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Abstract: As transportation continues to increase world-wide, there is a need for more efficient
utilization of fossil fuel. One possibility is direct conversion of the solution gas bi-product CHy
into an energy-rich, easily usable liquid fuel such as CH3OH. However, new catalytic materials
to facilitate the methane-to-methanol reaction are needed. Using density functional calculations,
the partial oxidation of methane is investigated over the small-pore copper-exchanged zeolite SSZ-13.
The reaction pathway is identified and the energy landscape elucidated over the proposed motifs
Z5[Cuy0] and Z[CuyOH]. It is shown that the Z;[CuyO] motif has an exergonic reaction path,
provided water is added as a solvent for the desorption step. However, a micro-kinetic model
shows that neither Z;[CuyO] nor Z;[Cup;OH] has any notable activity under the reaction conditions.
These findings highlight the importance of the detailed structure of the active site and that the most
stable motif is not necessarily the most active.

Keywords: DFT; reaction mechanism; micro-kinetic model; small-pore zeolite; chabazite; SSZ-13;
copper; methane-to-methanol; direct conversion

1. Introduction

The growing need for transportation makes a more efficient usage of combustion fuel
necessary [1]. Methane, which is extracted together with crude oil, is a not fully utilized
bi-product. As methane is a gas at standard conditions with high sunlight absorption
properties, methane is often flared into CO; instead of being utilized [2]. Such a scenario
can be avoided if it were possible to directly convert methane into methanol, which is
a liquid at standard conditions. The management and distribution system is already
in place to handle liquid fuels. The current method for methane-to-methanol (MTM)
conversion is based on a large-scale two step process operating at high temperature and
high pressure [3]. A major development would be a catalytic material that can transform
methane into methanol in one step (direct methane-to-methanol (DMTM)) on a small scale,
at low temperature and standard pressure.

The search for a catalyst for the partial oxidation of MTM has been the topic of many
studies [4-7]. One line of research has been to mimic the porous structure and ionic
metal sites of the naturally occurring enzymatic methane monooxygenases (MMOs) [8],
which has been accomplished by metal ion-exchanged zeolites.

The basic building-blocks of zeolites are corner-sharing SiO4 and AlOy tetrahedrons,
with Si and Al tetrahedrally coordinated (T-site). A porous framework with pore sizes
ranging from two to 12 membered rings (MRs) is formed by connecting tetrahedrons.
One important characteristic of the zeolite system is the Si:Al ratio, which is commonly in
the range of 5-20:1.

Experimentally, direct conversion of MTM over zeolites has been observed using a
quasi-catalytic three step process: activation of the oxidant (O,, N2O or NO) at high tem-
perature (>350 °C); reaction phase at 50-210 °C and with the addition of CHy; extraction
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at 25-210 °C, where the reactants are flushed out using water/ethanol or some other sol-
vent [9,10]. For instance, studies of the MFI zeolite ZSM-5 have shown catalytic activity for
DMTM conversion, with the cation system of Cu-ZSM-5 being the most active for conver-
sion [11]. However, the detailed configuration of the active site is still under debate [12-14].
An additional use of Cu-ZSM-5 is as a catalyst for the selective catalytic reduction reaction
(SCR) of NO, using NH3 as the reducing agent [15]. However, the NH3-SCR reaction is
preferably performed over the small-pore chabazite system of Cu-SSZ-13 [16]. It is, thus,
interesting to investigate whether Cu-55Z-13 also would show activity for partial oxidation
of methane [17-20].

Over the Cuy;O motif in Cu-ZSM-5, the reaction mechanism for direct conversion
has been shown to occur via a three step reaction path: activation of the C-H bond in
CHy4 over the active site and a rotation of the reactant, which leads to the formation of the
CH3OH-complex [11]. The active site in Cu-SSZ-13 has been suggested to be CuOH [21,22].
The proposed reaction mechanism [21] for CuOH is more complex than for CuyO in MFIL.
Direct insertion of a methyl radical can be done either with a possible two step reaction
path or a five (alternatively six) step reaction path. The longer path shows an energy profile
with low barriers. Furthermore, including water in the reaction path makes methanol
formation energetically favourable [21]. However, the presence of the CuOH motif has also
been explained as it is a possible precursor for the formation of either CupO, or Cu,O [23].
Larger Cu clusters (Cu > 2), namely CuzOs [24,25], have also been suggested as the active
motif. The trimer structure has been shown to decrease the energy barrier for the activation
of the C-H bond when compared with the smaller Cu monomer and dimer [21]. However,
only large pore zeolites such as MFI and mordenite (MOR), are believed to contain these
large clusters; in small pore zeolites, they have been shown to be unstable [22].

It has been shown that the active site motif is dynamic and depends sensitively
on the operating conditions, such as the temperature and partial pressure of relevant
gases [26,27]. Previous work [27] reports that for a quasi-catalytic reaction cycle in the
zeolite Cu-SSZ-13 (with Si:Al = 10:2 and Al:Cu = 2:2, in the 12 T-site unit cell), the Cu,OH
motif, as seen in Figure 1a, is the energetically preferred structure for low temperature and
low partial pressure of oxygen, while for high temperature and high partial pressure of
oxygen, the CupO motif, as can be seen in Figure 1b, is preferred. However, the reaction
mechanism and character of the intermediates are not yet known.

In this study, we use first-principles calculations to determine the reaction mechanism
for the partial methane oxidation over the active site motifs of Cu,O and CuyOH in the
small-pore zeolite SSZ-13. As water is often included as a solvent in the experimental
procedure, its influence on the reaction mechanism is investigated in detail, and a micro-
kinetic modelling is used to explore the activity of the considered sites.
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Figure 1. The two investigated active site structures and their positions in the zeolite framework are
shown. In (a), the CuyOH site in SSZ-13 and in (b) the Cu,O site in SSZ-13.

2. Results and Discussion

The reaction mechanism is elucidated for the reaction and the extraction phase of the
DMTM reaction. This is experimentally done at 448 K and flow reactor conditions with 2%
CH, and 10~°% CH;3OH with respect to atmospheric pressure [10]. Under these conditions,
previous work has identified Z;[CuyO] and Z;[Cu,;OH], with the active sites situated in
the 8MR in the chabazite (CHA) (see Figure 1a,b), as the most stable active site motifs [27].

In the description of the intermediate steps in the reaction mechanism, the two copper
atoms of the active site are denoted as *. Hence, *X,Y implies that reaction intermediate X
is coordinated to both Cu atoms, forming the current state of the active site, while reaction
intermediate Y is either adsorbed on the active site or free in the zeolite.

The structural properties of gas phase H,O, CHy4 and CH3OH are in good agreement
with the experimental values [28]; for details, see Table S1.

2.1. Reaction Mechanism over Z,[Cu,O]

The identified reaction mechanisms for DMTM at 448 K over Z;[Cu;0] in SSZ-13
are presented in Figure 2, where the difference in the Gibbs free energy of two different
mechanisms, with and without water, is compared (total energies for the mechanism can
be found in Figure S2).

Starting with an empty zeolite, the free energy cost of moving one methane molecule
into the zeolite framework is 0.28 eV. The first transition state (TS) is CH, dissociation,
suggested to occur via a CHj radical [29]. Here, the methyl structure was found by
constrained geometry optimizations and proved to be a saddle point through vibrational
analysis and is shown as TS1 in Figure 2.
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Figure 2. Reaction path over Z;[Cu,0]. Gibbs free energies are in eV and relative to that of Z[Cu,O]
with CHy in the gas phase. The red squared path shows the reaction for dry conditions. Adding
water to the mechanism gives the blue cross path. Both paths are exergonic. Reaction conditions are
setto T =448 K, pcp, = 2%, pu,0 = 10% and pcp,on = 1079%, with respect to atmospheric pressure.
TS, transition state.

Passing through the methyl radical, with a barrier of 1.12 eV, the first intermediate step,
i.e., *OH, CHj is an OH-group coordinated to both Cu atoms at a distance of 1.86/1.87 A and
a planar CHj3 at a distance of 2.08/2.07 A. This configuration is 0.25 eV more stable than if
CHj3 attaches to the framework. The second TS shows the carbon atom coordinating to one
Cu atom at a distance of 2.15 A and the OH-group lying in the plane of the SMR. Under dry
conditions (pcp, = 2%, PcH,0H = 1072%), the barrier to form an attached *CH3;OH is 0.84 eV,
where the oxygen in the methanol bridges both Cu atoms at a distance of 1.98/1.99 A.
The subsequent desorption energy of the CH30H molecule is 0.73 eV. The empty site after
desorption is a Z;[Cuy] structure with an interatomic distance of 2.46 A, which is 0.07 A
larger than the Cu-Cu distance in the Z;[CuyO] structure. The energy is 1.84 eV higher
than the most stable Z;[Cuy] structure, where the copper atoms are situated in the 6MRs.
This is clearly seen in the reactivity of the final structure. For instance, the adsorption
energy of oxygen in the final structure, with the copper atoms residing in the 8MR as a
reference, is —2.55 eV, as compared to —0.71 eV if using the most stable configuration as
the reference.

The complete reaction under dry conditions, as marked by red squares in Figure 2,
is exergonic by —1.02 eV. If water is added to the reaction mechanism after TS2, the methanol
desorption becomes exergonic by —1.81 eV. This confirms the need for a solvent during
the extraction phase [9,30]. The most exergonic reaction pathway ends in a Z,[Cu,H,O]
structure with a Cu-Cu distance of 2.43 A, Cu-O distances of 1.96/1.97 A and a Cu—O-Cu
angle of 76.3°. This is stretched and more acute as compared to the Z,[Cu,O] structure of
the original active site, where the distances are 2.39 A and 1.74/1.74 A and the angle 86°,
respectively. In the energetic landscape, the relative energies of the reaction path show a
decrease in energy when water is added (see Figure S2).
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2.2. Reaction Mechanism over Z,[Cu, OH]

The Gibbs free energy along the reaction path under dry conditions, over the Z,
[Cup,OH]-site, is reduced to a one step reaction, marked by purple diamonds in Figure 3.
The addition of water (blue crosses in Figure 3) to the mechanism adds one intermediate
step and makes the reaction less exergonic. Total energies for the reaction path can be
found in Figure S5.
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Figure 3. Reaction path over Z;[Cup,OH]. Purple diamonds mark the mechanism under dry con-
ditions, blue cross the addition of one HyO and grey triangles when two HO are included in the
reaction. Gibbs free energies are in eV and relative to that of Z;[Cu,OH] with CHj in the gas phase.
Reaction conditions are set to T = 448 K, pch, = 2%, pr,0 = 10% and pcp,oH = 1079%, with respect
to atmospheric pressure.

Starting with an empty zeolite, *OH, the introduction of methane into the zeolite is
exergonic at —0.38 eV (treating the entropy of methane in the harmonic approximation
increases the cost to 0.08 eV; see Figure 57).As in the Z,[Cu,O] system, the methyl radical
is found to have the lowest TS energy for CHy dissociation with a barrier of 2.65 eV.

Following the methyl radical along the dry path, the second intermediate (*H,CH3;OH)
is 1.66 eV higher in energy than the first intermediate (*OH,CH,). Methanol desorption
is 2.30 eV lower in energy than the CH3OH formation step in the reaction, and as a
whole, the reaction is exergonic with 1.02 eV. The empty site after CHzOH desorption
is a Cu—H-Cu complex with a Cu—Cu distance of 2.34 A, Cu-H bonds of 1.60/1.59 A
and a Cu-H-Cuangle of 95°, displaying shorter bonds and a more obtuse angle when
compared to the Cu—-OH-Cu structure, where the distances are 2.50 A and 1.82/1.82 A and
the angle 86°.

All intermediates in the reaction are found to be doublets. The energy difference
between the lowest and second lowest spin states is found in Table 1. A Bader analysis
shows a charge of approximately 0.88/0.90 on the Cu atoms for all but the final state, *H,
where the charges instead are calculated to be 0.95/0.95.
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Table 1. Spin state of the intermediates in the reaction over Z;[Cu,OH] following the reaction
mechanisms in Figure 3. Energy difference between the two lowest spin states in eV.

Reaction Intermediate Spin State Energy Difference (eV)
*OH doublet 3.60
*OH,CHy4 doublet 3.60
TS1 doublet 1.84
*CH3;O0H,H doublet 3.42
*CHj3,H,O doublet 3.05
*CH30H,H,H,0O doublet 4.10
*H doublet 3.55
*H,H,0 doublet 3.51
*H,2(H,0) doublet 3.77

There is an additional path to the direct formation of CH3OH on the Z;[Cuy,OH]
structure. After the methyl TS1, an intermediate with a 0.18 eV lower formation energy
than the direct formation of methanol, *CH3zOH,H, is found (see Figure S5).This is a
CH;3—Cuy—H;O structure with a 0.69 eV higher free energy of formation (blue cross in
Figure 3). To form methanol via this intermediate, water is included in the reaction, and
the subsequent CH3OH formation occurs at no cost. The CH30H molecule is attached to
the Cu—H-Cu cluster on one side at a distance of 1.99 A, and the H,O molecule is on the
other side at a distance of 2.08 A. The most exergonic final state is that of Z,[CuyH] for
completely dry conditions, i.e., including no water molecules. When water is included,
the final state is a Z;[Cu,H(H,O)] structure with Cu—H bond of 1.59 and 1.58 A and Cu-
H,O bonds of 2.17 and 2.14 A, 0.83 eV higher in energy. The inclusion of water in the
mechanism binds methanol stronger to the framework, hindering the desorption of the
products. This is undesired and in contrast to established experimental procedure, where
a solvent is introduced in order to extract the produced methanol [31]. Since the zeolite
contains water [26,27], our results indicate that the participation of the Z,[Cu,OH] site in
the reaction is limited. In the energy landscape, the relative energies of the reaction path
show a decrease in energy when water is added; see Figure S5.

2.3. Micro-Kinetic Model

With the help of a micro-kinetic model using the reaction paths shown in Figures 2 and 3,
the performance of the active sites is analysed in Figure 4. The dry reactions over the
Z5[Cuy0] and Z,[Cup,OH] sites in SSZ-13 are here compared to Z;[Cu; OJH0 in S57-13,
as well as previous results for the same reaction over the Z;[Cu,O] site in the large pore
zeolite ZSM-5 [11]. In Figure 4a, the fraction of empty sites is plotted over time at a fixed
temperature of 523 K, and Figure 4b shows the half-time of the sites as a function of
temperature. The poor activity of the dry reactions over the sites in S55Z-13, as indicated
in the free energies of the reaction landscape, is here confirmed. Additionally, due to the
change in spin for TS1 in Z,[CuyO] SSZ-13 (as shown in Table 2), the rate is an upper limit.

The time needed to convert the active sites into CH3OH is shown in Figure 4a. The MFI
framework converted all active sites after 2 s. Second fastest is the Cu,O site in CHA
containing water (blue stars) at 9000 s; the Cu,O site without water does not start the
conversion until 316 years have passed, and the Cu,OH site in CHA still has done no con-
version at 104 s. Treating the reactants according to the harmonic approximation instead of
in the gas phase has no significant effect on the activity of the sites (see Figures S8 and S9).

The half-time of the sites as a function of temperature is shown in Figure 4b. The poorly
performing systems show a clear increase in activity when the temperature is increased.
Over the temperature range, the half-time for the Z,;[Cu,OH] SSZ-13 site is reduced from
~100 s to ~10% s. The Z,[CuyO] SSZ-13 is equally sensitive to a change in temperature,
falling from ~10'3 s to ~10% s. The two most active systems, Z[Cu,O]H,O SSZ-13 and
Z5[Cup0] ZSM-5, remain largely constant over the given temperature range. Here, it should
be noted that the chabazite framework is only stable for temperatures below ~800 K [32].
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Overall, the result shown in Figure 4 implies that neither the Z;[CuyO] nor Z;[CuyOH] site
can be considered active sites for DMTM. However, the addition of H,O to the Z;[Cu,O]
in S5Z-13 leads to a significant increase in the activity.
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Figure 4. Coverages calculated for the reaction over four different sites: Z;[CuyO] in ZSM-5,
Z5[CupOJH,0 in SSZ-13, Z5[CuyO] in SSZ-13 and Z,[Cu,OH] in SSZ-13. (a) shows transient kinetics
and the fraction of empty sits as a function of time at a fixed temperature of 523 K. In (b), the half-time
of the sites as a function of temperature is shown.

Table 2. Spin states of the intermediates in the reaction over Z,[Cu,O] following the reaction
mechanisms in Figure 2. The energy difference presented is that between the two lowest spin states

ineV.
Reaction Intermediate Spin State Energy Difference (eV)
*O singlet 0.03
*O,CHy singlet 0.03
TS1 triplet 0.45
*OH,CHj3 singlet 0.35
TS2 singlet 0.08
*CH3OH singlet 1.71
*CH30H,H,O singlet 2.01
* singlet 0.26
*H,0O singlet 1.69
*H,O,H,O singlet 1.23

The reaction mechanism over Z;[CuyO] ZSM-5 is very similar to that over Z;[Cu,O]
SSZ-13, passing through a radical TS1 and then forming CH30H on the site [11]. However,
as can be seen in Figure 510, it has a flatter energy landscape than that over Z;[Cu,O] SSZ-
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13; all barriers are lower in ZSM-5, as well as the final desorption step. Thus, comparing
the activity of the two different zeolite frameworks, the Z;[Cu,O] site in ZSM-5 is clearly
more active than the sites in SSZ-13. In the transient kinetics in Figure 4, the Z;[Cu,O]
ZSMS-5 sites are all consumed after ~0.6 s, and the site shows a half-time of 1072-10° s.
This higher activity corresponds well with experiments where large pore zeolites (such as
ZSM-5 or mordenite) show higher turnovers for DMTM than small-pore zeolites (such as
S57-13) [19].

3. Materials and Methods

Density functional calculations were performed using the Vienna Ab initio Simu-
lation Package (VASP, Vienna, Austria) [33-38]. The projector augmented wave (PAW)
method [39,40] is used to describe the interaction between the valence electrons and the
core. PAW potentials were used with the valence states H(1sh), O(2522p4), C(2522p2),
Al(3s?3pl), Si(3s23p?) and Cu(3d'%4s!). The exchange-correlation interaction was treated
using the vdW-DF-cx functional [41-43], which includes van der Waals interactions in the
exchange-correlation by taking non-local screening into account. In zeolites, the van der
Waals interaction has been found to be important to include in the functional. Moreover,
the Cu-O bond has shown sensitivity to the localization of the 3d-electrons [44]. The effect
of using a +U correction of U = 6 eV is shown in Figures S3 and S6 for Z,[Cu,O] and
Z3[CuyOH], respectively. Overall, the adsorption energies of the reactants increases when
the correction is applied.

The Kohn-Sham orbitals were represented using a plane wave basis set with 480 eV
as the cut-off energy. A Gaussian smearing of 0.05 eV was applied to the Fermi-level
discontinuity. The electronic energies were converged to 1078 eV in the self-consistent
loop, and ionic positions were considered to be relaxed when the largest atomic force in
the system was smaller than 0.01 eV/A. A Monkhorst-Pack grid with 2 x 2 x 2 T-centred
k-points was used to sample the Brillouin zone. The gas phase molecules were treated
in a cubic box with sides of 10 A. All calculations were done using spin polarization.
All intermediate states were analysed for charge distribution using the Bader analysis
method developed by the Henkelman group [45-48].

Vibrational energies were calculated by constructing the Hessian matrix using atomic
forces generated by 0.01 A displacements of the considered atoms. Only the extra-
framework atoms, i.e., active site and reactants, were included in the vibration analysis.
All low-lying normal wave numbers of the adsorbed reaction intermediate were set to
100 cm™! (the included vibrations can be found in Tables S2 and S3). The translations
and rotations of water, methane and methanol were calculated using the ideal gas ap-
proximation, whereas all vibrations were calculated using the harmonic approximation
as implemented in the Themochemistry module in the Atomic Simulation Environment
(ASE) [49,50]. Rotations were treated by the rigid motor model [51]. The transition states
(TSs) were characterized using the climbing nudged elastic band (NEB) method [52-54],
during which the spin of the structure was allowed to change.

The stability of the reaction intermediate states was compared using the change in Gibbs
free energy:

AG(T,Au) = AH —T-AS(T) — Ap. )

T is temperature, and Ay is the change in chemical potential between 0 K and
the condition of interest for the relevant gases. Here, Ay = Apcp,, unless water is
added into the mechanism, in which case, HyO is treated in an analogous way to CHy in
Equations (2) and (4) and Ap.

AS is the difference in entropy between the adsorbed and non-adsorbed state,

AS = S(T,Zy[CuOH,14C]) — S(T, Z2[CupOHy]), 2
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where Z[CuyOH,., 4C] and Z;[Cup;OH, ] are the active sites inside the zeolite framework.
When gas phase molecules are present in the zeolite cage, their entropy contribution is
affected by the confinement of the zeolite structure and is calculated according to [55,56]:

2 as as
5% = 3 (Sigmns + Sfot ) + S;fl(; ®3)
Here, S, and S5, are the entropy contributions from the gas phase translations and

rotations of the molecule, and SZ7) is the entropy contribution from the vibrational modes
of the molecule inside the zeolite. In Equation (1), the change in enthalpy is approximated
as the difference in total energy [57] given by:

AH =~ AE = Ez,(cu,0H,,,C] — Ezy[cu0m,] — EcH,- 4)

3.1. Micro-Kinetic Modelling

The reaction pathways were explored using a mean-field micro-kinetic model for the
DMTM reaction. The rate constants of the activated conversion of adsorbed reactants were
expressed using the conventional transitions-state theory (TST) [51],

kT Z'% (AE)

krst = n 7 ex _kBiT )

where AE is the energy difference between the initial and transition state, Z is the partition
function for the initial state, Z'F is the partition function for the transition state with the
reaction coordinate excluded, kg is Boltzmann'’s constant and / Planck’s constant. The
adsorption/desorption of methane and methanol was considered to be barrierless, and the
rate constant for adsorption is calculated as:

pA
kags = ——— 6

where p is the partial pressure of the molecule in the gas phase, A is the cross-sectional area
of the pore and m the mass of the molecule. The corresponding desorption rate constants
were obtained through the equilibrium constant:

_ kags AG
Keq B kdes - P kBiT ' @)

3.2. Zeolite Framework

In this study, the chabazite (CHA) framework SSZ-13 was used for catalysing the
reaction. Considering the small 12 T-site unit cell of the CHA framework, an Si:Al ratio
of 10:2 was used and denoted Z;. Comparisons were made with systems of a Si:Al ratio
of 11:1, denoted Z. The cation introduced to compensate the 2+ charge in the Z, zeolite
system was a Cu-dimer motif, which formed the active site. The reaction was performed
over Z[Cuy O] and Z,[Cu,OHJ; in a previous study identified to be the most stable motifs
of the Cu-dimer under the reaction conditions [27].

4. Conclusions

The reaction mechanisms and the activity of DMTM conversion over Z;[CupO] and
Z[CupOH] in Cu-SSZ-13 are explored by first-principles calculations and micro-kinetic
modelling. Over both systems, methane dissociation occurs via a methyl radical state,
which is responsible for the highest barrier of the reaction in both systems. During dry
reaction conditions: T=448 K, pcy, =2% and pcH,oH = 10~2% (with respect to atmospheric
pressure); methanol desorption is exergonic over both structures. When water is added to
the mechanism over Z;[Cuy0O], desorption becomes more exergonic; while in Z;[CuyOH],
the addition of any water increases the cost of desorption.
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The results show that neither of the dry sites (Z;[Cuy0] and Z;[CuyOH]) are responsi-
ble for any DMTM activity in SSZ-13 under the investigated conditions. Thus, for SS5Z-13
to be considered as a candidate for the DMTM reaction, the conditions must be chosen
with care; for instance by using a higher partial pressure of methane and including water.
Another strategy would be to utilize other candidates for the active site that has a lower
transition barrier for methane activation.

It should be noted that the identified reaction mechanism represents a quasi-catalytic
cycle. The initial activation and subsequent reactivation of the active site are not taken into
account. To close the cycle and make it a truly catalytic process remain as future challenges.

Supplementary Materials: The following are available online at https://www.mdpi.com /2073
-4344/11/1/17/s1, Table S1: Molecular vibrations, Table S2: Vibrational frequencies of reaction
intermediates in Z;[CuyO], Table S3: Vibrational frequencies of reaction intermediates in Z,[Cu, OH],
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