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ABSTRACT: Direct methane conversion to liquid fuels or value-
added chemicals is a promising technology to utilize natural
resources without resorting to further petroleum extraction.
However, discovering efficient catalysts for this reaction is
challenging due to either coke formation or unfavorable C—H
bond activation. Herein, we design single-atom alloy (SAA)
catalysts to simultaneously eliminate the above two bottlenecks
based on mechanism-guided strategies: (1) the active single atom
enables favorable C—H bond breaking and (2) the less reactive
host metal facilitates C—C coupling and thus avoids strong binding
of carbonaceous species. Employing electronic structure theory
calculations, we screened the stability of multiple SAAs with 3d-5d
transition metals atomically dispersed on a copper surface in terms
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of avoiding dopant aggregation and segregation. We then evaluated reactivities of the stable SAAs as catalysts for direct methane
conversion to C, products, including methane dehydrogenation and C—C coupling mechanisms. Combining selectivity analysis with

kinetic modeling, we predicted that nickel dispersed on copper, i.e.,

Ni/Cu SAA, is a highly active and selective catalyst that can

efficiently transform methane to ethylene. This work designs efficient SAA catalysts for direct methane activation and provides
chemical insights into engineering compositions of SAAs to tune their catalytic performances.

KEYWORDS: single-atom alloy, methane activation, first-principles simulation, thermal catalysis, methane to ethylene conversion

I. INTRODUCTION

In the foreseeable future, carbon-based fuels will continue to
dominate our energy consumption. Development of robust
catalytic materials to meet our daily energy needs is arguablg
the most critical scientific and engineering challenge.'~
Methane (CH,), as the primary component of natural gas,
methane clathrates,®” and shale gas,lO is poised to become the
most crucial hydrocarbon feedstock for fuel and chemical
synthesis, providing an economical alternative to the declining
petroleum reserves. Despite the vast availability of methane, it
requires a complex infrastructure for secure transportation,
storage, and distribution, limiting efficient usage of natural
resources. In addition, methane is the second most abundant
greenhouse gas with potential to contribute to global warming
that is approximately 25 times greater than carbon dioxide
(CO,) over the next one hundred years."' Therefore, there is
an urgent need to discover low-carbon footprint methods to
selectively convert methane to transportable, high-energy-
density liquid fuels and value-added chemical feedstocks.
Although methane conversion pathways are desirable, the
technologies are not yet competitive with petroleum-based
production of chemicals and fuels. Industrially, methane
conversion could be realized in large scale through steam
© 2025 The Authors. Published by
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11608

7 ACS Publications

methane reforming to produce syngas,'” a mixture of carbon
monoxide (CO) and hydrogen gas (H,), which are then used
as feedstocks in the Fischer—Tropsch synthesis process''* to
generate liquid hydrocarbons. However, this process is energy-
intensive and generates carbonaceous deposits (coke), leading
to catalyst deactivation.'”'® In addition, the subsequent
Fischer—Tropsch process requires either CO or H, to remove
oxygen from CO, reducing the carbon atom utilization
efficiency or consuming valuable H, resources. Thus, direct
methane conversion to multicarbon hydrocarbons operating
under mild conditions without going through the intermediate
syngas production is more economically and environmentally
desirable. A variety of heterogeneous catalysts have been
explored as catalytic materials for direct methane conversion,

including oxidative coupling of methane over metal oxides,"”"*
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non-oxidative methane dehydroaromatization using zeolite-
supported metal catalysts,'””" and direct conversion through
C—C coupling on metallic surfaces.”’ Unfortunately, no
practical catalysts exist today for direct methane conversion
due to high C—H bond activation barriers and/or rapid
catalyst deactivation by coke contamination.”***

Recently, Marcinkowski et al.”> and Hannagan et al
experimentally demonstrated that single-atom alloys (SAAs),
atomically dispersing a minimum amount of reactive metal
atoms in the surface layer of a less reactive host metal, can be
used as efficient and coke-resistant catalysts for dehydrogen-
ation of alkanes to produce alkenes. More specifically, platinum
(Pt) dispersed in the surface layer of copper (Cu), ie, Pt/Cu
SAA (the notation A/B denotes the single atom A dispersed in
the surface layer of host B), successfully activates desirable C—
H bonds but exhibits high barriers for subsequent dehydrogen-
ation steps that lead to coke formation,” outperforming its
pure metal components in that Pt can activate C—H bonds but
suffers from coking,m’B

26

° while Cu is resistant to coke formation
but exhibits a high C—H activation barrier.”’ Similarly,
thodium (Rh) dispersed in the surface layer of Cu, i.e., Rh/
Cu SAA, was designed as a catalyst for propane dehydrogen-
ation to propene, while either Rh or Cu pure metal is not
generally considered as a catalyst for alkane dehydrogen-
ation.”® The primary advantage of SAAs lies in their unique
geometries to decouple the location of the transition state and
binding sites of the reaction intermediates, allowing simulta-
neously favorable bond dissociations and weak binding
energies and thus enhance catalyst activity and selectivity.”’

Moreover, the well-defined active sites in SAAs make the
understanding of reaction mechanisms and thus prediction of
reactivity relatively easy with density functional theory (DFT),
which is the most popular computational modeling tool for
heterogeneous catalysis,”*™** to accelerate the discovery of
catalytically efficient SAAs. Motivated by the success of SAAs
for alkane dehydrogenation, we began to use DFT to design
SAAs for converting methane to multicarbon hydrocarbons
through engineering (1) single catalytic sites to enable facile
C—H activation and (2) host metals to allow favorable C—C
coupling and weak bindings of carbonaceous deposits.
Specifically, we considered various 3d-5d transition metal
atoms dispersed in the surface layer of Cu(111) surface as
catalysts for direct methane conversion to C, products,
including ethane (C,Hy), ethylene (C,H,), and acetylene
(C,H,). Cu was selected as the host metal due to its kinetically
favorable C—C coupling and weak bindings to adsorbates.”**>
The Cu(111) facet was chosen as it is the most stable Cu facet,
and many Cu(ll1)-based SAAs have been successfully
synthesized in experiments.”” Herein, we started by studying
the stabilities of these Cu-based SAAs in terms of avoiding
dopant aggregation and segregation. On stable SAAs, we then
evaluated thermodynamics and performed detailed kinetic
modeling of methane dehydrogenation to atomic carbon and
multiple C—C coupling mechanisms between carbonaceous
species, toward the ultimate goal of identifying active, selective,
and coke-resistant SAAs for methane utilization.

Il. METHODS

We performed spin-polarized periodic DFT calculations with
the all-electron, frozen-core, projector augmented-wave
(PAW)*® method using the Vienna Ab initio Simulation
Package (VASP), version 6.3.1.°7"* We used the Perdew—
Burke—Ernzerhof (PBE)*' exchange-correlation functional

together with Grimme’s D3*** dispersion correction and
the Becke—Johnson damping function.”* We applied a kinetic-
energy cutoff value of 500 eV for the plane-wave basis set. We
utilized a 4 X 4 supercell containing four atomic layers (64
atoms) to simulate surfaces when evaluating the stability of
SAAs and determining reaction pathways of direct methane
conversion. We constructed a periodic cell with a vacuum
spacing of at least 15 A along the direction normal to the SAA
surface, resulting in a unit cell length of 30 A along the c-axis to
prevent interactions between the periodic images. The atoms
in the two topmost layers of the 4 X 4 four-layer slab, as well as
all adsorbed species, were relaxed, while the atoms in the two
bottommost layers were fixed at their bulk atomic positions to
simulate the semi-infinite Cu bulk crystal structure. I'-point-
centered Monkhorst—Pack™ k-point grids of 15 X 15 X 15 and
5 X § X 1 were applied to sample the Brillouin zone for the
bulk unit cell and the 4 X 4 periodic slabs, respectively.
Benchmark calculations indicated that the selection of kinetic-
energy cutoff (500 eV vs 1000 eV) and k-point grids (15 X 15
X 15 vs 24 X 24 X 24 for bulk and S X § X 1 vs 6 X 6 X 1 for
slab) converged the total energies to 1 meV/atom. To aid the
self-consistent field convergence, we used Methfessel-Paxton
smearing*® for Brillouin zone integration with a smearing
width of 0.1 eV. In geometry optimizations, forces were
converged to 0.03 eV/A. We applied dipole-field energy and
potential corrections®” to cancel the artificial field interaction
between the slabs along the direction normal to the SAA
surface.

We considered the aggregation energy and segregation
energy when predicting the stability of SAAs. Aggregation
energy quantifies the relative stability of the single isolated
dopant atom toward aggregation, i.e., forming dopant clusters,
on the host metal, and was computed using”"***’

AEagg(n) = Etot(”) + (i’l - l)Etot(hOSt) - nEtot(SAA)

in which E,(n), E./(host), and E,,(SAA) are the total
energies of an alloy surface with a cluster of n dopant atoms, a
pure host surface, and an SAA surface, respectively. Here, we
used a dopant dimer embedded on the alloy surface to
represent the formation of dopant clusters in the prediction of
aggregation energy, leading to n = 2 in the above equation.
Segregation energy indicates the relative stability of the single
isolated dopant atom in the surface layer of the host, ie.,
forming an SAA, versus immersed in the bulk host materials,
and was calculated using27’48’49

AEseg = Etot(bulk) - Etot(SAA)

in which E,(bulk) and E(SAA) are the total energies of an
alloy surface with a dopant immersed in the bulk host slab and
an SAA surface, respectively. For each dopant/host SAA
combination, four different slab models, either alloys or pure
metal, are essential to compute the aggregation and segregation
energies (see the Supporting Information Figure S1 for
representative slab models). With the above formulations, a
positive aggregation energy and a positive segregation energy
indicate the formation of an SAA. We optimized the minimum
energy paths (MEPs) for CH, dehydrogenation to *C
(adsorbed carbon; * refers to an adsorption site) and C—C
coupling mechanisms to ethane and ethylene using the
climbing image nudged elastic band (CI-NEB) method®’
with an artificial spring force constant of 3 eV/A* along the
reaction tangents.
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lll. RESULTS AND DISCUSSION

liLl. Evaluating the Structural and Energetic Stability
of SAAs. In this study, we investigated 27 SAAs consisting of
3d-5d transition metals dispersed in the surface layer of a
Cu(111) surface. Two dopants, lanthanum (La) and
technetium (Tc), were excluded from this study since it is
hard to obtain a nicely converged geometry with a reliable
electronic structure for the La doped on Cu (La/Cu) SAA, as
well as the radioactive nature of Tc for experimental validation
and safe handling of the Tc doped on Cu (Tc/Cu) SAA. When
predicting the structural and energetic stability of an SAA, we
considered both aggregation and segregation energies.
Aggregation energy quantifies the thermodynamic stability of
forming isolated dopants versus forming dopant clusters on the
host metal, while segregation energy computes the relative
stability of the isolated dopant staying in the surface layer or
segregate into the bulk of the host.27*%4 A dopant/host
combination with both positive aggregation and segregation
energies maintains an isolated atomic configuration of the
dopant, forming an SAA, while preventing the formation of
clusters, immersed dopants, or intermetallic phases (vide
supra).

DFT calculations often neglect entropic contributions that
typically favor dispersion of the dopants, and thus dopant/host
combinations with aggregation and/or segregation energies
that are negative but close to zero may still be accessible in
experimental synthesis operated at elevated temperatures.
Assuming a 0.25 eV entropic contribution, we identified 16
stable SAAs out of the 27 candidates studied, including 3d
dopants of Sc/Cu, Cr/Cu, Mn/Cu, Ni/Cu, and Zn/Cu; 4d
dopants of Y/Cu, Zr/Cu, Rh/Cu, Pd/Cu, Ag/Cu, and Cd/Cuy;
5d dopants of Hf/Cu, Ir/Cu, Pt/Cu, Au/Cu, and Hg/Cu
(Figure 1, SI Figure S2, and Table S1). Unsurprisingly, several
DFT-predicted stable SAAs have been successfully synthesized
in recent experiments, demonstrating the robustness of our
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Figure 1. Segregation energy plotted against aggregation energy for
27 SAAs with 3d-5d transition metals dispersed in the surface layer of
Cu(111). The green shaded region indicates the formation of an SAA
with both positive aggregation energy and positive segregation energy
assuming a 0.25 eV entropic contribution. SAAs are labeled using the
dopant element. Dark blue circles indicate the most stable SAAs,
while dark red circles indicate the least stable SAAs. Schematic of
avoiding forming a dopant cluster (i.e., aggregation) or dopant
immersing in the bulk (i.e., segregation) of the host metal is shown in
the inset.

computational strategy to predict the stability. For example,
the Ni/Cu SAA was prepared by a modified electroless
galvanic deposition method and was characterized using X-ray
powder diffraction (XRD), high-resolution transmission
electron microscopy (HRTEM), and scanning electron
microscopy (SEM) images for ethanol dehydrogenation.”">*
In another work, the Rh/Cu SAA was synthesized and
examined using multiple experimental techniques to under-
stand the active single site, including low-temperature scanning
tunneling microscopy (LS-STM), temperature programed
desorption (TPD), and reflection absorption infrared spec-
troscopy (RAIRS).*® Using similar synthesis and character-
ization techniques, Pd/Cu SAA**** and Pt/Cu SAA’® have
also been successfully prepared. In addition to experimental
verification, our DFT-predicted stability of SAAs is consistent
with other simulation studies.***"*”

lILIl. Direct Methane Conversion to C, Hydrocarbons
(Ethane, Ethylene, and Acetylene) on Stable SAAs. To
understand the activity and selectivity of using SAAs for direct
methane conversion to C, products (ethane, ethylene, and
acetylene), we explored reaction mechanisms of full dehydro-
genation of methane to adsorbed carbon (*C) and various C—
C coupling mechanisms of partially dehydrogenated species,
including methyl (*CH;) coupling to ethane, methylene
(*CH,) coupling to ethylene, and methyne (*CH) coupling
to acetylene (Figure 2a), on identified stable SAAs (vide
supra). We first screened the most favorable adsorption sites
for all methane dehydrogenation intermediates (*CH,, *CH,,
*CH, *C, and *H) on stable SAAs (SI Figures S3 and S4, and
Table S2). Here, we only focused on the adsorption sites
around dopants since experimental work characterized them as
the active sites.”> For most SAAs, intermediates tend to
consistently favor the hollow site, with exceptions showing
preferences for the top or bridge site for *CH; and *CH,
intermediates. These differences suggest that the choice of the
dispersed dopant can influence the preferred adsorption sites
of intermediates, potentially affecting the reactivity of the
catalysts.

Starting from the most preferred adsorption sites, we first
calculated reaction energies of CH, dehydrogenation to *C on
16 stable SAAs (Figure 2b, and SI Table S3). We observed that
dopants can effectively tune the activity of C—H activation on
the Cu(111) host, resulting in a wide range of dehydrogen-
ation energies: —0.51 eV (Hf/Cu) to 1.30 eV (Hg/Cu) for
CH, dehydrogenation; 0.18 eV (Ir/Cu) to 1.12 eV (Au/Cu)
for *CH, dehydrogenation; —0.22 eV (Ir/Cu) to 0.70 eV (Au/
Cu) for *CH, dehydrogenation; 0.33 eV (Ir/Cu) to 1.70 eV
(Zn/Cu) for *CH dehydrogenation (SI Table S3). The last
dehydrogenation step, i.e, *CH to *C, is usually the least
favorable step with the highest reaction energies. In addition,
we noted a correlation between the C—H activation energies
for the first two dehydrogenation steps (i.e,, CH, to *CH; and
*CH; to *CH,) and the dopant’s outer-shell d-electron
configuration that reaction energies become more positive with
increasing number of outer-shell d-electrons, while the other
two dehydrogenation steps (i.e, *CH, to *CH and *CH to
*C) exhibit different trends that reaction energies become
more negative first and then more positive with increasing
number of d-electrons of dopants (SI Figure S5). In general,
SAAs with dopants from early and midrow transition metals
show surmountable reaction energies for CH, dehydrogen-
ation, while SAAs containing late transition metals from groups
11 and 12 consistently exhibit higher CH, dehydrogenation
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Figure 2. (a) Schematic of methane dehydrogenation mechanisms to *C and C—C coupling steps leading to ethane, ethylene, and acetylene
formation. Atoms are colored as follows: blue for carbon and gray for hydrogen. Solid arrows indicate methane dehydrogenation, and dashed
arrows indicate C—C coupling. (b) Full-energy landscapes of methane dehydrogenation to *C on 16 stable SAAs. Full-energy landscapes of direct
methane activation to (c) ethane and (d) ethylene on 10 stable SAAs with a reaction energy less than 0.5 eV for the first methane dehydrogenation
step. SAAs are labeled using the dopant element. For C—C coupling steps shown in (c) and (d), the energies are for a whole C—C coupling step,

ie, *CH; + *CH; — C,Hy in (c) and *CH, + *CH, — C,H, in (d).

energies. This trend suggests that SAAs containing dopants
with almost filled d orbitals are not reactive to C—H bond
activation. We analyzed the dopant d-band center of SAAs and
noted mixed behaviors across different intermediate-adsorbed
SAA surfaces (SI Figure S6). In addition, the most preferred
adsorption site is inconsistent for different carbonaceous
species (SI Table S2). Both phenomena contribute to the
divergent correlation between the d-electrons of dopants and
C—H activation steps.

We next investigated possible C—C coupling steps toward
producing C, hydrocarbons, including ethane, ethylene, and
acetylene. We considered coupling between two *CHj,
intermediates to ethane, two *CH, intermediates to ethylene,
and two *CH intermediates to acetylene on 16 stable SAAs
(Figure 2, and SI Table S3). Similar to CH, dehydrogenation
steps, dopants in SAAs affect the activity of C—C coupling
steps, leading to wide ranges of reaction energies: —1.95 eV
(Hg/Cu) to 0.87 eV (Hf/Cu) for ethane formation; —1.96 eV
(Hg/Cu) to 1.0S eV (Hf/Cu) for ethylene generation; —0.94
eV (Au/Cu) to 1.76 eV (Zr/Cu) for acetylene production (SI
Table S3). Interestingly, we observed divergent trends from
dehydrogenation steps that SAAs with dopants from late
transition metals are more reactive for C—C coupling. That is
to say, the outer-shell d-electron configuration of dopants in
SAAs also serves as a descriptor for C—C coupling reactivity.
Indeed, we found a strong correlation that reaction energies of
all three C—C coupling steps become more negative with an

11611

increasing number of outer-shell d-electrons of dopants (SI
Figure S7).

lILIII. Selectivity Analysis. Overall, Cu(111)-based SAAs
exhibit an inverse correlation between CH, dehydrogenation
and C—C coupling steps (SI Figure S8); i.e., reactive SAAs for
C—H bond activation are inert for C—C coupling and vice
versa. Therefore, SAAs with dopants from midrow transition
metals that balance well two types of chemistries are potential
active and selective catalysts for direct methane conversion to
multicarbon hydrocarbons. To quantitatively analyze SAA
activity and selectivity, we compared both the first CH,
dehydrogenation energy (ie, CH, to *CH,) and an energy
difference, AE, between reaction energies of the second
dehydrogenation step (i.e., *CH; to *CH,) and the two *CH,
coupling reaction (Figure 3). A low CH, dehydrogenation
energy indicates that the catalyst is active for initial C—H bond
breaking, while a high AE means that the catalyst is selective
for C—C coupling toward ethane formation while suppressing
further dehydrogenation. We selected the AE between these
two particular steps because thermodynamics tells us that
reaction energies of *CHj; dehydrogenation to *CH, are
positive on all SAA catalysts (Figure 2b), while reaction
energies of two *CHj coupling to ethane could be negative on
some active SAA catalysts (Figure 2c), indicating that ethane is
likely to be the dominant product for direct methane
conversion on SAA catalysts. Following this analysis, we
defined an SAA that simultaneously has less than 0.15 eV for

https://doi.org/10.1021/acscatal.5c02570
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Figure 3. (a) Schematic of the energy landscape showing the reaction
energy of the first methane dehydrogenation step and the energy
difference (AE) between *CH; dehydrogenation and two *CH,
coupling to ethane. For the C—C coupling step, the energy is for a
whole C—C coupling step, ie, *CH; + *CH; — C,Hy (b) AE
plotted against CH, dehydrogenation energy for 10 stable SAAs with
methane dehydrogenation energy less than 0.5 eV. The vertical black
dashed line indicates a methane dehydrogenation energy of 0.15 eV
with pink and purple shaded regions on the left representing SAAs
with high activity for methane activation. The horizontal black dashed
line indicates a AE of 0.40 eV with blue and purple shaded regions
above representing SAAs with high selectivity for ethane production.
SAAs in the purple shaded region (i.e., Ni/Cu, Cr/Cu, and Rh/Cu)
are active and selective catalysts for direct methane conversion to
multicarbon hydrocarbons.

CH, dehydrogenation and greater than 0.45 eV for AE as an
active and selective catalyst for direct methane conversion and
found that Ni/Cu, Cr/Cu, and Rh/Cu SAAs fall in this region
that can potentially transform methane to multicarbon
hydrocarbons (Figure 3). The selection of 0.1S eV reaction
energy for CH, dehydrogenation activity and 0.45 eV energy
difference for C—C coupling selectivity is based on a recent
work?® of identifying Pt/Cu SAA for efficient C—H activation.
Based on their DFT study,” pure Cu(111) and Pt(111) have
reaction energies of 0.61 and —0.27 eV for the first
dehydrogenation step of CH,, respectively. A practical catalyst
should have a reaction energy within the range of —0.27 to
0.61 eV that can activate the C—H bond but avoid the problem
of coke formation. Therefore, we selected a C—H activation
energy of 0.15 eV, which is in the middle of the range to
represent a cutoff criterion. While for the selectivity of C—C
coupling vs C—H activation, we observed a linear scaling
relationship between the reaction energy and reaction barrier
of all C—H bond activation steps on pure Cu(l1l), pure
Pt(111), and Pt/Cu SAA reported in their work.” Based on
the slope, a reaction energy difference of 0.45 eV corresponds
to a reaction barrier difference of 1.10 eV, which is large
enough to enhance the selectivity toward C—C coupling. We

highlight that the selection of these criteria for kinetic study is
somewhat arbitrary since the scope of our work is to establish a
systematic workflow of identifying SAA catalysts for direct
methane conversion from evaluating stability and thermody-
namics to kinetics. Development of catalyst design principles of
SAA catalysts for direct methane conversion necessitates a
kinetic study of a broader SAA chemical space, which is subject
to ongoing work in the group.

lILIV. Kinetic Modeling of Direct Methane Conversion
to C, Products on Ni/Cu, Rh/Cu, and Cr/Cu SAAs. The
selection of Ni/Cu, Rh/Cu, and Cr/Cu SAA catalysts for
direct methane conversion to multicarbon hydrocarbons is
guided by thermodynamics of CH, dehydrogenation and C—C
coupling mechanisms. To fully understand their reactivities,
evaluation of the kinetics, i.e., predicting reaction barriers, is
essential. We started from optimizing the MEP on the Ni/Cu
SAA (Figure 4a). The initial dehydrogenation step of CH, to
*CHy starts from a desorbed CH, molecule on top of the SAA
surface and then undergoes C—H bond breaking close to the
Ni dopant site in the transition state toward forming an
adsorbed *CHj at an atop site and a *H at a hollow site. This
C—H activation step is both thermodynamically and kinetically
favorable, with a reaction energy of 0.11 eV and a barrier of
0.77 eV (Figure 4b), indicating that this step can proceed
under mild conditions. The second dehydrogenation step
(*CHj, to *CH,) proceeds via a transition state of C—H bond
breaking close to the Ni dopant site toward both products (i.e.,
*CH, and *H) moving to hollow sites with a reaction energy
of 0.48 €V and a barrier of 0.75 eV (Figure 4b). The competing
C—C coupling between two *CHj intermediates to form
ethane is thermodynamically more favorable with a reaction
energy of —0.18 eV but kinetically less favorable with a higher
barrier of 1.07 eV, indicating that *CH, is more likely to be the
dominant intermediate though the products are dependent on
the operating temperature. As the pathway progresses,
dehydrogenation of *CH, to *CH occurs with a reaction
energy of 0.11 eV and a barrier of 0.50 eV. However, the C—C
coupling of two *CH, to form ethylene is extremely favorable
as a barrierless process with a reaction energy of —0.36 eV,
indicating a very fast reaction rate for ethylene formation.
Previous study shows a *CH, dimerization barrier of 0.46 eV
on a pure Cu surface,” suggesting the synergy between the Ni
dopant and the Cu host in promoting C—C coupling. Since
*CH, to *CH is both thermodynamically and kinetically
hindered, we did not consider the kinetics of further
dehydrogenation (ie, *CH to *C) and two *CH coupling.
In addition, we evaluated the kinetics of adsorbed hydrogen
associative desorption from the Ni/Cu SAA surface, i.e, *H +
*H — H,, to understand whether the active sites can be
blocked by hydride formation from the first and second
dehydrogenation steps. The predicted reaction barrier is 0.80
eV, including that hydride is unlikely on the surface and thus
the surface remains catalytically active rather than being
contaminated by adsorbed hydrogen. Overall, we identified
Ni/Cu as a highly active and selective catalyst for direct
methane conversion to ethylene with the rate-limiting step
being CH, dehydrogenation to *CHj; and a barrier of 0.77 eV.
To the best of our knowledge, no theoretical prediction and
experimental investigation exist for using the Ni/Cu SAA
catalyst for direct methane transformation to ethylene. To
experimentally verify the theory-guided catalyst discovery, we
are currently collaborating with experimentalists to understand
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Figure 4. Critical structures (initial state, transition state, and final state) for (a—c) methane dehydrogenation and (d, e) C—C coupling
mechanisms leading to C, products on the Ni/Cu SAA. Energy landscapes for the full methane dehydrogenation to *C and C—C coupling steps,
leading to the formation of ethane, ethylene, and acetylene on (f) Ni/Cu SAA, (g) Rh/Cu SAA, and (h) Cr/Cu SAA. Black solid lines indicate
methane dehydrogenation. Dashed lines represent C—C coupling mechanisms (green for two *CH; coupling to ethane, orange for two *CH,
coupling to ethylene, and red for two *CH coupling to acetylene). Reaction barriers for *CH dehydrogenation to *C and two *CH couplings to
acetylene are not included in the energy landscapes. For C—C coupling steps shown in (f—h), the energies are for a whole C—C coupling step, i.e.,

*CH, + *CH,; — C,Hy and *CH, + *CH, — C,H,.

the effects of temperature and dopant concentration on tuning
the activity and selectivity of Ni/Cu SAA for this chemistry.
We next considered the Rh/Cu SAA (Figure 4c and SI
Figure S9). The first dehydrogenation step (CH, to *CH,) is
also energetically favorable with a reaction energy of 0.11 eV
and a very low barrier of 0.35 eV (Figure 4c). The second
dehydrogenation step (*CH; to *CH,) proceeds with a
reaction energy of 0.27 eV and a barrier of 0.71 eV. The
competing C—C coupling of two *CH,; intermediates to

11613

ethane is thermodynamically more favorable with a reaction
energy of —0.20 eV and a higher barrier of 1.01 eV. Similar to
Ni/Cu, although thermodynamics favor ethane generation,
kinetics prefers the formation of the *CH, intermediate.
Following that, further dehydrogenation of *CH, to *CH has a
reaction energy of —0.04 eV and a barrier of 0.53 eV. The
other possibility is coupling between two *CH, intermediates
to form ethylene. Unlike the barrierless process of this step on
Ni/Cu, Rh/Cu has a reaction energy of —0.13 eV and a barrier
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of 0.42 eV, indicating that the formation of ethylene is slightly
favorable than the *CH intermediate and the coexistence of
both species. Further dehydrogenation to *C and coupling
between two *CH to acetylene are thermodynamically
unfavorable, and thus kinetics is not considered here. Overall,
the Rh/Cu SAA could be an active catalyst for ethylene
production, although *CH intermediate might also exist and
block the active sites.

We then studied the Cr/Cu SAA (Figure 4d and SI Figure
$10). The first dehydrogenation step is energetically favorable,
with a reaction energy of 0.08 eV and a barrier of 0.64 eV
(Figure 4d). The second dehydrogenation step has a reaction
energy of 0.48 eV and a barrier of 0.76 eV. Similar to the other
two SAAs, *CHj coupling is kinetically unfavorable with a
sufficiently high barrier of 1.43 eV, indicating *CH, as the only
possible product. The subsequent dehydrogenation of *CH, to
*CH proceeds with a reaction energy of —0.09 eV and a
barrier of 0.47 eV. However, C—C coupling of two *CH, to
ethylene is even more favorable with a similar reaction energy
of —0.12 eV and a lower barrier of 0.28 eV, suggesting that
ethylene is a product for methane conversion on the Cr/Cu
SAA. Further reactions to either *C or acetylene are impossible
with very high reaction energies. Therefore, Cr/Cu also
emerges as an efficient catalyst for direct methane conversion
to ethylene.

IV. CONCLUSIONS

To summarize, we explored the possibility of using Cu(111)-
based SAAs with dopants from 3d-5d transition metals as
catalysts for direct methane conversion to produce C, products
including ethane, ethylene, and acetylene. We started from
assessing their stabilities by calculating the aggregation and
segregation energies, ensuring that the dopant atoms remain
singly dispersed on the surface of Cu(111). We identified 16
stable SAAs out of the 27 considered candidates. Several DFT-
predicted stable SAAs have already been successfully
synthesized in experimental studies, indicating the robustness
of our computational methodologies in predicting SAA
stability.

We next studied the reactivity of the 16 stable SAAs as
catalysts for direct methane conversion to ethane, ethylene,
and acetylene, including the mechanisms of CH, dehydrogen-
ation and three C—C coupling steps. We observed that the
outer-shell d-electron configurations of dopants in SAAs play a
critical role in determining both reactivities of CH,
dehydrogenation and C—C coupling steps but affect the two
chemistries in a different way. Basically, SAAs with dopants
from early and midrow transition metals favor C—H bond
activation, while SAAs with dopants from late transition metals
favor C—C coupling. By performing quantitative selectivity
analysis, we identified that Ni/Cu SAA, Rh/Cu SAA, and Cr/
Cu SAA exhibit high activity and selectivity toward generating
multicarbon hydrocarbons based on thermodynamics favor-
ability.

We further performed kinetic modeling on the three SAAs
and concluded that the Ni/Cu SAA is a highly active and
selective catalyst for direct methane conversion to produce
ethylene, with the rate-limiting step being CH, dehydrogen-
ation to *CH; and a barrier of 0.77 eV. Rh/Cu and Cr/Cu
SAAs can also transform methane to generate ethylene but
might suffer from a competitive reaction of *CH formation
that can potentially block the active sites. This work designs a
novel catalyst, atomically dispersing Ni atoms in the surface

layer of Cu(111) (Ni/Cu SAA), for direct methane conversion
to ethylene, and deepens our understanding of improving SAA
activity and selectivity through engineering compositions and
optimizing reaction conditions.
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