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Abstract: Using ab initio calculations, the reaction path for methane dehydrogenation over a series of
Ni-based single-atom alloys (Cu, Fe, Pt, Pd, Zn, Al) and the effect that subsurface carbon at the Ni(111)
surface has on the reaction barriers are investigated. Due to the well-known problem of coking for
Ni-based catalysts, the adsorption and associated physical properties of 0.25 ML, 1.0 ML, and 2 ML
of carbon on the Ni(111) surface of various sites are first studied. It is found that the presence of
subsurface carbon reduces the stability of the intermediates and increases the reaction barriers, thus
reducing the performance of the Ni(111) catalyst. The presence of Al, Zn, and Pt is found to reduce
the barriers for the CH4 → CH3 + H and CH3 → CH2 + H (Pt); and CH → C + H (Al, Zn) reactions,
while Ni(111) yields the lowest barriers for the CH2 → CH + H reaction. These results thus suggest
that doping the Ni surface with both Al or Zn atoms and Pt atoms, functioning as distinct active sites,
may bring about an improved reactivity and/or selectivity for methane decomposition. Furthermore,
the results show that there can be significant adparticle–adparticle interactions in the simulation cell,
which affect the reaction energy diagram and thus highlight the importance of ensuring a common
reference energy for all steps.

Keywords: density functional theory; single-atom alloys; methane reduction

1. Introduction

Reforming abundant natural gas into useful fuels and chemicals is an enormously
important technological process. A significant proportion of the world’s hydrogen is made
through natural gas reforming. Natural gas contains methane, which is used to produce
hydrogen through thermal processes, such as steam methane reforming or partial oxidation.
Hydrogen production via methane has the advantage of extensive and well-developed
extraction, storage, and distribution structures already in place [1,2]. Methane is a stable
molecule with strong bonding between the carbon and hydrogen atoms, and therefore
the key problem lies in how to lower the reaction energy barrier. For current progress in
methane decomposition, we refer to a recent review [3].

The steam reforming of methane involves high temperatures (700–1000 ◦C) and high
pressures of steam (H2O) ≈ 3–25 bar, where the main products are hydrogen and carbon
monoxide. Subsequently, via the water–gas shift reaction, the carbon monoxide and steam
are reacted together using a catalyst to produce carbon dioxide and more hydrogen. Steam
reforming is endothermic, and heat must be supplied to the process for the reaction to
proceed. Thus, the cost–benefit of this reaction has been questioned [4]. In the partial
oxidation reaction, methane reacts with a limited amount of oxygen that is not enough to
completely oxidize the hydrocarbons to carbon dioxide and water. Because there is less than
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the stoichiometric amount of oxygen, the reaction products primarily contain hydrogen
and carbon monoxide. Again, via the water–gas shift reaction, the carbon monoxide reacts
with water to form carbon dioxide and more hydrogen. In contrast, partial oxidation is an
exothermic process, giving off heat.

Recently, dry reforming of methane (DRM) has attracted significant attention because
it provides a promising method for synthesizing CO and hydrogen, converting two green-
house gases, CO2 and CH4, into valuable sources of fuels and chemicals. Minh et al. have
compared and reviewed the possible methods for generating hydrogen through biogas
reforming with steam reforming (SRM), dry reforming (DRM), dual reforming, and tri-
reforming of methane, where it was found that SRM and DRM are the most promising
and practical methods [5]. It was concluded that the main obstacle to putting DRM into
practical application is to find approaches that can counter the high activation and reaction
barriers of CO2 and CH4 dissociation. The key to this is developing new materials that
will efficiently and selectively catalyze the necessary reactions and be stable under the
reaction conditions.

The DRM reaction is endothermic and requires high temperatures. Metals, such as
Pd and Pt, show excellent catalytic performance and minimize the build-up of excessive
carbon at the surface, which deactivates the catalyst. However, application of these noble
metals in large-scale processing is limited by their high cost and low availability. Therefore,
transition metals, such as nickel used in nickel-based catalysts, are a promising alternative
as they have comparable catalytic properties. The main disadvantage is that they are more
susceptible to sintering and deactivation due to build-up of carbonaceous deposits, i.e.,
coke formation. The exploration and identification of new nickel-based catalysts that reduce
these two negative effects are intense areas of current research. Some approaches include
the introduction of supports, such as mesoporous structures, due to their high specific
surface area and large pore size. In these structures, there is a strong Ni–support interaction
that helps to stabilize the catalyst and increase the dispersion of the Ni particles [6]. Adding
promoters (dopant atoms) to Ni-based catalysts is another avenue to enhance the catalytic
activity, stability, and coking resistance, such as alkaline earth metal oxides [7], as well
as novel single-atom alloys (SAAs) [8,9]. Alloying different metal atoms into the surface
of another provides a way to tune the electronic structure of the surface and hence tailor
its performance. In particular, SAAs [10] have demonstrated enhanced properties, e.g., in
reducing CO poisoning [11] and selective heterogeneous hydrogenations [12].

The recognition of using fossil fuels, such as methane, to generate hydrogen as a
promising and reliable method has led to intense research into the methane decomposition
reaction [1] because irrespective of which of the reactions discussed above is considered,
utilizing methane to synthesize a target product involves the crucial steps of the dehydro-
genation of methane [13]. As mentioned above, the development of new catalysts that
afford the efficient transformation of methane [14] is of high current importance.

In the present work, we investigate a series of Ni-based SAAs for methane decom-
position using first-principles calculations. Our strategy is to investigate a range of metal
dopants with different characteristics, from platinum-group metals with partially filled
d-bands to those with full d-states, as well as those that form magnetic elements and,
finally, free electron metals. In this way, we aim to identify what electronic nature of the
doped atoms yields improved performance for the various reaction steps involved in the
dehydrogenation of methane. We start by investigating the adsorption of carbon atoms
on and under the Ni(111) surface due to its role in coking. Subsequently, we investigate
the adsorption of methane, hydrogen, and the CH3, CH2, and CH intermediates on the
Ni(111) surface, the Ni(111) surface with subsurface carbon atoms, and a series of SAA
alloy surfaces, identifying the most favourable sites and associated adsorption energies. We
then calculate the reaction pathways and activation barriers for methane dehydrogenation
over these surfaces to compare the relative catalytic performance.

From our results, we find that except for graphene formation at the surface, subsurface
adsorption of carbon atoms is preferred over on-surface adsorption, and the presence of
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such carbon atoms under the surface has a detrimental effect on methane decomposition.
In contrast, Al-, Zn-, and Pt-SAA surfaces lower certain reaction barriers and could bring
about an improvement in methane dehydrogenation compared to the pure Ni(111) surface.

2. Calculation Method

The density-functional theory (DFT) calculations are performed using VASP (the
Vienna Ab initio Simulation Package) [15] with the generalized gradient approximation
(GGA) of Perdew, Burke, and Ernzerhof (PBE) [16] for the exchange-correlation functional,
and van der Waals (vdW) interactions are included using the D3 correction [17]. The energy
cut-off is taken to be 450 eV for all calculations, which is selected based on the results of
convergence tests (cf. Figures S1–S4 of the supplementary information (SI)). The atomic
structure is optimized until the forces on all of the relaxed atoms are less than 0.01 eV/ Å.
The calculations are performed, including spin-polarization.

We use a five-layered Ni(111) surface with a (4 × 4) surface unit cell and adsorb the
reactants on one side of the slab, where the bottom two atomic layers are held fixed at
their bulk-like positions. The vacuum region is taken to be 15 Å, and the k-point mesh
is 3 × 3, using the Monkhorst–Pack method for Brillouin zone integration [18]. For all
surface calculations, the dipole correction to the total energy is included, which reduces the
interactions of the repeated slabs across the vacuum region.

The nudged elastic band (NEB) method and the VASP TST (transition state tools, VTST)
are used [19,20] to calculate the transition states and associated reaction energy barriers
and minimum energy pathways. In VTST, the climbing image method [19] is employed
to generate the highest barrier energy image at the saddle point automatically, other than
giving the two nearest energy points about the saddle point. This climbing method moves
the highest energy to the saddle point, which simplifies the calculation process.

The adsorption energy of different atoms and molecules on the surface is calculated as:

Eads =
1
n
(Etot − Eclean − nE f ree) (1)

where Etot represents the total energy of the adsorption system, Eclean is the total energy of
the clean surface, and Efree is the total energy of the free, isolated atom or molecule. n is
the number of atoms or molecules adsorbed on the surface in the surface unit cell. Thus, a
negative value represents an exothermic adsorption energy.

The work function, Φ, is the lowest energy required to remove an electron from the
surface, and it is given by:

Φ = Evac − E f (2)

where Evac is the vacuum energy and Ef is the Fermi. These energies are obtained from plots
of the (x, y)-averaged electrostatic potential as a function of z, the direction perpendicular
to the surface. An example is shown in Figure S5 for the clean Ni(111) surface and with
1 ML of subsurface carbon atoms.

We define the contraction/expansion between the surface layers as:

∆dij =
dij − d0

d0
× 100% (3)

where ∆dij is the percentage of inward/outward relaxation between the ith and jth layer,
dij represents the corresponding average interlayer spacing along the z-direction, and d0 is
the interlayer spacing of the ideal clean Ni(111) surface.

3. Results: Carbon Adsorption on Ni(111)

The lattice parameter of bulk nickel is calculated to be 3.524 Å. This is in excellent
agreement with the experimental result of 3.52 Å [21] and also with recent first-principles
calculations, e.g., 3.506 Åand 3.52 Å, as reported in Refs. [22,23], respectively. The calculated
cohesive energy is 4.88 eV, which is in excellent agreement with previous first-principles cal-
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culations using the GGA, namely 4.87 eV [24], and in good agreement with the experimental
value of 4.44 eV [25].

3.1. Adsorption of Carbon on Ni(111): 0.25 and 1 ML

We first investigate the adsorption of carbon atoms on the Ni(111) surface for coverages
of 0.25 and 1.0 monolayers (ML). First, 1 ML is determined to have the same number of
adsorbates as there are nickel atoms in the (111) layer. We consider five different sites,
as shown in Figure 1, namely, on-top, bridge, fcc-hollow, hcp-hollow, and the subsurface
octahedral site. The resulting adsorption energies, C-Ni bond-lengths, and the change
in the first interlayer spacings with respect to the corresponding bulk (111) spacing are
listed in Table 1. It can be seen that for all sites, the lower coverage for 0.25 ML has a
greater adsorption energy than for 1 ML. Further, it is found that the subsurface fcc site is
the most favourable for both 0.25 ML and 1.0 ML, with values of −7.38 eV and −6.29 eV,
respectively. Subsurface adsorption induces a significant expansion of the first interlayer
spacing of 7.8% and 24.1% for these respective coverages. The next most favourable site is
the hcp-hollow site for 0.25 ML, which is just 0.07 eV more favourable than the fcc-hollow
site, with values of −6.95 eV and −6.88 eV, respectively. For 1.0 ML, the situation is the
opposite, with the fcc-hollow slightly more favourable than the hcp-hollow site, with values
of −5.10 eV and −5.08 eV, respectively; however, this is a difference of just 0.02 eV. For
0.25 ML, the more favourable energy of the hcp-hollow may be related to the fact that it
induces a smaller expansion of the first interlayer spacing (≈1.4%) than the fcc-hollow site
(≈3.3%). For 1.0 ML, the expansion of the first interlayer spacing is similar for the hcp
(≈5.6%) and fcc (≈6.2%) sites, varying by just 0.6%. For both coverages, the site with the
greater adsorption energy has a (slightly) shorter C-Ni bond-length, as may be expected.
The C-Ni bond-length is slightly longer for the 1 ML structures, consistent with the weaker
adsorption energies. The reduced adsorption energy for the 1 ML structures reflects the
repulsive interactions between the C atoms, which are partially negatively charged [26],
which is in line with the difference in electronegativities of C (2.55) and Ni (1.91).
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Table 1. Calculated adsorption energies, Ead, C-Ni bond lengths, R, change in the first layer spacings,
∆d12, expressed as a percentage change with respect to the ideal layer spacing, d0, of the clean (111)
surface, work function, Φ, and work function change, ∆Φ, with respect to the clean Ni(111) surface
(which has Φ = 5.04 eV) for coverages, Θ = 0.25 ML, and 1 ML. These results are obtained without
vdW corrections and using a (4 × 4) surface unit cell.

Θ (ML) SITE Ead (eV) R (Å) ∆d12 (%d0) Φ (eV) ∆Φ (eV)

1 top −4.46 1.17 4.56 7.06 2.02
1 bridge −4.77 1.84 4.64 7.26 2.22
1 fcc −5.10 1.86 6.17 6.80 1.77
1 hcp −5.08 1.87 5.64 6.92 1.88
1 subsurface −6.29 1.92, 1.93 24.12 5.14 0.10

0.25 op −4.55 1.64 2.12 6.03 0.99
0.25 bridge −6.47 1.72 6.73 5.87 0.84
0.25 fcc −6.88 1.77 3.25 6.07 1.03
0.25 hcp −6.95 1.77 1.41 5.92 0.88
0.25 subsurface −7.38 1.84, 1.87 7.79 5.31 0.27

The calculated adsorption energies can be compared with previous results reported
in the literature. For example, Zhang et al. [27], using VASP with the GGA functional,
studied the adsorption of a carbon atom on the Ni(111) surface in a (6 × 6) surface unit
cell and found the hcp-hollow site to be favourable with an adsorption energy of −7.25 eV,
and the 0.07 eV more favourable than the fcc site, consistent with the present results (the
subsurface site was not considered). The adsorption energy values in the work of Zhang
et al. are, however, about 0.3 eV larger, possibly due to the fact that they only used two
layers to simulate the Ni(111) surface. Klinke et al. [26], using the FP-LAPW method
and the GGA, also found that the subsurface site was most favourable for the 0.25 ML
and 1 ML coverages; it was more favourable by 0.62 eV and 1.09 eV than the next most
favourable site, respectively. This is close to the present analogous values of 0.43 eV and
1.19 eV. One difference is that for 0.25 ML, Klinke et al. found the fcc-hollow site to be
more favourable than the hcp-hollow site (by 0.71 eV). The reason for this difference is
unclear. For 1 ML, the adsorption energy of the fcc- and hcp-hollow sites were found to
be identical, consistent with the present results. The study by Cinquini et al., using VASP
and the GGA functional, found for 0.25 ML coverage that the subsurface octahedral site
was most favourable (−7.39 eV), followed by the hcp-hollow site (−6.97 eV) and then the
fcc-hollow site (6.93 eV), in close agreement with the present values.

To gain insight into the bonding mechanism of C on Ni(111), we calculate the work-
function and partial density-of-states (PDOS). The calculated work function, Φ, for each of
the considered sites and coverages as well as the change in work function with respect to
that of the clean Ni(111) surface, ∆Φ, are listed in Table 1. The value of the work function
for the clean Ni(111) surface is 5.04 eV. The corresponding experimental value of the work
function is 5.35 eV from the CRC Handbook [28], while Michaelson [29] concluded from
experimental studies that the work function of clean Ni(111) is 5.15 eV. Thus, the theoretical
value is slightly underestimated compared to the experiment.

From Table 1, it can be seen that the adsorption of C on the Ni(111) surface results
in a notable increase in the work function; namely, for the favourable on-surface sites at
0.25 ML and 1.0 ML, it increases by 0.88 eV and 1.77 eV, respectively. This is due to the
transfer of electron density from the Ni surface to the adsorbed C atom, giving rise to a
surface dipole moment that increases the energy required to remove an electron from the
Fermi level to the vacuum. The work function change for the subsurface site is notably
smaller at 0.27 eV and 0.10 eV for 0.25 ML and 1.0 ML, respectively, due to the formation of
dipoles with directions opposing each other (negative on the C atom and positive on the
Ni atoms above and below). A similar increase in work function occurs for other strongly
electronegative adsorbates, e.g., for oxygen on gold [30] and nitrogen on copper [31], and,
correspondingly, a decrease occurs for electropositive adsorbates [32].
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In Figure 2, the partial density-of-states (PDOS) for the adsorption of C on Ni(111) is
shown for the fcc-hollow surface and the subsurface site for 1 ML coverage. The PDOS
illustrate the bonding character between the carbon atoms and the nickel surface. For strong
metal–adsorbate bonding, the antibonding electronic states are mostly found above the
Fermi level. As shown in Figure 2, the carbon atom 2px + y orbitals for both the fcc-hollow
site and the subsurface site have peaks at roughly −4 eV and 4 eV, which correspond to the
adsorbate–surface bonding and antibonding states, respectively. For the carbon atoms in
the fcc-hollow site, the PDOS of the carbon 2s and carbon 2pz states at −10 eV exhibit an sp
orbital hybridization and interaction with the Ni surface.
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Figure 2. PDOS for a carbon atom (1.0 ML) adsorbed on the fcc-hollow (left) and subsurface
octahedral (right) sites of Ni(111). The energy zero is at the Fermi level, indicated by the dashed line.

For carbon in the subsurface site, as shown in Figure 2 (right), a peak due to the carbon
2pz orbital is observed at −6 eV, which is hybridized with the Ni layers above and below it.
It can also be seen that the peaks of the Ni(111) subsurface layer are notably lower at the
Fermi level than for the on-surface case. The main noticeable difference between surface
and subsurface adsorption is the reduction in the C-pz states at the Fermi level for the
subsurface case.

3.2. ML Hexagonal Structures of C on Ni(111) and vdW Corrections

Experimentally, for coverages of C on Ni(111) higher than 0.45 ML, it has been re-
ported that reconstruction occurs [33,34], while above 700 K, graphitic carbon forms [33].
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In the following, we consider a layer of graphene (2 ML) on Ni(111), where due to the
close lattice mismatch this results in a tensile strain of only 1.3%. Several possible lat-
eral configurations are considered, as shown in Figure 3, namely, fcc-top, hcp-top, fcc-
hcp, and bridge-top. Because the 2 ML graphene-like adsorption structures are expected
to be very weakly bound, van der Waals interactions may play a more significant role;
this will also be important for the study of the dehydrogenation of methane due to the
weak bonding of methane to the surface. We consider two different vdW-corrections,
namely, the DFT-D3 method (Becke–Johnson damping) [17,35] and the vdW-DF func-
tional of Langreth and Lundqvist, the so-called optB86b- vdW functional [36]. The results
are listed in Table 2. The adsorption energy is also given with respect to a graphene
layer, i.e., Ead = 1/n (Etot − Eclean − nEgraphene), where Egraphene is the total energy of a C atom
in graphene.
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We also consider the lower-coverage (0.25 ML and 1 ML) structures discussed above
using both approaches to determine how significant the effect is. We find that both vdW
correction approaches predict the same preferred adsorption site for the 0.25 ML and 1 ML
structures as when not including vdW corrections. Interestingly, for the 2 ML structures,
without including vdW corrections, the adsorption of all considered structures is endother-
mic when calculated with respect to graphene, as indicated by the positive adsorption
energies, with the most favourable being the fcc-top structure. For both vdW corrections,
the resulting adsorption energy becomes exothermic, strengthening the adsorption energy
by 0.1–0.25 eV. For the D3, the favoured structure is the fcc-top (by only 0.01 eV), while for
the optB86b-vdW, the bridge-top structure is most favourable (by only 0.01 eV); thus, both
structures are practically degenerate.

For the optB86-vdW method, the average energy difference ∆E (relative to no correc-
tion included) for 0.25 ML, 1 ML, and 2 ML is −0.19 eV, −0.24 eV, and −0.25 eV, respectively.
For the DFT-D3 method, the analogous values are −0.19 eV, −0.25 eV, and −0.10 eV, re-
spectively. For the 2 ML graphene structure, comparing the energy difference ∆E between
the adsorption energies with and without vdW corrections, it can be seen from Table 2
that the opt86b-vdW method yields a slightly more stable interaction between the C-layer
and the substrate, but both vdW corrections yield very similar results. In our subsequent
investigations of methane dehydrogenation, the DFT-D3 approach is used.
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Table 2. For 0.25 ML, 1 ML, and 2 ML coverage. For the 2 ML structures, the second value is the
adsorption energy calculated with respect to the total energy of a C atom in graphene (rather than a
free C atom). The corresponding values for no vdW correction are also listed, along with the change
in energy, ∆E, due to including the vdW correction.

Method Coverage
(ML) Site Eads (eV) Eads (eV) no

vdW ∆E (eV)

0.25 on-top −4.76 −4.55 −0.22
0.25 bridge −6.64 −6.47 −0.17
0.25 fcc −7.08 −6.88 −0.20
0.25 hcp −7.15 −6.95 −0.20

1 on-top −4.70 −4.46 −0.24
1 bridge −5.03 −4.77 −0.26

optB86b-vdW 1 fcc −5.35 −5.10 −0.24
1 hcp −5.34 −5.08 −0.26
1 subsurface −6.05 −5.86 −0.19
2 bridge-top −8.17, −0.26 −7.91, 0.04 −0.30
2 fcc-top −8.07, −0.15 −7.92, 0.03 −0.18
2 hcp-top −8.15, −0.24 −7.91, 0.04 −0.28

0.25 on-top −4.78 −4.55 −0.23
0.25 bridge −6.62 −6.47 −0.15
0.25 fcc −7.06 −6.88 −0.18
0.25 hcp −7.13 −6.95 −0.18

1 on-top −4.73 −4.46 −0.27
1 bridge −5.02 −4.77 −0.25

DFT-D3 1 fcc −5.35 −5.10 −0.25
1 hcp −5.33 −5.08 −0.25
1 subsurface −6.08 −5.86 −0.22
2 bridge-top −7.97, −0.06 −7.91,0.04 −0.10
2 fcc-top −7.98, −0.07 −7.92,0.03 −0.10
2 hcp-top −7.96, −0.05 −7.91,0.04 −0.10

4. Results: Adsorption of Methane and Intermediates

Before investigating the minimum energy reaction pathways and associated energies
for methane dehydrogenation, it is necessary to determine the favourable adsorption
sites and associated adsorption energies of all of the reaction intermediates and products,
i.e., CHx(x = 1, 4) fragments, C and H on the Ni(111) surface, with and without subsurface
C, and on the SAA surfaces.

4.1. Adsorption on Ni(111) and Csubsurf /Ni(111)

Due to the stable tetrahedral bonding of methane, the binding of methane on Ni(111)
is very weak. Different adsorption sites for methane adsorption are tested to determine
the most favourable configuration, as shown in Figure 4. Specifically, the adsorption sites
considered are on-top, bridge, fcc-, and hcp-hollow sites, where the most favourable site is
the on-top site, with an adsorption energy of −0.15 eV. The obtained adsorption energies
are listed in Table 3. This finding can be compared with the earlier ab initio calculations of
Zhu et al., who obtained −0.02 eV, and with Niu et al. [37], who obtained −0.035 eV. The
former study also used the VASP code with the GGA-PBE functional, but it did not include
van der Waals corrections, and it used a smaller slab (four layers) and a smaller surface unit
cell (3 × 3). The latter study used the CASTEP code with the same functional and a smaller
surface unit cell of (2 × 2) and four layers, and it also did not include vdW corrections. The
latter point may account for the weaker binding found in these two studies.
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Table 3. Adsorption energies for CH4 and the dissociation reaction intermediates on the Ni(111)
surface for two different coverages (1/16 and 1/4 ML), as calculated in the (4 × 4) and (2 × 2) surface
unit cells, respectively. Also shown are the adsorption energies for the presence of subsurface C,
Esub, as calculated in the (4 × 4) surface unit cell. The relative energy differences, with and without
subsurface C, ∆Esub, and for using a (4 × 4) and (2 × 2) surface unit cell, ∆E, are also listed.

Site (4 × 4) Eads
(eV) Esub (eV) ∆Esub (eV)

(2 × 2) Eads
(eV) ∆E (eV)

CH4 on-top −0.15 −0.16
CH4 bridge −0.15

CH4 fcc −0.14
CH4 hcp −0.14

CH3 fcc −2.61 −2.16 0.44 −2.51 0.10
CH3 hcp −2.06 −2.06 0.00 −2.51 −0.45
CH3 top −2.18 −2.17 0.01 −2.17 0.02

CH2 fcc −4.35 −3.65 0.70 −4.36 −0.01
CH2 hcp −4.30 −4.11 0.20 −4.33 −0.02
CH2 top −3.27 −3.10 0.17 −4.36 −1.09

CH fcc −6.68 −5.76 0.92 −6.62 0.05
CH hcp −6.67 −6.34 0.31 −6.65 0.02
CH top −6.64 −6.20 0.44 −6.62 0.01

H fcc −2.99 −2.56 0.43 −2.93 0.05
H hcp −2.95 −2.86 0.10 −2.40 0.55
H top −2.37 −2.31 0.06 −1.93 0.44

C fcc −7.05 −6.13 0.93 −7.06 −0.01
C hcp −7.14 −6.80 0.34 −7.13 0.01
C top −4.85 −4.47 0.37 −4.78 0.07

C Subsurface octa −7.79 −7.57 0.23
C Subsurface tetra −7.14 −6.15 0.99

The results for the adsorption energies of the intermediates on the Ni(111) surface are
shown in Table 3, along with those for the presence of subsurface C. CH3 has an adsorption
energy of −2.61 eV, while CH2 is substantially stronger, with −4.35 eV. The strongest
adsorbed intermediate is CH, with −6.68 eV.
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It can be seen from Table 3 that for the low coverage of adsorbates calculated in the
(4 × 4) surface unit cell, for CH3, CH2, CH, and H, the most favourable site is the fcc-
hollow site. Compared to available experimental values, good agreement of the calculated
adsorption energy of CH3 (−2.61 eV, fcc) with the experimental value of −2.26 eV in the
fcc site, as obtained through calorimetry [38], is obtained.

As discussed above, for the adsorption of on-surface C, the most favourable site is the
hcp-hollow site. The effect of the presence of subsurface C (placed in the octahedral site,
below the fcc-hollow site, and bonded above to a surface Ni atom that the intermediates
also bond to) notably weakens the bonding of the on-surface adparticles by values ranging
from 0.01 to 0.92 eV. The most significant effect is for adsorption in the fcc site, because here
the subsurface C atom is located directly below the adparticle. For some cases, this causes
the hcp site to become more favourable (i.e., for CH2, CH, C, and H). Correspondingly,
subsurface C induces a lengthening of the molecule-Ni bond-length. This is illustrated in
Figures S6 and S7 for methane and CH3, respectively. For methane, the bond-length has
increased from 2.407 to 2.591 Å(difference of 0.184 Å) with the presence of subsurface C,
consistent with the weaker adsorption energy. Similarly, as shown in Figure S7, the average
distances between CH3 and the three closest nickel atoms has increased from 2.10 Åfor the
clean Ni(111) surface to 2.134 Åfor that with subsurface carbon.

The effect of adsorbate coverage is also investigated by carrying out analogous calcula-
tions using a smaller (2 × 2) surface unit cell, corresponding to a coverage of 0.25 ML, which
is four times the coverage of that (1/16 = 0.0625 ML) when calculated in the (4 × 4) surface
unit cell. The results for 0.25 ML are listed in Table 3, which show that for most cases, the
fcc-hollow site is still the most favourable, or they are degenerate with the hcp-hollow
site (CH3) or the on-top site (CH2), with the exception of CH, where the hcp-hollow is the
most favourable, but only by 0.03 eV. These values can be compared with the ab initio
calculations of Wang et al. [4], Zhu et al. [39], and Wang et al. [40], where, largely, the same
preferred adsorption sites and trends were reported.

4.2. Adsorption on the SAA Surfaces

We now turn to consider the adsorption of methane and intermediates on the single-
atom alloy surfaces, and the adsorption energies are listed in Table 4. These are created by
substitutionally adsorbing different metal atoms in the Ni(111) surface; specifically, Cu, Fe,
Pt, Pd, Zn, and Al are considered. We find that the Ni atoms exhibit a magnetization of
between 0.65 and 0.71 µB and that the non-magnetic atoms acquire a small magnetization of
less than 0.25 µB, while Fe has a substantial value of 2.95 µB. The doped atoms further bind
exothermically into the host material and hybridize with the Ni states (see, e.g., Figure S9).

Table 4. Adsorption energies (eV) for CH4 and the dissociation reaction intermediates on the (4 × 4)
unit cell of Ni (111) with different single doping of metal atoms.

Adsorbates Cu Fe Pt Pd Zn Al Ni

CH4 −0.18 −0.17 −0.19 −0.20 −0.19 −0.20 −0.15
CH3 −2.33 2.5 −2.24 −2.31 −2.15 −2.53 −2.61
CH2 −4.02 −3.95 −4.22 −3.98 −3.86 −3.97 −4.35
CH −6.18 −6.45 −6.46 −6.35 −6.57 −6.57 −6.68
C −5.63 −9.75 −8.31 −6.98 −3.74 −7.14 −7.14

For the adsorption of methane, the SAA structures strengthen the adsorption energy
relative to the Ni(111) surface by 0.03, 0.02, 0.04, 0.05, 0.04, and 0.05 eV for Cu, Fe, Pt,
Pd, Zn, and Al, respectively. The adsorption strength of the CHx(x = 1, 3) fragments are
much stronger than methane, with values ranging from −2.61 eV (Ni(111)) to −2.15 eV
(Zn-SAA) for CH3. For CH2, the strongest adsorption energy is −4.22 eV for Pt-SAA,
followed by −4.02 eV for the Cu-SAA. The adsorption energy of CH is greatest for Ni(111)
(−6.68 eV), followed by Al- and Zn-SAA, both with −6.57 eV. For C, the adsorption energies
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are generally stronger (−9.75 eV for Fe to −6.98 eV for Pd), with the exception of Cu
(−5.63 eV) and Zn (−3.74 eV). These two latter systems have full d-bands for the doped
atom, explaining the smaller values.

5. Methane Decomposition

We now determine the reaction barriers for methane decomposition. The four reaction
pathways are:

CH4 → CH3 + H (4)

CH3 → CH2 + H (5)

CH2 → CH + H (6)

CH → C + H (7)

It is interesting to first consider the energy cost to remove one hydrogen from methane
in the gas phase. We did this both by manually increasing the distance between the C atom
of CH4 and one of the H atoms, as well as through the NEB climbing image method. As
shown in Figure S8, the NEB calculation gives a smooth reaction curve and a barrier energy
of 5.3 eV at 1.37 Å. The manual result gives a similar barrier of around 5.4 eV at a distance
of 1.15 Å from the initial H position. The barrier is clearly significant and much greater
than over a catalyst surface as expected, as we shall see below.

5.1. Methane Decomposition: Over Ni(111) and Csubsurf /Ni(111)

In the following section, we first investigate the dehydrogenation of methane over
the Ni(111) surface compared to the results of previous ab initio calculations and how the
behaviour changes with the presence of subsurface carbon at 0.25 ML positioned in the
octahedral site under the first layer. For the clean Ni(111) surface, in Figures 5–8, the initial,
final, and transition state geometries for the decomposition of methane are displayed. The
corresponding reaction pathway and barriers are shown in Figure 9, and the barrier heights
are listed in Table 5. In the reaction energy diagrams (Figures 9 and 10), we do not include
the zero-point energy nor vibrational entropy because our focus is on trends, and because
the systems are very similar, we expect very similar values for these contributions.

Catalysts 2024, 14, x FOR PEER REVIEW 12 of 18 
 

 

of CH4 and one of the H atoms, as well as through the NEB climbing image method. As 
shown in Figure S8, the NEB calculation gives a smooth reaction curve and a barrier 
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Table 5. Reaction barrier energies (eV) for methane decomposition over the Ni(111) and SAA surfaces.

Reaction Barriers Cu Fe Pt Pd Zn Al Ni Csubsurf /Ni

CH4 → CH3 + H 1.49 1.02 0.89 1.08 0.95 1.65 0.90 1.04
CH3 → CH2 + H 1.19 0.94 0.63 0.91 1.86 0.70 0.71 0.79
CH2 → CH + H 0.60 0.46 0.82 0.69 0.57 0.90 0.25 0.40

CH → C + H 1.82 1.26 1.43 1.59 1.16 1.17 1.22 1.31

The first to fourth H removal steps have associated reaction barriers of 0.90 eV, 0.71 eV,
0.25 eV, and 1.22 eV, respectively. We can compare these values with previous results in
the literature. Liu et al. [41] performed investigations into methane dehydrogenation over
NiCu surfaces where the reaction energy barriers were reported. Their study used the
Cambridge Sequential Total Energy Package (CASTEP), also with the GGA-PBE functional,
where four different systems were considered, namely, methane dehydrogenation over
Ni(111), Cu(111), and two different NiCu(111) surfaces. For the reaction over the Ni(111)
surface, the activation energies of the four steps of methane dehydrogenation were reported
to be 1.18 eV, 0.77 eV, 0.37 eV, and 1.36 eV. These values are slightly higher than the present
results, which could be due to the smaller simulation cell consisting of three metal layers
and a (2 × 2) surface unit cell.

In another DFT study [42], the dry reforming of methane (DRM) over Ni, Pd, and Pt
surfaces was investigated. The calculations were performed using VASP with the GGA
for the exchange-correlation functional. The reported energy barriers of the methane
dehydrogenation steps over Ni(111) were 2.342 eV, 0.56 eV, 0.29 eV, and 1.223 eV, where
clearly the activation energy of the first step is significantly higher than that of the present
work and that of [41]. One difference is that this study took into account the effect of
temperature, assuming a temperature of 973.15 K.

It is apparent that the first reaction step of removing one hydrogen atom from methane
has the highest barrier, with other values in the literature reported to be 1.41 eV [39],
1.04 eV [43], 1.32 eV [44], and 1.12 eV [45].

In calculating the reaction energy diagrams in Figures 9 and 10, we show the energy
position of the relative initial state, the transition state, and the final state, as well as where
the dissociated H atom has diffused to an isolated position on the Ni(111) surface. This
latter step is important to ensure that the interaction between the dissociated H atom and
the associated fragment does not influence the initial state of the next reaction step. It also
conserves the total number of atoms at every step and has a common energy reference, as
depicted in Figure S10. Not considering this H diffusion step results in somewhat different
energy profiles, as shown in Figures S11 and S12.

It is interesting to consider the effect of subsurface C on the reaction energy barriers for
methane dehydrogenation on Ni(111). We found that subsurface C increases the reaction
barriers and reduces the adsorption energies of the intermediates for all reaction steps,
thus reducing the performance of Ni(111). For example, it can be seen from Figure 9 that
for CH4 → CH3 + H, the presence of subsurface carbon yields an increase in the reaction
energy barrier relative to that of the clean Ni(111) surface of 0.14 eV, namely, the barrier
is 1.04 eV compared to 0.90 eV. A similar increase in the activation barrier for subsequent
hydrogen removal steps can be seen from Figure 9 and from Table 5, i.e., there are increases
of 0.08, 0.15, and 0.09 eV for CH3, CH2, and CH dehydrogenation, respectively.

Interestingly, Arevalo et al. [46] reported that on stepped nickel surfaces, subsurface
carbon atoms that formed specific Ni-C structures at the step edge improved the selectivity
toward methane decomposition. This site was characterized by a fivefold-coordinated
bonding of C with Ni atoms. These results, and the present ones, indicate that the reaction
is sensitive to the specific Ni-C local geometry.
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5.2. Methane Decomposition over the SAA Surfaces

We now turn to consider the SAA surfaces. The calculated reaction energy diagram is
shown in Figure 10. It can be seen that the activation energy for removing the first hydrogen
atom from methane is lowest for Pt-SAA (0.89 eV), followed by clean Ni(111). The barrier
for the Zn-SAA surface is only slightly greater than for Ni(111), with a value of 0.95 eV. Fe-
and Pd-SAA surfaces have similar barriers of 1.02 and 1.08 eV, respectively, while Cu- and
Al-SAA surfaces have the highest barriers, with 1.49 and 1.65 eV, respectively.

For the second dehydrogenation step, CH3 → CH2 + H, the lowest barrier is again
for Pt-SAA (0.63 eV), followed by Al-SAA, with 0.70 eV. The Ni(111) surface has the next
lowest reaction barrier at 0.71 eV, while other structures have barriers greater than 0.9 eV.

The third dehydrogenation step, CH2 → CH, has a very low barrier of 0.25 eV for
the reaction over the Ni(111) surface. Also with a low barrier is the reaction over Fe-SAA
(0.46 eV), closely followed by Zn- and Cu-SAA, with 0.57 and 0.60 eV, respectively. The
remaining barriers are higher; in increasing order, they are 0.69, 0.82, and 0.90 eV for Pd-,
Pt-, and Al-SAA, respectively.

The final reaction step, in which the CH bond is split into an adsorbed C and H atom,
has a high barrier for all surfaces. The lowest is for Zn- and Al-SAA, with barriers of
1.16 and 1.17 eV, respectively, and the next lowest are the clean Ni(111) and Fe-SAA, with
1.22 and 1.25 eV, respectively. The highest barriers are for Pt-, Pd-, and Cu-SAA, with values
of 1.43, 1.59, and 1.82 eV, respectively. These results suggest that doping the Ni(111) surface
with both Al or Zn atoms and Pt atoms, functioning as distinct active sites, could result in
improved reactivity and/or selectivity for methane decomposition.

5.3. d-Band Centre

It is well-known that in many cases, the reaction barrier scales roughly linearly with
the energy of the d-band centre (see Ref. [47] and references therein). It is therefore of
interest to see if there is a correlation between the present activation barriers and the d-band
centre. From Figure 11 [48], it can be seen that there is a general correlation amongst some
of the surfaces, but there are also some exceptions. Considering, for example, Fe-, Pd-,
and Cu-SAA, one can see there is a direct correlation between increasing the barrier and
decreasing (such that it is more negative and further away from the Fermi level) the d-band
centre position. Ni- and Pt-SAA are exceptions because they display a sharp dip in the
reaction barrier energy (i.e., lower). Zinc does not fit the trend of increasing reaction barrier
with decreasing d-band centre due to the zinc atom having a full d-band as well as a fully
occupied s state. In particular, with the exception of CH3 dehydrogenation, it yields a
distinct lowering of the reaction barrier relative to Cu, and in some cases even to Pt (CH
and CH2 dehydrogenation).
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6. Conclusions

We performed DFT calculations to investigate the activity for methane decomposition
of a series of single-atom alloys (SAAs) created through the substitution of Cu, Fe, Pt, Pd, Zn,
and Al atoms into the surface layer of Ni(111). For the adsorption of carbon on Ni(111), the
adsorption energy of on-surface homogeneously dispersed C atoms is less favourable than
the subsurface adsorption of C atoms under the first Ni layer. The formation of graphene
on the surface is, however, the most favourable, which is consistent with experimental
observations of graphtic carbon at elevated temperatures. For methane decomposition, our
results show that the presence of subsurface carbon reduces the stability and activity of the
reaction intermediates, increases the reaction barriers, and reduces the adsorption energies,
thereby lowering the performance of the Ni(111) catalyst. On the other hand, Al-, Zn-, and
Pt-SAAs are found to reduce the barriers for the CH4 → CH3 +H and CH3 → CH2 +H (Pt)
reactions, as well as for the CH → C + H (Al, Zn) reaction. Clean Ni(111) yields the lowest
barrier for CH2 → CH +H. These findings suggest that doping the Ni surface with both or
either Al and Zn atoms and Pt atoms, functioning as distinct active sites, may bring about
improved activity and/or selectivity for methane decomposition.
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