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The direct conversion of methane into alcohol is a promising
approach for achieving a low-carbon future, yet it remains a
major challenge. In this study, we utilize density functional
theory to explore the potential of the (CoCrFeMnNi);0,
(CCFMNO) high entropy oxide (HEO) for electrochemical
oxidation of methane to methanol and ethanol, alongside their
competition with CO, production. Our primary focus in this
study is on thermodynamics, enabling a prompt analysis of the
catalyst's potential, with the calculation of electrochemical
barriers falling beyond our scope. Among all potential active

Introduction

Methane has significantly contributed to meeting global energy
demands owing to its abundance and environmental advantages
over conventional fossil fuels"? Nevertheless, the current
challenges associated with storing and transporting methane
gas, particularly when produced at oil production sites, have led
to extensive gas flaring in oil fields around the world. The direct
conversion of methane through thermal catalysis is inefficient,
lacks selectivity, and demands the use of strong reactants and
harsh conditions (such as high temperatures and pressures),
making methane conversion at remote locations highly challeng-
ing. Furthermore, these conditions generally favor complete
oxidation over partial oxidation thermodynamically. An attractive
alternative involves using electrocatalysis to partially oxidize
methane to alcohol, employing a suitable catalyst and oxidant.
High-entropy alloys (HEAs) have recently emerged as
attractive catalysts for various catalytic applications, including
oxygen reduction reaction (ORR),*™ oxygen evolution reaction
(OER)*¥ CO oxidation,”” hydrogen evolution,” ammonia
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sites within CCFMNO HEO, we identify Co as the most active
site for methane activation when using carbonate ions as
oxidants. This results in methanol production with a limiting
potential of 1.4 V¢, and ethanol and CO, productions with a
limiting potential of 1.2 V. Additionally, our findings suggest
that the occupied p-band center of O* on CCFMNO HEO is a
potential descriptor for identifying the most active site within
CCFMNO HEO. Overall, our results indicate that CCFMNO HEO
holds promise as catalysts for methane oxidation to alcohols,
employing carbonate ions as oxidants.

] (101 11,12]

oxidation” and decomposition,"” methanol oxidation, and
carbon dioxide reduction reactions (CO,RR).">' HEAs are
composed of five or more elements arranged in a random order,
resulting in a surface with multiple unique active sites."”” The
interaction between the catalytic active site and adsorbate not
only depends on the constituent elements but also on the
surrounding environment, which includes adjacent atoms both
laterally and beneath the surface. Consequently, modifying the
alloy composition becomes a crucial strategy to fine-tune their
catalytic behavior."

The concept of high-entropy stabilized alloys has been
extended to oxides to exploit their intriguing properties."”
Among the extensively studied multinary transition metal high-
entropy alloys is the Cr—Mn—Fe—Co—Ni alloy, often referred to as
the “Cantor alloy,” demonstrating a single solid solution phase
under various conditions."®?" An oxide variant derived from this
alloy, namely the (CoCrFeMnNi);O, high-entropy oxide and
exhibits promising catalytic activity in diverse electrochemical
applications. For instance, Triolo et al. demonstrated the potential
of (CrysMngsFeysCoysNigs);0, HEOs as a promising catalyst for
OER**! while Sun etal. revealed exceptional Lit-storage
capabilities in (Cry,Mn,,Fe,,C0q,Nig,):0, HEOs powders.* Fur-
thermore, a mesoporous thin film of (Cr,,Mn,,Fe;,C0o,,Nij5);0,
HEOs has exhibited superior performance compared to a dense
film, highlighting its potential as a photoelectrode for solar water
reduction in alkaline media.” Its inherent stability and unique
compositional structure make it an attractive candidate for
exploring its role in catalysis, particularly in electrochemical
applications.

While the potential applications of HEOs in various catalytic
processes have been widely explored,” their utilization in
electrochemical partial methane oxidation remains significantly
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unexplored. A particular study primarily focused on the thermal
oxidation of methane employing various HEOs supported on Cu,
such as (MgNiZnCuCo)O,, (MgTiZnCuCo)O,, (AlFeCrGaTi)O,,
(FeCoMgNiMn)0O,, and (MgCaNiCoFeMn)O,. However, this inves-
tigation encountered challenges in partially oxidizing methane,
resulting in the production of CO, and CO within the temper-
ature range of 200-500°C. The limitations posed by thermal
catalysis on HEOs could potentially be addressed through
electrocatalysis. Hence, this study aims to delve into the potential
of the equimolar face-centered cubic (CoCrFeMnNi);O, as a
catalyst for electrochemical methane oxidation towards alcohol
production.

In this study, we employ density functional theory (DFT) to
investigate the electrochemical methane oxidation on the
(CoCrFeMnNi);0, (CCFMNO) HEO, employing CO.,*>" ions as
oxidant. Our reaction energetics analysis indicates that CCFMNO
HEO has the capability to produce alcohols, with a slightly
stronger preference for ethanol over methanol, alongside the
production of CO, gas. Moreover, our investigation into the
electronic structure of CCFMNO HEO revealed correlations
between proton affinity and occupied p-band center of O¥,
emerged as a promising electronic descriptor for catalytic
activity. This findings empahasizes its crucial role in future
catalyst design strategies for methane conversion.

Results and Discussion
Generation of Active Oxygen Species on Catalyst Surface

An equimolar face-centered cubic high-entropy oxide comprising
of Cr, Mn, Fe, Co, Ni were modeled using the special-quasi-
random structure (SQS) of 5x5x4 supercells containing
100 atoms. The mcsgs code in the Alloy Theoretic Automated
Toolkit (ATAT) was used to find the best SQS that most satisfies
the correlation function of random solutions.”” It was found that
the homogeneously mixed CCFMNO HEO bulk structure exhibits
superior stability, and the optimized structure is shown in
Figure S1. Next, we identified the relevant catalyst surface by
examining different terminations of the (001) facet. The most
stable surface termination included all active elements—cobalt,
chromium, iron, manganese, and nickel-consistent with the
homogeneous mixing observed in the bulk structure.

To further validate the presence of the most active element,
Co, on the CCFMNO HEO surface, we conducted a comparative
investigation by exchanging the position of the surface Co atom
with either Cr, Fe or Mn in the subsurface. Our findings revealed
that the total energies for Co on the surface are 4.3 meV,
19.4 meV, and 447.8 meV lower than those for Cr, Fe, and Mn on
the surface, respectively.

To address potential composition variations between surface
and bulk of HEOs in experiments, we delved into a scenario
where cobalt, the most active element, forms a separate oxide
phase (Co;0,). Our analysis, as depicted in Figure S2, indicates
that the catalytic performance of Co;0, is expected to be
significantly inferior to that of our HEO due to a notably
increased activation barrier for C—H activation of methane. This
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highlights the importance of employing a catalyst comprising
homogeneously mixed HEOs rather than having specific oxides
predominant on the surface. The Pourbaix diagram for various
metallic sites within CCFMNO HEO indicates that at pH=0, the
clean surface remains stable up to 1.0 Vg without any pre-
covered adsorbates, as shown in Figure 1. However, at potentials
higher than 1.0Vge and 1.37 Vg, the Cr and Ni sites,
respectively, become poisoned by *O electrochemically formed
via water oxidation. Subsequently, as the potential increases
beyond 1.5 Vg, all metallic sites in CCFMNO HEO starts to be
poisoned by O*. Therefore, under the experimental applied
potentials for methane activation, typically falling within the
range of 1.0 to 1.5 Vg, only the Co and Fe sites remain clean,
while the Ni and Cr sites are occupied by O*.

In the electrochemical conversion of methane, the presence
of active oxygen (O*) is crucial for effectively activating the C—H
bond. As previously reported, the generation of O* on a catalyst
surface using CO,> ions is far more appealing compared to
H,0.%5% The CO,>" ion as oxidant facilitates the generation of
active atomic oxygen on the catalyst surface through the
following reactions:

CO;* + % — CO; x +2e” m

CO3x — O x +CO, (g )]

Equations (1) and (2) depict the electrochemical adsorption
of a carbonate ion to CO;* and the subsequent thermochemical
dissociation of CO;* into O* and CO,(g), respectively. As shown in
Equation (1), the adsorption of a carbonate ion is anticipated to
involve nearly a two-electron transfer process, indicating that
CO,* formation can become exothermic even at relatively low
oxidation potentials, as the reaction free energy (in electronvolts)
would decrease nearly twice the applied potential. Note that the
pH dependence of the carbonate system reveals that, under
acidic to neutral conditions, the concentration of H,CO; and
HCO,™ is at its maximum, while CO,*" is nearly zero." This
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Figure 1. Pourbaix diagrams of surface adsorbed species (O*, OH*) on
various metallic sites of the (CoCrFeMnNi);0, (001) surface. The dashed lines
indicate the equilibrium potential for OER on the Vg scale.
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phenomenon is reflected in our free energy calculations: at pH=
0, HCO,* formation is exothermic, whereas CO;* is endothermic
(Table S1). Therefore, it becomes necessary to consider a pH=12,
where CO,>~ concentrations are higher, in order to better align
with the expected thermodynamic behavior.

To compare the formation of O* on CCFMNO HEO from H,0O
and CO,> ions, we calculated the free energy profiles for OER
and CO,> adsorption and subseqgeunt dissociation mechanisms
(Figure S3 and Table S2). The OER free energy profile indicates
that the OOH* formation (O*—OOH?*) step acts as the potential-
determining step (PDS) for all sites, including Co, Cr, Fe, and Ni,
with limiting potentials of 2.28 eV, 3.41 eV, 1.72 eV, and 2.56 eV,
respectively. While the O* generation occurs within a potential
range of 1.40 to 1.94 eV. This suggests that O* formed on various
sites of CCFMNO HEO is highly stable and generally does not
undergo O, evolution under the experimental reaction condi-
tions.

The free energies for O* formation from CO;*~ are detailed in
Table S2. Note that the energy of carbonate species were
obtained using thermodynamic cycles due to the challenge in
directly calculating the energy of CO,> solvated by water
(Supplementary note 1, Figure S5). In the case CO,*> ions as
oxidant, an applied potential of 1.5 Vg facilitates the generation
of O* from CO,* ions on all metal active sites of the CCFMNO
HEO surface except Ni, owing to a high CO; dissociation barrier.
Notably, under the experimental conditions for methane activa-
tion (1.5 Vgye and pH=12), O* is preferentially forms on CCFMNO
HEO, and no promotion of OER is observed. This suggests that
0* generated from CO,>" ions does not undergo further
oxidation into O, gas; instead, it actively participates in methane
activation. Therefore, carbonate ions prove to be suitable oxidant
for generating O* on the CCFMNO HEO surface.

Partial Methane Oxidation to Methanol

Figure 2a shows the calculated minimum energy pathway for
methane oxidation to methanol by O* at different metallic sites
of CCFMNO HEO at 0 Vg, pH=12, and T=298 K. We can see
that CO,>~ adsorption on Co and Fe sites can become exothermic
under the experimetal anodic potential of approximately 1.5 Vg
(Figure 2b). The energy barriers for the subsequent dissociation
of COs* into O* and CO, (g) are surmountable for Co site with a
barrier of 0.73 eV and slightly higher for the Fe site, which is
0.90 eV. Meanwhile, according to Pourbaix analysis, at 1.5 Vg, Cr
and Ni sites are pre-occupied by O* from water oxidation.
Therefore, we elucidate the methane oxidation to methanol
reaction mechanism from methane activation on O* (Figure 2c).

Next step involves methane activation on O* to produce
methanol via the following reactions:

O* +CH, (g) — 0" o o @ CH, (3)
O* e e ¢ CH, — (OH o o o CH;)* (4)
(OH o o o CH;)* — CH,OH* (5)
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Figure 2. Free energy diagram for partial methane oxidation to methanol on
(a) various metallic sites of the (CoCrFeMnNi);0, (001) surface at 0 Vg,
pH=12, and 298 K, (b) Co and Fe sites of the (CoCrFeMnNi);0, (001) surface
at 1.5 Vgue, PH=12, and 298 K, (c) Cr and Ni sites of the (CoCrFeMnNi);0,
(001) surface at 1.5 Vg, pH=12, and 298 K.

CH;OH* —* +CH;0H (g) (6)

The C—H activation barriers for the Co and Fe site are 0.71
and 0.52 eV, respectively, making them surmountable under
ambient conditions. However, for the Cr site, the C—H activation
barrier is 1.09 eV, making it not very surmountable under
ambient conditions. Typically, an activation energy below 0.8 eV
is considered kinetically viable at ambient temperature. Never-
theless, the diffusion of intermediates on the Cr site to the
neighboring Co site might be possible, whereas diffusion to Fe
and Ni sites is hindered by an energy difference of more than
1 eV. Therefore, Cr sites are considered unfavorable for methane
oxidation. While C—H activation barrier is found to be surmount-
able for Ni sites, the limiting potential for O* formation is 1.94 eV,
relatively higher than the typical applied potential for methane
oxidation. Overall, these findings suggest that the Co is the most
active site which exhibits sufficient reactivity for C—H activation,
followed by Fe in the production of methanol.
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Deep Oxidation of Methanol to Ethanol and CO,

Given relatively high limiting potential for O* formation on Ni
sites (Figure 2a), and O*-assisted methane activation barrier for
the Cr (Figure 2c) and we will now focus on only the Co and Fe
sites, and evaluate the potential issue of the further oxidation of
methanol to ethanol and CO, gas. The CH;OH* deprotonation
occurs via the cleavage of either the C—H bond to produce
CH,OH* or the O—H bond to produce CH,;0*.*? We found that
CH,OH* is much more stable than CH,0* over Co and Fe active
sites. To achieve high methanol selectivity, CH;OH* desorption
must be more favorable than the deprotonation of CH;OH* to
CH,OH*. However, the CH,OH* formation is exothermic than
CH,OH* desorption, i.e, AG=-0.48¢€V and —0.23 eV over Co
and Fe active sites, respectively (Figure 3). This suggests that
beyond methanol, CCFMNO HEO would thermodynamically favor
the generation of additional oxygenated derivatives. The CH,OH*
undergoes deprotonation through an electrochemical pathway,
leading to the formation of CH,O*. Next, CH,O* may undergo
direct coupling with methane through a C—C coupling pathway
to yield ethanol (CH,0*+CH,—CH,CH,OH*), or it may further
deprotonate to CHO* to ultimately yield CO, gas. Both pathways
are regarded as viable for both the Co and Fe sites, albeit the
latter route exhibits considerably greater exothermicity than the
former. However, a more accurate evaluation of the product
selectivity between ethanol and CO, gas would require a
comparison between the thermochemical barrier for C—C
coupling and the electrochemical barrier for CH,OH* deprotona-
tion, a task beyond the scope of this study. It's worth noting that
accurately calculating the energy of the transition state for the
C—C coupling barrier, which would resemble a methyl radical
interacting with CH,OH*, is challenging due to the complex
solvation of the methyl radical in aqueous environment. The
calculation of electrochemical barriers also lies beyond the scope
of this present study. Consequently, this poses a challenge in
conclusively determining the dominant product on this catalyst
based solely on thermodynamics. Nevertheless, it's evident that
CCFMNO HEO shows significant potential for producing meth-
anol and ethanol, along with CO, gas. It is also quite interesting
to find that CHO* deprotonation does not lead to CO* formation;
instead, it results in CO, production through coupling with

3
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—-—
3 0-
*
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Figure 3. Free energy diagram for deep oxidation of methanol to ethanol
and CO, on different metallic sites of the (CoCrFeMnNi);0, (001) surface at
298 K and pH=12.
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surface oxygen to yield a surface oxygen vacancy (O,). Therefore,
it is crucial to emphasize the impact of surface oxygen vacancies
(Oy) on the catalyst, which can lead to the leaching of surface
cations if the rate of oxygen insertion from the aqueous
electrolyte is not sufficiently rapid.®® Given that metal leaching
can significantly affect long-term stability and catalytic perform-
ance, we stress the importance of further experimental inves-
tigations to evaluate and address potential leaching effects for
the practical applications of CCFMNO HEO.

Scaling and Brgnsted-Evans—Polanyi Relations on CCFMNO
HEO

Figure S4 exhibits a linear scaling relation observed between the
adsorption energies of O* and various intermediates involved in
the methane oxidation reaction, including COs*, CH;OH¥,
CH,OH*, CH,0*, and CH;CH,OH*. This scaling relationship arises
due to the shared adsorption site symmetries of O* and these
intermediates. Our findings align with previous reports, notably
Saidi et al. reported similar local scaling relationships between
hydrogen-containing molecules *AHx and *A for A=C, N, O, and
S on the CoMoFeNiCu HEA surface, particularly evident when *A
and *AHx share identical adsorption site symmetry.2¥ It's
important to emphasize that these observed scaling relationships
are not universally applicable, unlike the scenario on uniform
surfaces. Instead, these relationships hold true only when *O
within reaction intermediates occupies an identical adsorption
site as *O on HEOs. This observation is consistent with the results
outlined by Rossmeisl on IrPdPtRhRu HEA surfaces.*™ Hence, the
energetics of all reaction steps in partial methane oxidation can
be determined as a function of the adsorption energies of O* on
the CCFMNO HEO surface.

Rossmeisl et al. reported that the Brgnsted-Evans-Polanyi
(BEP) relations for O, dissociation on HEAs do not hold due to
the distinct interaction of the bound state (Es/E;) and the
transition state(E;) with a different number of surface atoms.>”
To validate this observation within the scope of CCFMNO HEO,
our study focused on computing the barrier for C—H activation, a
crucial step in the partial methane oxidation to methanol. In the
case of CCFMNO HEO, we observed that methane activation
proceeds via a radical-like TS. In addition to the conventional BEP
relationship,®® Latimer et al. demonstrated that the hydrogen
affinity (AEq—2Eq) serves as an effective descriptor for C—H
activation that proceeds through a radical-like T5.%” Our findings,
illustrated in Figure 4 (a), reveal a positive linear correlation
between E;s and AEq—AEqy. This indicates that higher proton
affinity facilitates more facile C—H activation. Consequently, while
BEP relations are applicable on CCFMNO HEO, employing a
descriptor that considers the local structure of the E/Ers and Er
is crucial for their accurate interpretation.

Origins of Catalytic Activity through Electronic Structure

We investigated the electronic structure of CCFMNO HEO to
explore the origin of catalytic activity in the partial oxidation of

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 4. (a) Brensted-Evans—-Polanyi relations on (CoCrFeMnNi);0, (001)
surface: The energy barrier for methane C—H bond activation (AEy) as a
function of AEqy«_ o+ (€V). (b) Electronic structure descriptor revealing the
proton affinity (AEqu—AE) in relation to the occupied p-band center (g, o)
of the active oxygen.

methane. Traditionally, the d-band center of transition metals
serves as a measure of intermediate adsorption energy.™®
Considering the direct interaction of O* in C—H activation, we
proceeded to calculate the occupied p-band center (¢, ) of O*
(Figure 4b, refer to Supplementary note 2 and Table S3 for
detailed values). The ¢, . exhibits a negative correlation with
proton affinity, displaying a strong correlation with an R? value of
0.93. A more positive ¢, signifies a higher energy level of the
2p orbital in oxygen, leading to a more active O* and improved
proton affinity. Consequently, utilizing the occupied p-band
center of O* can serve as an effective electronic descriptor. These
correlations highlight potential catalyst design strategies, empha-
sizing the significance of electronic structure in governing
methane conversion catalytic activity.

Conclusions

Our study highlights the important role of CO;*>" ions in
generating active oxygen species (O*) essential for electro-
chemical methane oxidation to alcohols on CCFMNO HEO
surfaces. Among various active sites of (CoCrFeMnNi);0,, we
identify Co as the most active for methane activation, yielding
methanol with a limiting potential of 1.4V, and ethanol and CO,
with a limiting potential of 1.2 V. We have also shown that the
linear scaling and BEP relations do hold on HEOs, contrary to the
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AEg,+ — AEq« (eV) Spin-polarized DFT calculations were performed using the Vienna Ab
initio Simulation Package (VASP) with the Atomistic Simulation
(b) 00 Environment (ASE).”**@ The interactions between electrons and ion
y = -0.8435x - 3.5868 cores were described by the projector augmented wave (PAW)
P _0'.66 R?=0.9302 potential. The exchange and correlation energy was described by the
E g L revised Perdew-Burke-Ernzerhof (GGA-RPBE) functionals.*'#? We
S employed the rotationally invariant form of the DFT+U approach
4 15 | proposed by Dudarev et al to account for Coulomb correlation
I_ug effect*¥ We set Uy (Uy=U-J) for transition metals, Us=3.32, 3.70,
g 20 5.30, 3.90, 6.20 eV for Co, Cr, Fe, Mn, Ni, respectively. A kinetic energy
cutoff of 500 eV was used for plane-wave expansion. Monkhorst-
25T Pack k-point meshes of 4x4x1 were used for all slab calculations.
3.0 i i i During structural optimization, the energy and force convergence
45 35 25 15 05 criteria were set to 107° eV and 0.3 eV/A, respectively. The climbing

image nudged elastic band (CI-NEB) method was used to calculate
the transition-state (TS) geometries.*"
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