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Screening single-atom catalysts for methane activation: α-Al2O3(0001)-supported Ni
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Methane activation is one of the biggest challenges for chemical conversion of hydrocarbons and fundamental
science. We systematically screen d-block transition metal elements as potential candidates of single-atom
catalysts (SACs) for methane dissociation. The adsorption of methane on free metal atoms strongly depends
on the number of d electrons of SAC, where the maximum binding energy is formed with the Ni group
(electronic configuration d8s2 or d9s1). Interestingly, the magnetic moment of the SACs decreases by 2μB for
strong interactions, suggesting that the methane-metal bond forms a spin singlet state involving two electrons
of opposite spins. To examine the effect of substrates, the screened transition metals, Ni, Rh, and Pt are further
put onto prototype metal oxide surfaces. The substrate dramatically modifies the discrete energy levels of a
single metal and its catalytic properties. Single Ni atoms supported on an O-terminated α-Al2O3(0001) surface
(Ni1/Al2O3) show superior catalytic properties, with a low activation barrier of 0.4 eV (0.11 eV after zero-point
energy correction) for the C-H bond dissociation and simultaneously an extreme stability with a high binding
energy of ∼9.39 eV for the Ni anchor. This work identifies Ni1/Al2O3 catalyst as an optimal SAC and offers
new atomistic insights into the mechanism of methane activation on SACs.
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I. INTRODUCTION

A single metal atom, possessing the smallest size among
all metallic nanoparticles and serving as an emerging type of
heterogeneous catalysts, has been widely studied in the last
five years [1–15]. As is well known the size of metal clusters
is a key parameter in determining the performance of catalytic
activities and reaction pathways. Noble metals like gold,
which are inert in the bulk phase, become reactive in small
size clusters. The increasing number of active sites of small
nanoclusters and the quantized electron energy levels exhibit
a distinctive gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), leading to dramatic quantum size effects. The effects
become more prominent when the dimension is reduced down
to a single atom. Single-atom catalysts (SACs) may offer great
potential for high chemical activity and selectivity in many
processes, e.g., water gas shift reaction. For instance, it was
reported recently that a single-atom catalyst, Pt1/FeOx , was
almost 2–3 times more active than other catalysts for CO
oxidation, and at the same time exhibited excellent stability
on iron oxide [10].

Among numerous chemical reactions, the activation of
methane has always attracted great interests in fundamen-
tal and applied researches, driven by industrial needs and
economic benefits [16–20]. Traditionally, planar and stepped
nickel surfaces are the most commonly used catalysts for
various practical processes such as Fischer-Tropsch (FT)
synthesis and steaming methane reforming (SMR) [21–24],
because of its low expenditure and acceptable reactivity. Noble
metal surfaces, such as Rh and Pt, are also explored in
theoretical studies and laboratory experiments, to promote the
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efficiency of reactions [25–27], for example, P. Bothra et al.
reported that Rh(110) surfaces have a lower barrier of 0.69 eV
than those on pure Ni(110) with a chemical barrier of 0.89 eV,
for the first C-H bond cleavage [28]. It is, however, hard to find
industrial applications due to the high cost and less availability
of these metals. Moreover, the isolated and supported metal
clusters, such as Au2 [29] and Fe2 [30], have also been
considered as good candidates for methane activation. But
their stability and reactivity are severely limited when used
in a practical environment. Recently, SACs have also been
proposed for the conversion of methane [31,32]. Using single
iron atoms confined in silica (Fe c©SiO2), X.G. Guo et al.
worked out a direct conversion of methane into high-value
chemical products, especially ethylene and aromatics, without
the production of carbon dioxide at 1636 K [33]. This may
provide a new probable way to activate CH4 molecules in
spite of its high reaction temperature.

In the present work, we study systematically the activation
of methane, in particular the adsorption and the C-H bond
cleavage of CH4(CH4 → CH3 + H) on free and supported
single transition metals (TMs) using density functional theory
(DFT). It is well known that methane molecule has a
tetrahedral geometry and close shell electronic configuration
without electronic and spin polarization. It has a strong C-H
bond strength of 4.5 eV, making it thermodynamically stable
in room temperature. The breaking of the first C-H bond is
the initial and rate-limiting step of many reactions involving
methane. On single 3d, 4d, or 5d TM atoms, the adsorption
energy of methane is found to depend closely on the number
of d electrons. The metal atom does not bind a CH4 molecule
if its d-orbital filling is empty, half- or full-filled; whereas
strong interaction occurs when the number of d electrons is
nearly full, e.g., on Ni, Pt, and Rh. This is mainly because
the sp3 orbitals of CH4 prefer to interact with the d2

z , dxz,
and dyz orbitals of metals with favorable charge transfer from
methane to TM atoms. When a much stronger carbon-metal

2475-9953/2017/1(3)/035801(8) 035801-1 ©2017 American Physical Society

https://doi.org/10.1103/PhysRevMaterials.1.035801


FEI GAO, SHIWU GAO, AND SHENG MENG PHYSICAL REVIEW MATERIALS 1, 035801 (2017)

(C-M) bond is formed, the magnetic moments of the TM
atoms decrease by 2μB, resulting in a large methane adsorption
energy of ∼0.3 eV. It also suggests the formation of a singlet
spin state upon methane adsorption. After a primary screening,
four SAC candidates, Ni, Pt, Rh, and Pd atoms are chosen
for detailed investigation. The first three atoms display good
catalytic capabilities for the C-H bond activation with almost
vanishing dissociation barriers. To simulate more realistic
catalysts, these single metal atoms, Ni, Pt, and Rh, are put
onto α-Al2O3 surface, where the binding of the metal atoms
and the dissociation barrier of methane are calculated. Single
Ni atoms supported on O-terminated α-Al2O3(0001) surface
(Ni1/Al2O3) show not only a low-energy barrier of 0.4 eV for
C-H bond cleavage, but also a large metal adsorption energy
of 9.39 eV per Ni atom. It has the best stability and chemical
reactivity for methane dissociation. Our calculations provide
atomic level insights into the mechanism of methane activation
on SACs, and identify the optimal Ni1/Al2O3 catalyst for
methane dissociation.

II. COMPUTATIONAL METHODS

Our first-principles calculations are performed within the
framework of DFT using Vienna ab initio simulation package
(VASP) [34]. The projector augmented wave (PAW) [35,36]
pseudopotentials and the general gradient approximation
(GGA) [37] in Perdew-Burke-Ernzerholf form [38] in all
cases and the Bayesian error estimation functional with van
der Waals correlation (BEEF-vdW) functional [39] in the
cases of all free metal atoms and the Ni1/Al2O3 catalyst
for exchange-correlation energy are employed. A plane-wave
cutoff of 400 eV is used to expand the wave function. Spin
polarization is invoked in all calculations.

For the models of free single TM atoms, the supercell
usually contains a vacuum layer of >15 Å and only one k

point is used. All atoms are allowed to relax until the forces
on each atom converge to less than 0.01 eV/Å. Furthermore,
different initial configurations for each case are calculated and
checked to ensure that the optimized geometry has the ground
state spin configuration. The α-Al2O3 substrate is modeled by
a 15 atomic layer slab with metal atoms sitting in a 2 × 2
supercell, corresponding coverage of 0.25 monolayer (ML) of
metal atoms. The bottom three layers in the slab are fixed at
their respective bulk position. The lattice constant of the Al2O3

slab is optimized to be 4.80 Å, consistent with the experimental
value, 4.76 Å [40]. We consider the most stable facet (0001)
using a vacuum layer of 20 Å along the z axis and the sampling
of the Brillouin zone with a 3 × 3 × 1 k-point grid. All atoms
except those in the fifth trilayer of Al2O3 are allowed to relax
until the force is less than 0.04 eV/Å. The dipole correction
along the vertical direction is always included.

Reaction pathways are explored with the climbing image
nudged elastic band (CI-NEB) method [41–43]. The initial and
final state geometries for each step of all models are tested,
and the ones with lowest energies are selected as the reactants
and products in the minimum energy path (MEP). Our NEB
calculations are considered converged when all forces are
smaller than 0.01 and 0.1 eV/Å for the cases with isolated
and supported metal atoms, respectively.

III. RESULTS AND DISCUSSION

A. Methane dissociation on isolated single metal atoms

It is well known that methane turns to be more active on
transition metals, such as nickel. The first step of methane
dissociation, CH4 → CH3 + H, is generally considered as
the rate-limiting step. We thus explore the adsorption and
dehydrogenation of CH4 molecule on an isolated TM atom
with d electrons, as shown in Fig. 1. Calcium and zinc atoms
are also included for comparison. The inset in Fig. 1 represents
the thermodynamically preferred adsorption geometry of
methane. Here, the adsorption energy of methane is given by
the following formula:

E
CH4
ads = ECH4 + EM − ECH4-M, (1)

where ECH4 , EM, and ECH4-M are the total energies of a CH4

molecule, the single metal, and the complex of CH4 and
metal atom (CH4-M), respectively. Considering the limitation
of the pure GGA-PBE functional on methane adsorption,
more accurate exchange-correction functional, the BEEF-vdW
functional, is employed, and the GGA-PBE results are shown
in Ref. [44], Fig. S1. It is obvious that all the Ca-, Sc-, Cu-,
and Zn-group elements, whose d orbitals are either nearly
zero or fully filled, bind weakly to CH4 molecules with an
adsorption energy less than 0.1 eV. The same trend also occurs
for the half-filled d-orbital elements such as Cr, Mn, Mo, Tc,
and Re. This weak binding is mainly generated by their stable
d-electron configuration, which leads to an unfavorable charge
transfer between methane and the metal atoms. In contrast,
common catalysts, including the Ni-group elements and Rh
atom, are more favorable for methane adsorption with the
binding energies all larger than 0.2 eV, reaching even 0.46 eV
for Rh and 0.49 eV for Pt as found in previous works [45,46].
The error estimations by this functional here are small, with
an average value of 0.098 eV.

The calculated magnetic moments of free TM atoms
with/without CH4 molecule are also listed in Fig. 1. Upon
methane adsorption, magnetic moment generally decreases by
2μB for Ni, Rh, and Pt, suggesting a strong exchange coupling
between CH4 and the TM atoms, which implies that the CH4

molecule is chemically adsorbed on such atoms. A covalent
carbon-metal bond is formed involving a pair of electrons with
opposite spins, shown in Fig. 2(a). The magnetic moment does
not need to change for the Pd atom, where it is already in the
spin singlet ground state.

It is interesting that single TM atoms with eight and nine
d electrons, such as the Ni, Rh, Pt, and Pd atoms, have the
strongest capability for methane adsorption with magnetic
variation (adsorption energy in the range of 0.2–0.5 eV).
From the charge density difference for the CH4 adsorbed on
these metals, we find that the charge transfer from methane to
metal and formation of a strong adsorbate-metal bond occur,
shown in Ref. [44], Fig. S2. Furthermore, the partial density
of states (PDOS) displays that the orbitals of methane prefer
to have strong interactions with the d2

z , dxz, and dyz orbitals of
single metals. After this initial screening, we choose Ni-group
elements and Rh as primary candidates of SACs, which are
subject to further studies for the first C-H bond cleavage of
methane.
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Element Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn

Conf. 3d04s2 3d14s2 3d24s2 3d44s1 3d54s1 3d54s2 3d64s2 3d74s2 3d94s1 3d104s1 3d104s2

0.018 0.046 0.100 0.040 0.023 -0.002 0.003 0.252 0.283 0.026 -0.008

0.0 1.0 2.0 5.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

0.0 1.0 2.0 5.0 6.0 5.0 4.0 3.0 0.0 1.0 0.0

0.073 0.084 0.113 0.234 0.049 0.072 0.028 0.160 0.159 0.068 0.075

Element Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

Conf. 4d05s2 4d15s2 4d25s2 4d45s1 4d55s1 4d55s2 4d75s1 4d85s1 4d105s0 4d105s1 4d105s2

0.030 0.009 -0.009 0.179 0.012 0.102 0.110 0.462 0.219 0.029 0.027

0.0 1.0 2.0 5.0 6.0 5.0 4.0 3.0 0.0 1.0 0.0

0.0 1.0 4.0 5.0 6.0 5.0 4.0 1.0 0.0 1.0 0.0

0.065 0.071 0.342 0.136 0.062 0.055 0.069 0.093 0.185 0.045 0.050

Hf Ta W Re Os Ir Pt Au Element

5d26s2 5d36s2 5d56s1 5d56s2 5d66s2 5d76s2 5d96s1 5d106s1 Conf.

0.018 0.108 0.035 0.031 0.027 0.042 0.492 0.030

2.0 3.0 6.0 5.0 4.0 3.0 2.0 1.0

2.0 3.0 6.0 5.0 4.0 3.0 0.0 1.0

0.065 0.089 0.047 0.055 0.067 0.089 0.136 0.088

CH4

M

FIG. 1. The adsorption energy of methane on single metal atoms by the Bayesian error estimation functional with a van der Waals correlation
(BEEF-vdW) functional. The electronic configuration and magnetic moment of metal atoms with/without CH4 molecule are also summarized.
The E

CH4
ads and Err represent the CH4 adsorption energy and the Bayesian ensemble error, respectively. The inset shows the optimized geometry

of the methane-metal atom complex (CH4-M).

Although the CH4 binding energy is over estimated gen-
erally and the magnetic moment of single Ti and V metal
atoms and CH4-Ru and CH4-Ir complexes are not correct as
shown in Ref. [44], Fig. S1, the pure GGA-PBE functional
could give the same trends of methane adsorption on free

+ +

+

Isolated atom M1/Al2O3

+ +
dz2
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Pt
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++++++++++++++++++
+dz2

dxz dz2

dxzRh
4d85s1
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dz2

Ni
3d94s1

(a) (b)

FIG. 2. Schematic illustration of orbital interactions of the Pt, Rh,
and Ni atoms before and after methane binding for (a) isolated SACs
and (b) those supported on Al2O3 substrate.

TM atoms mentioned above. The optimized geometry and
magnetic variation of methane on Pt, Rh, and Ni atoms are
almost the same by the two functionals, shown in Table I and
Fig. S1 in Ref. [44]. This is mainly because that the strong
chemical interactions in such systems are dominant, and the
GGA-PBE yields reasonable results for them. Based on this
fact, we thus employ the GGA-PBE functional in the later
studies, including the isolated and supported Pt, Rh and Ni
atoms, and compare the results with those from the BEEF-vdW
functional whenever necessary.

The calculated reaction barriers and optimized geometries
of methane on the selected atoms are summarized in Table I.
It can be seen that the Pt, Rh, and Ni atoms have small
dissociation barriers (<0.1 eV), leading to an estimated

TABLE I. Chemical barriers for methane dissociation (EB ) and
excess energy (EREST) on four single metal atoms with GGA-PBE
functional. Distances between carbon and metal in reactant (dCM

reactant)
and product (dCM

product), and the angles between carbon, metal, and
hydrogen (∠CMH) are listed.

EB (eV) EREST (eV) dCM
reactant (Å) dCM

product (Å) ∠CMH (˚)

Pt 0 1.33 2.10 1.97 95.3
Rh 0.06 0.67 2.20 1.98 93.0
Ni 0.09 0.31 1.91 1.84 94.7
Pd 0.35 −0.11 2.25 1.99 85.3
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FIG. 3. Schematic representation of CH4 dissociation reaction
pathway on a single Ni atom by GGA-PBE functional. Optimized
geometries of reactant, transition state (TS) and product are shown.
Dark gray, white, and light gray spheres represent C, H, and Ni
atoms, respectively. The EB represents the reaction barrier and the
EREST stands for the excess energy.

reaction rate υ ≈ 2.1 × 1010 s−1 at room temperature (using
a typical prefactor of 1012 s−1). It means that conversion
of a CH4 molecule into the CH3 and H fragments may be
spontaneous. Our calculations also compare well with previous
works [47,48]. For example, B. Liu et al. [48] reported that
the binding energy of methane on single Ni atom is 0.4 eV
with a reaction barrier of 1.7 kcal/mol (0.07 eV), which are
similar to our results E

CH4
ads = 0.53 eV and EB = 0.09 eV,

respectively. Moreover, the reaction barrier (0.12 eV), the
excess energy (0.36 eV), and the optimized geometries of
the reactant, transition state, and product for CH4 on Ni atoms
are almost the same if the BEEF-vdW functional is used, as
shown in Ref. [44], Fig. S3, which indicates that GGA-PBE
produces reasonable results. Comparing the three metals, a
weak interaction between Pd and CH4 molecules gives a higher
chemical barrier of 0.35 eV. The excess energy denotes the
potential energy difference between the product and reactant,
given by the following formula:

EREST = Ereactant − Eproduct, (2)

where Ereactant and Eproduct are the total energies of the reactants
and products, respectively. For the Pd atom, the excess energy
is −0.11 eV, which implies an irrationally thermodynamic
activation for the C-H bond cleavage. Therefore we conclude
Pd is not suitable for CH4 activation and focus only on Pt,
Rh, and Ni SACs below. Moreover, the adsorption of CH4

molecules on Pt, Rh, and Ni atoms have similar structures
for both the product and reactant by analyzing the distance
between carbon and metal, and the angle between carbon,
metal, and hydrogen (∠CMH), as listed in Table I. The reaction
pathway of methane activation on a free single Ni atom as an
example is shown in Fig. 3, and the configuration of transition
state is also close to that in earlier works [47,48]. Because of a
favorable charge transfer from methane to the metals, the C-H
bond of methane is greatly weakened on these three atoms,
which leads to a much lower dissociation barrier of the CH4

molecule, even 0 eV. Our results indicate that single TM atoms

TABLE II. Metal binding energy (EM ) and methane adsorption
energy (ECH4

ads ) of Pt, Rh, and Ni atoms on MgO and Al2O3 surface
with GGA-PBE functional.

Al2O3(0001) (eV)

Al-terminal O-terminal
MgO(001) (eV) surface surface

EM EM EM E
CH4
ads

Pt 2.25 2.11 8.50 0.02
Rh 1.72 2.34 9.76 0.05
Ni 1.93 2.01 9.39 0.23

Ni, Rh, and Pt, are the most optimal candidates of catalysts for
methane activation.

B. Methane activation on Ni1/Al2O3(0001)

An ideal supporting substrate is vitally important for
practical applications of SACs. It plays at least two significant
roles here: one is to give prominence to catalysis by a suitable
interaction between the single TM atoms and substrate; the
other is to hold the single TM atoms tightly, in order to prevent
aggregation of adsorbed metal atoms. It is, however, hard to
keep a good balance between high catalytic activity and strong
binding of metal atoms to the substrate. The dangling bonds of
metal atoms would be saturated as the atom-substrate bonds
are formed, often resulting in a weak interaction with methane
molecules. Particularly, electronic states of metals could be
modified and redistributed by the interactions between the
substrates with TM atoms, which may result in quite different
catalytic activation for methane molecules. Here, we explore
the commonly used metal-oxide surfaces, such as MgO(001)
and α-Al2O3(0001), as possible substrates to support single
metal atoms [49,50]. All single TM atom adsorptions at the
fcc, hcp, and bridge sites of the oxygen atoms in the top layer
for both the O- and metal-terminated surfaces are considered.
The distance between the neighboring metal atoms in adjacent
supercells reaches 9.6 Å, which can be considered as isolated
active sites in catalysis.

The adsorption energies of the Ni, Pt, and Rh atoms
on three different substrates are listed in Table II. The
O-terminated α-Al2O3(0001) surface exhibits an excellent
capability for metal binding, with adsorption energies in the
range of 8.5 to 9.76 eV per TM, which are much larger
than the binding energies of ∼2.0 eV on the MgO(001) and
the Al-terminated α-Al2O3(0001) surfaces. Importantly, these
adsorption energies are also larger than the cohesive energies
for bulk metals, which is on the order of 4.5 eV for bulk Ni. It
means that the formation of metal clusters on an O-terminated
α-Al2O3(0001) surface could be suppressed, otherwise the
aggregation of metals would largely reduce the catalytic
reactivity of SACs. Here, other phases of alumina such as
γ -Al2O3 are excluded, due to their unsuitable geometries for
catching single metal atoms [51,52]. It is noteworthy that
the Al-terminated α-Al2O3(0001) surface in vacuum relaxes
considerately with the cations moving toward the underlying
anions, and has the lowest surface energy. This surface,
however, is very reactive, and the terminal Al atoms can
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FIG. 4. Partial density of states (PDOS) projected onto the p

orbitals of three adjacent oxygen atoms (gray lines) and d orbitals of
Pt (red line), Rh (green lines), and Ni (blue lines) and CH4 component
(purple lines) in (a) clean O-terminated Al2O3; (b) Pt1/Al2O3 catalyst;
(c) Rh1/Al2O3 catalyst; (d) Ni1/Al2O3 catalyst; (e) free CH4; and
(f)–(h) CH4 on M1/Al2O3. The GGA-PBE functional is employed
here. The inset displays the top view of M1/Al2O3 catalyst, and
metal and three adjacent oxygen atoms are all labeled. Pick, red, and
light gray spheres represent Al, O, and metal atoms, respectively.

split water molecules to form solvated Al(OH)3, which can
be easily removed from the surface, leading to Al-deficient
surfaces [53]. As a result, the O-terminated surface can be
exposed to strongly bind metal atoms. In addition, a similar
model catalyst, Pt1/FeOx , has been fabricated in experiment
and used as an optimal single-atom catalyst for CO oxidation
[10]. This is very similar to our model structure, in which
each metal atom is embedded by three surface oxygen atoms.
Moreover, O-terminated α-Al2O3(0001) surfaces have been
observed and investigated to illustrate the interactions with
different metals [54]. With the development of experimental
technology, the O-terminated metal substrates in catalysts have
become more mature and popular.

Hereon, we consider single metal atoms embedded onto the
O-terminated Al2O3(0001) surface (M1/Al2O3) as potential
candidate SACs for methane activation with M = Ni,Rh,Pt.
Since the metal atom is bonded by three adjacent oxygen
atoms on the surface [shown in the insert of Fig. 4(a)], the
orbitals of the metal atom are now mostly occupied. Therefore

smaller adsorption energies of methane on the O-terminated
Al2O3 surface are expected than those on free atoms, also
listed in Table II. Here, we focus on the electronic property
and catalytic activation of M1/Al2O3, beyond considering
only the adsorption energy of methane. However, we note
that at high temperatures, the lifetime of adsorption species
decreases sharply during the activation of methane, and
the adsorption-dissociation mechanism might transform to
collision-dissociation pathways. An estimation of parameters
on the adsorption or collision probability is also important,
which is beyond the scope of the present study.

To our surprise, the adsorption of CH4 on Ni1/Al2O3

is relatively stable with an adsorption energy of 0.23 eV,
which is substantially larger than that on Pt (0.02 eV) and
Rh (0.05 eV) SACs. When using the BEEF-vdW functional,
the adsorption energy of methane on Ni1/Al2O3 is 0.33 eV
with an error estimation of 0.196 eV. Detailed analysis of the
hybridized energy states, as shown in Fig. 4, indicates that
the CH4-SAC interaction is dominated by the HOMO of the
CH4 and the d states of the SACs, namely the d2

z , dxz, and
dyz orbitals of TM atoms, around the Fermi level. According
to the frontier molecule orbital (FMO) theory, the molecule
adsorption energy depends on the difference between the
HOMO-LUMO levels of the electron donor and acceptor.
While the HOMO of CH4 is the same in all cases, the empty
d orbitals of the Ni atom lie 1 eV lower than that of the Pt and
Rh, which explains a stronger CH4 adsorption on Ni1/Al2O3.
This picture is also consistent with the d-band center theory
that the higher energy position of the d-band center is more
active in catalysis. In this case, the d-band center energy is
−5.62,−6.02, and −6.25 eV for the supported Ni, Rh, and Pt,
respectively.

Furthermore, the interaction between the CH4 and the
M1/Al2O3 is dominated by the magnetic exchange interac-
tions. The O-terminated α-Al2O3(0001) surface is ferromag-
netic with a magnetic moment of 1μB for each dangling O bond
on the surface. Metal adsorption removes the spin polarization
of the three adjacent oxygen atoms, which dramatically
reduces the magnetic moment (by 3−4μB) of the SACs.
This reduction is mainly caused by the removal of surface
symmetry breaking around the oxygen atoms. For methane
adsorption, Figs. 4(f)–4(h), the magnetic moment increases
by 4μB on Ni1/Al2O3, but does not change in the cases of
Pt and Rh. For CH4 on Ni1/Al2O3, the spin-up part of the
empty d orbitals is downshifted and becomes occupied. This
shift of the spin-up state pushes the spin-down d2

z orbitals
upwards, mediated likely by the on-site Coulomb correlation,
and leads to the increase of the magnetic moment, as shown
in Figs. 2(b) and 4(h). Such a spin interaction is also present
in Rh SAC, but it does not change the local magnetic moment,
keeping the magnetic moment of Rh ∼ 1 μB. For the case of
Pt, the interaction of the Pt d2

z orbitals with the O atoms is so
strong that the Pt atom is fully saturated, leading to a much
weaker interaction between methane and the Pt1/Al2O3, as
shown in Fig. 4(f). Figures 2 and 4 indicate the impact of
exchange interaction on the catalytic behaviors of SACs, which
is unknown before. It needs future experimental and theoretical
attention.

Three additional systems, Ti1/Al2O3, Ir1/Al2O3, and
Ru1/Al2O3, are also studied, as shown in Ref. [44], Figs. S5
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FIG. 5. Schematic representation of methane dissociation reac-
tion pathway on (a) Rh1/Al2O3 and (b) Ni1/Al2O3 catalysts. The
GGA-PBE functional is employed here. Optimized structures of
reactants, transition states and products are all shown. Dark gray,
white, light dark, red, and pink spheres represents C, H, Ni/Rh, O,
and Al atoms, respectively. The EB represents the reaction barrier
and the EREST stands for the excess energy.

and S6. The less d state of Ti near the Fermi level makes
it hard to bind a CH4 molecule. Like the case of Pt, due
to strong interactions between the Ir dz2 orbitals and the O
atoms, Ir1/Al2O3 catalysts have very weak interactions with
methane. For Ru1/Al2O3, methane adsorbs on metal with the
binding energy of 0.03 eV, but the magnetic moment does
not change. Figures S5 and S6 in Ref. [44] indicate that the
empty spin-down d orbitals of Ru atom becomes occupied,
and the spin-down dz2 orbitals is upshifted, which is similar to
Rh1/Al2O3. Therefore the Ni1/Al2O3 catalyst is the best one
among all the supported SAC considered here.

Finally, NEB calculations have been performed to de-
termine the MEP for methane activation on the Ni1/Al2O3

catalyst. The reaction pathway on the Rh1/Al2O3 catalyst is
also given for comparison, as shown in Fig. 5. The structure of
the reactants for both cases is rather similar, and the Ni and Rh
atom tend to move from the fcc site to the nearby bridge site of
the O atoms on the surface upon the CH4 adsorption. Moreover,
the excess energy of the Rh1/Al2O3 catalyst is 0.56 eV larger
than that on the Ni atom SAC, revealing the reaction with the
Ni1/Al2O3 catalyst is more favorable. The energy barrier on

the Ni adsorbed surface is only 0.39 eV, which is 0.8 eV lower
than that on Rh (1.2 eV). If the zero-point energy correction
is considered during C-H bond cleavage, the barrier is further
reduced from 0.39 to 0.11 eV (taken the half of CH vibration
energy, 0.28 eV, as the zero-point energy). Here, the zero-point
energy is calculated by taking the vibration frequency of the
CH group ṽ ∼ 2900 cm−1 into the following equation:

Ezero-point = 1
2 h̄ω = 1

2 h̄cν̃. (3)

The low chemical barrier could make methane molecules
cleave at room temperature. It is worth mentioning that a
similar structure, γ -Al2O3 supported Ni4 cluster, was reported
as the catalyst for the first step of methane dissociation by J.
Li et al. with a reaction barrier of 0.71 eV at interface sites
[52]. This barrier is significantly larger than that for methane
activation on SAC Ni1/Al2O3 reported here. When comparing
with an isolated Ni4 cluster, the dissociation barrier of the first
C-H bond on Ni1/Al2O3 is still lower by 0.1 eV. Therefore
we suggest that the single Ni atom adsorbed α-Al2O3 can be
potential SAC for the methane activation, based on its overall
structural stability and lower dissociation barrier.

In light of practical applications, it would be desirable to in-
vestigate further steps for integrated activation and convention
of methane, such as SMR and formation of ethylene, because
other steps can turn to be rate-limiting, even affecting the
ability of the catalyst in different reactions. This is often related
to the selectivity of the catalysts. For instance, the excess
energy of 2.1 eV on Ni1/Al2O3 at the initial step means the
CH3 group would rather dissociate to the CH2 and H fragments
than formation of ethylene with another CH3 group. The results
obtained in this work, however, offer new insights into the
methane-metal interaction and mechanism of methane activa-
tion on SACs, which might be useful for many similar chemical
processes. Using a different metal catalyst, the formation of
ethylene could be favored by activating and combining two
adjacent methane molecules. In addition, like most Ni/Al2O3

catalysts in general, the Ni1/Al2O3 SAC can also deactivate
due to possible NiAl2O4 formation and nickel sintering. This
issue has been pursued in literature and is out of focus in the
present study, which will be explored in future investigations.

IV. CONCLUSION

In summary, we systematically investigated single transi-
tion metal atoms as potential candidates for methane activation
reactions based on extensive first-principles calculations. A
preliminary screening on the CH4 adsorption on isolated
TM atoms identifies Ni, Rh, or Pt atoms as most promising
SACs with large adsorption energy and magnetic change. The
calculated activation barriers of methane are 0.09, 0.06, and
0 eV for Ni, Rh, and Pt, respectively. Furthermore, the stability
and reactivity of the three selected metal atoms (Ni, Pt, Rh)
supported on MgO(001) and α-Al2O3(0001) substrates are
investigated. It is found that the O-terminated Al2O3(0001)
surface possesses strong coupling with the metal atoms,
leading to binding energies >9 eV. Moreover, the methane
binding energy on supported single atoms is 0.23 eV for the
Ni, 0.05 for Rh, and 0.02 eV for Pt, respectively. The PDOS
analysis of the three atoms on the Al2O3 surface indicates that

035801-6



SCREENING SINGLE-ATOM CATALYSTS FOR METHANE . . . PHYSICAL REVIEW MATERIALS 1, 035801 (2017)

the lowest empty d orbital of Ni atom is 1 eV lower than
others, which is the main reason for their different capability
towards methane adsorption. More importantly, the single
Ni atom supported on O-terminated α-Al2O3(0001) surface
also exhibits a low dissociation barrier of only 0.4 eV. The
present work identifies therefore a novel single-atom catalyst
Ni1/Al2O3 and provides an atomic level insight into the mech-
anism of methane activation. This study offers an example for
computational design of SACs and has broad implications.
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