Nig4), with an energy barrier of 1.15 eV and enthalpy change of
—0.54 eV. It was reported by Li et al. [52] that the CH,4 dissociation
energy barrier is only 0.71 eV on Nis/Al,03. Obviously, different
supports (Al,03 and MgO) result in different metal-support inter-
actions, and further lead to different barriers in the CH,4 dissocia-
tion reaction.

0CH34>CH2+H

CH, adsorption: CH, prefers to adsorb at the threefold site of
Ni,-Ni.—Nig on the perfect and defective MgO surfaces. The
adsorption energies are —4.71 and —4.69 eV, respectively, which
are both slightly stronger than that on Ni(111) (—4.66 eV). Simi-
larly to the adsorption of CH3 on Niy/MgO, the interaction between
CH, and Nig4 has the dominant contribution to CH, adsorption on
Niy/MgO. Hirshfeld charges of CH, are —0.14 and —0.12 e on
P(Nis) and D(Niy), respectively.

CH; dissociates into co-adsorbed CH, and H: For the dissociation
of CH; on P(Niy), the C-H bond is elongated to 2.652 A in P(TS2),
then H moves to the bridge site of Ni,—Nig and forms two H-Ni
bonds with bond lengths of 1.577 and 1.682 A. Meanwhile, the
CH, fragment still remains at the bridge site of Ni. and Nigq atoms.
The corresponding C-Ni. and C-Nigq are reduced to1.868 and
1.875 A, respectively. The shorter C-Ni bond lengths in CH, on
P(Niy), compared with those in CH3 on P(Niy), indicate stronger
interactions between CH, and P(Ni4) than those between CHjs
and substrate. The activation energy barrier of CHs dissociation
on P(Nig) is 0.92 eV, with an enthalpy change of —0.41 eV.

A similar structure was obtained for CHs dissociation on D(Niy),
as seen in D(TS2). The corresponding energy barrier and enthalpy
change on D(Niy4) are 0.71 and —0.71 eV. Obviously, the activation
energy on D(Niy4) is lower than that on the perfect Ni4/MgO surface,
and is the same as that on Ni(111).
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Fig. 3. Side view of the geometries of reactants, transition states, and products on the Nis/MgO (001) surfaces.

e CH, - CH+H

CH adsorption: The most stable configurations of CH on P(Niy4)
and D(Nig) are shown in Fig. 3, in which the C atoms locate at
the 3-fold site of Nip, Ni. and Nig atoms. The C-Ni bond lengths
are about 1.808-1.866 A. The corresponding adsorption energies
are —6.80 and —6.60 eV, respectively, which are also stronger than
that on Ni(111), —6.24 eV. This can be attributed to the strong
interaction between CH and Ni,s. Hirshfeld charges of CH are
—0.15 and —0.14 e on P(Ni4) and D(Niy), respectively.

CH,, dissociation into co-adsorbed CH and H: Similar to the disso-
ciations of CH4 and CHs, one of the C-H bonds is elongated to
2.385 A for CH, dissociation, as seen in P(TS3). CH remains at the
3-fold site of Ni,cq atoms, while H moves to the bridge site of
Ni,-Nig atoms. The activation barrier of CH, dissociation on
P(Ni4) is 0.66 eV with an enthalpy change of —0.14 eV. Although
the dissociation structure of CH, on D(Niy) is very similar to that
on P(Niy), the corresponding energy barrier is 0.75 eV, which is rel-
atively higher than that on P(Niy). In addition, the dissociation bar-
rier of CH, on Ni(111)is 0.37 eV, which is much lower than that on
Niy/MgO surfaces. The enthalpy changes on D(Niy) and Ni(111) are
—0.70 and —0.19 eV, respectively.

eCH-C+H

C adsorption: C prefers to adsorb at the threefold sites of Ni
atoms on P(Ni4) and D(Niy) surfaces, with adsorption energies of

—7.73 and —7.52 eV, respectively, which is also stronger than that
on Ni(111), —6.90 eV. As shown in Table 3, the increase of adsorp-
tion energies on Niy/MgO are mainly derived from the interaction
energies of C and Niy. Furthermore, Hirshfeld charge of C is also
the largest among CH, and H on the corresponding P(Nis) and
D(Ni4), which is consistent with its highest adsorption energy.
Those results indicate that the more that electrons transfer to
adspecies, the stronger adsorption of CH, on Niy/MgO.

CH dissociates into co-adsorbed C and H: The dissociation of the
CH fragment on P(Nig) is quite similar to that of CH,, in which
the C-H bond is elongated to 1.910 A, and then is broken, as seen
in P(TS4). The left C atom remains at the 3-fold site of Ni atoms;
while the H atom moves to the bridge site of Ni,~Nigq. This dissoci-
ation reaction on P(Ni,) is exothermic with an enthalpy change of
0.12 eV, and the activation energy barrier is 1.09 eV. Similar disso-
ciation process can be observed for CH via D(TS4) on D(Ni4) with an
higher dissociation barrier of 1.32 eV and a lower enthalpy change
of 0.09 eV. The dissociation energy barrier of CH on Ni(111) is
1.36 eV, with an enthalpy change of 0.55 eV.

4. Discussion

4.1. Potential energy surface of CHy4 dissociation

An ideal catalyst for CH4 reforming should have a relatively
high activity and selectivity and excellent resistance of
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Table 3
Adsorption energy, deformation energy, and interaction energy for CH, (x = 0-4) and
H adsorption on Niy/MgO surfaces (in eV).

P(Nig) D(Niy4) Ni(111)

CHy
Eaas 0.05 0.09 -0.02
Edef.substrate 0.03 0.02 0
Edefx —-0.02 —-0.02 0
Eintx) 0.04 0.08 —-0.02
Eswmsi -3.03 -5.04

CH;
Eads —2.36 -1.89 -1.81
Edef substrate 0.23 0.04 0.05
Ederx 0.51 0.46 0.48
Eintx) -3.10 -2.39 —2.34

CH,
Eads —4.71 -4.69 —4.66
Edef.substrate 0.38 0.17 0.04
Ederx 0.45 045 0.01
Eintx) —5.54 -5.31 —4.70
Esmsi -3.46 -5.26

CH
Eads —6.80 —6.60 —6.24
Edef.subsn'ate 0.18 0.12 0.07
Ederx 0.03 0.04 0.03
Eint(x) -7.01 —6.76 -6.22
Esmst —3.63 -5.29

C
Eaas -7.65 -7.36 -6.90
Edef.substrate 0.27 0.15 0.12
Ederx 0.00 —-0.03 0
Eint(x) ~7.92 —~7.48 -6.92
Esmsi —3.67 -5.26

H
Eaas -2.95 -2.84 -2.74
Edef.subsn'ate 0.07 0.06 -0.04
Ederx 0 0 0
Eintx) —2.85 -2.89 -2.70
Esmst -3.24 -5.34

carbon-deposition. The biggest difficulty for the catalyst develop-
ment for CH, reforming is that a catalyst with high activity generally
leads to a high rate of carbon-deposition. How to solve the dilemma?
Could theoretical work shed light on this challenge? To explore the
possible effects of MgO support on CH,4 dissociation and give an in-
sight into the rate balance of catalytic activity and carbon deposi-
tion, the potential energy surfaces of the CH, dissociation on
P(Ni,) (black line), D(Nis)(red’ line) and Ni(111) surface (blue line)
are systematically calculated and shown in Fig. 4.

As shown in Fig. 4, CH,(a) + H(a) denotes the co-adsorbed CH,(-
a) and H(a); while CH,(a) + H(a) + H(a)’ denotes the co-adsorbed
CH,(a), H(a) and another isolated adsorbed H(a). It is well known
that the first C-H bond dissociation is very difficult for its kineti-
cally high energy barrier and thermodynamically endothermic
reaction, as seen on the Ni(111) surface. However, it becomes a
thermodynamically exothermic reaction for CH4; - CHs + H disso-
ciation when the Ni4 cluster is supported on the perfect and defec-
tive MgO surfaces. Furthermore, the energy barrier of C-H
dissociation on D(Nig), 1.15 eV, slightly decreases compared with
that on Ni(111), 1.18 eV, indicating a relatively high reaction rate

1 For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.

of CH,4 dissociation when Ni nano-particles was supported on the
defective MgO support.

For the dissociation of CHs intermediate, its energy barrier on
D(Niy) is also slightly lower than that on Ni(111). However, the en-
ergy barrier of CH, - CH + H reaction on D(Nig4) (0.75 eV) is much
higher than that on Ni(111), 0.37 eV; meanwhile, the barriers of
CH — C+H dissociation on D(Niy) and Ni(111) are both as high
as about 1.32-1.36 eV. It is well known that the dominant reason
to deactivation for CH4 reforming catalysts is carbon deposition,
including the formation of fused ring carbon by the polymerization
of CH fragments, as well as the graphite carbon by the aggregation
of C atoms on the surface of catalysts. Both kinds of carbon depo-
sition might cover the active site on Ni-based catalysts, leading to
the rapid decrease in activity of CH, reforming. Due to the lower
energy barrier of CH, dissociation on Ni(111), the rate of carbon
deposition might be very high, which is consistent with the exper-
imental facts that the initial activity of Ni nanoparticles is very
high and decreases very fast when non-interaction exists between
metal and support [56]. However, according to the comparison of
energy barriers on Ni(111) and D(Niy), the slightly lower energy
barriers of the sequent dissociations of CH4 — CH, + 2H and higher
barriers of the CH; further dissociation on D(Niy), indicate that the
D(Niy) catalyst has high activity of CH, reforming and good resis-
tance of carbon deposition. This result is well consistent with the
experimental data that the CH,4 dissociation rate is high and stable
when Ni nano-particles was supported on MgO with high surface
area, which might have more oxygen vacancies than the perfect
one [57,58].

Different from Ni4 cluster supported on the defective MgO sup-
port, the energy barrier of CHy; — CH3 + H reaction on P(Niy4) is
much higher than those on Ni(111) and D(Nig), which suggests a
much lower activity of CH4 reforming on P(Nig). This calculation
is also in good agreement with the experimental result, in which
the catalysts of Niyq supported on MgO with the fine crystallization
and low surface area have relatively low reaction rate of CHyi
reforming [57,58].

It was reported that CH, oxidation to CH,O [59-63] is also very
important for CH4/CO, reforming, which might reduce the corre-
sponding carbon deposition. Therefore, the typical CH species oxi-
dation behaviors on Ni(111), P(Nis) and D(Niy4) are also involved in
the present work. The corresponding geometries of reactions,
intermediates and products are shown in Fig. 1S in Supporting
Materials. On D(Ni4), the activation energy barrier of CH and O
reaction is 0.64eV, which is slightly lower than that on
Ni(111)(0.80eV) and much less than the value (1.17 eV) on
P(Nig4) [28]. This result indicates that CH species on D(Nig4) is more
prone to be oxidized to CHO and reduce the possible carbon depo-
sition than on the perfect MgO support, which further support that
Ni cluster on the defected MgO might be a good catalyst for CH,/
CO, reforming than on the perfect one.

Therefore, an excellent catalyst for CH4 reforming should have
the lower energy barriers of the sequent dissociations of CHy — -
CH, + 2H, which means a high rate of CH, dissociation; further-
more, its barrier of the CH, further dissociation should match up
with that of CH oxidation, which ensures that the CH species will
be consumed instead of polymerizing to form the fused ring carbon
deposition. This theoretical deduction points out the direction of
the experimental efforts for the catalyst development of CHy4
reforming. Ni nano-particles supported on the defective MgO
might be one of the good choices.

4.2. Effects of metal-support interactions on CH, reforming
According to the foregoing analysis, the adsorption energies of

CHs, CH,, CH and C on D(Niy4) are generally relatively weaker than
the corresponding ones on P(Ni,), which might be attributed to the
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Fig. 4. Potential energy surfaces for CH,4 dissociation on the three catalysts (a) Ni(111), (b) perfect Ni,/MgO and (c) defective Niy/MgO.

strong interactions between Nis and MgO. As listed in Table 3, the
interaction energies between Niy and the perfect MgO vary from
—3.03 to —3.67 eV; which are much less than those between Nig
and the defective MgO surface, —5.04 ~ —5.34 eV. It seems that
the stronger the interaction between metal and support, the weak-
er is the adsorption for CH, on Niy/MgO model catalysts. What is
the electronic nature for this result? As seen in Table 2, the abso-
lute charge values of Niy on D(Nig) are higher than those on
P(Niy), indicating that more electrons are transferred from support
to Niy4 clusters due to the stronger interaction between Niy and the
defective MgO surface. However, a few electrons are fed to the CHy
adspecies, leading to the relatively weak adsorption energies.

On the other hand, the strong interaction between Ni4 and the
defective MgO also leads to the decrease in energy barriers of the
sequent dissociations of CH4 — CH; + 2H and an appropriate barrier
of CH oxidation (0.64 eV) which matches up with that of CH, fur-
ther dissociation (0.75 eV). This provides a way to develop new cat-
alysts with high activity and good resistance of carbon deposition,
that is, reducing MgO support to produce more oxygen vacancies,
or dispersing Ni nano-particles on MgO with high surface area
and more possible defects. This deduction is supported by the
experimental facts that the reduced Ni/MgO catalysts have a higher
activity and more excellent anticoking performance than those that
are unreduced [19-22]. Another novel technique is to provide elec-
tronic donors by using additive reagents into the Ni/MgO catalysts
to increase the interactions between Ni nano-particles and MgO.
For example, Su et al. [64] reported that the ZrO, promoted Ni/
MgO catalysts increase the electronic density of Ni, and further
have relatively high activity and resistance of carbon deposition.

The calculated potential energy surfaces on D(Nis) and P(Niy)
can be used to analyze the CH,4 dissociation from the perspectives
of the reaction activation energies associated with the elementary
reaction step. They are useful for design or development of cost-
effective catalysts with desired activity and strong carbon-deposi-
tion resistance. According to the PES and the stronger interactions
between Ni cluster and the defective MgO support than on P(Nig)
lead to the lower energy barriers of CH4 — CH, and more appropri-
ate barrier for CH oxidation (0.64 eV), which is close to the CH, dis-
sociation energy level (0.75 eV). The finding could lead a way for
engineering the MgO supports with more oxygen vacancies and
higher surface areas.

5. Conclusion

In the present work, the effects of the strong interactions be-
tween Niy and MgO on the adsorptions of CH, and H as well as

the sequent dissociations of CH4 on perfect and defective MgO sup-
ported Ni, are systematically investigated by DFT calculation. It is
demonstrated that CH, weakly adsorbs on Nis/MgO catalysts,
while strong chemical adsorption occurs for CHs, CH,, CH, C and
H atom. The interaction between Niy and the defective MgO is
stronger than with the perfect one, and the corresponding adsorp-
tion energies of CH,(x = 0-3) and H are weaker than those on the
perfect Nig/MgO. On the basis of Hirshfeld charge analysis, it is
found that the stronger interactions between Ni, and MgO support
lead to lower electronic feed from Niy to CH, adspecies, resulting in
weaker adsorption. Compared with CH,4 reaction on Ni(111) and
P(Ni4), the energy barriers of the sequent dissociations of CH; — -
CH, + 2H on D(Ni,4) are relatively lower, while the barrier of CH oxi-
dation matches up with that of CH, dissociation, which might lead
to high activity and low carbon deposition rate. The present theo-
retical work should shed light on catalyst development for high
performance CH4 reforming.
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