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ABSTRACT: Methanol is a liquid energy carrier that has the
potential to reduce the use of fossil fuels. Industrial production of
methanol is currently a multistep high-temperature/high-pressure
synthesis route. Direct conversion of methane to methanol under
low-temperature and low-pressure conditions is an interesting but
challenging alternative, which presently lacks suitable catalysts.
Here, the complete reaction cycle for direct methane-to-methanol
conversion over transition-metal dimers in the chabazite zeolite is
studied by using density functional theory calculations and
microkinetic modeling. In particular, a reaction mechanism
previously identified for the Cu2 dimer is explored under dry and
wet conditions for dimers composed of Ag, Au, Pd, Ni, Co, Fe, and
Zn and the bimetallic dimers AuCu, PdCu, and AuPd. The density-
functional-theory-based microkinetic modeling shows that Cu2, AuPd, and PdCu dimers have reasonable turnover frequencies under
technologically relevant conditions. The adsorption energy of atomic oxygen is identified as a descriptor for the reaction landscape as
it correlates with the adsorption and transition-state energies of the other reaction intermediates. Using the established scaling
relations, a volcano plot of the rate is generated with its apex close to the Cu2, AuPd, and PdCu dimers.

■ INTRODUCTION
Fossil fuels are currently the largest energy source, covering a
third of the world’s total energy consumption.1 Finding
alternatives to fossil fuels has become crucial as climate-
neutral regulations are adopted worldwide that demand
marginalization of fossil energy sources. Methanol is a
renewable alternative to liquid fossil fuels, and zero net
emissions can be achieved if methanol is produced from
biomethane, which is a fermentation product. The current
method to produce methanol from methane is, however, a
multistep industrial-scale synthesis process that requires high
temperature and high pressure. An appealing alternative is
direct conversion in one step via the partial oxidization of
methane

2CH O 2CH OH4 2 3+ (1)

The challenge is, however, to avoid overoxidation of the
thermodynamically preferred products CO and CO2.
Direct conversion of methane into methanol is performed in

nature via enzymatic methane monooxygenases (MMOs),2,3

where partial oxidation of methane over the copper atoms in
membrane-bound enzyme pMMO is one example.3 Interest-
ingly, the porous structure and ionic metal sites of the naturally
occurring MMOs can also be found in ion-exchanged zeolites,
which are porous aluminum silicates. Several different types of

zeolites have been investigated for direct methane-to-methanol
synthesis, of which some have shown promising results.4−11

However, the atomic structures and mechanisms responsible
for the activity of ion-exchanged zeolites are still debated. It
has been suggested that different zeolite structures stabilize
different sizes of the metal site. Copper trimers have, for
example, been observed in large-pore structures, such as MFI
and MOR12 whereas monomers13 and dimers14 predominantly
have been observed in small-pore zeolites, such as chabazite
(CHA). In addition to the pore size, the number of Cu atoms
in the preferred site is believed to be affected by the Si/Al
ratio15 and the distance between the Al ions in the zeolite
framework.16,17 The zeolite is at standard conditions humid,
and the presence of water has been reported to affect the
oxidation properties of the metal site18,19 as well as the
mechanism for methane-to-methanol conversion.20,21 Using
density functional theory (DFT) calculations in combination
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with kinetic modeling, we have shown that the presence of
water significantly increases the activity of the Cu dimer site in
the CHA framework, by increasing the mobility of the Cu
cations, lowering reaction barriers, and facilitating the
desorption of methanol.22

A crucial property of the catalytic site is its ability to change
the oxidation state, which is required to adsorb O2. Adsorption
involves charge transfer from the Cu site to O2 and the
concurrent change in the oxidation state Cu(I) ↔ Cu(II).
Other metals with the ability to change the oxidation state,
such as Fe, are also potential candidates to catalyze direct
methane-to-methanol conversion. In nature, a second version
of the MMO enzyme is sMMO, which performs partial
oxidation of methane with O2 over an iron dimer.

3 In zeolites
and with H2O2 as oxidant, Fe-Cu-ZSM-5 has shown the ability
to partially oxidize methane under aqueous conditions.20 The
iron dimer structure is, in this case, believed to be responsible
for the activity whereas copper inhibits overoxidation.20 Other
transition-metal atom of potential interest is Au and Pd. Using
a mixture of H2O2 and O2, an aqueous Au/Pd colloid, has
shown high selectivity toward methanol in methane
oxidation.23 It is suggested that the dissociation of H2O2
activates CH4, which then incorporates oxygen via the methyl
radical. Direct methane-to-methanol formation (using H2O2)
over Pd/Au surfaces suggests that alloying the surface reduces
the barriers of the methanol formation.24

Here, we use first-principles calculations to investigate
whether the reaction mechanism identified for Cu is viable
for other transition mono- and bi-metallic dimers composed of
Ag, Au, Pd, Ni, Co, Fe, and/or Zn. The identified partial
oxidation reaction uses O2 as oxidant and is explored over
MeOOMe and MeOMe structures (with Me being a metal
atom). The activity is investigated by using a microkinetic
model calculating the turnover frequency (TOF) for a
continuous reaction cycle. The influence of water on the
reaction is studied by considering both dry and wet reaction
conditions. We find that Cu2, AuPd, and PdCu dimers have
promising TOFs.

■ COMPUTATIONAL METHOD
DFT calculations were performed using the Vienna ab initio
simulation package (VASP)25−30 where the projector aug-
mented wave method31,32 models the interaction between the
valence electrons and the cores. Projector augmented wave
potentials were used with the valence states H(1s1), O(2s22p4),
C(2s22p2), Al(3s23p1), Si(3s23p2), Fe(3d74s1), Co(3d84s1),
Ni(3d94s1), Cu(3d104s1), Pd(4d105s0), Ag(4d105s1), and Au-
(5d106s1). The exchange−correlation interaction was treated
using the vdW-DF-cx functional,33−35 which includes van der
Waals interactions into the exchange−correlation by taking
nonlocal screening into account. The Kohn−Sham orbitals
were represented using a plane-wave basis set with 480 eV as
the cutoff energy. A Gaussian smearing of 0.05 eV was applied
to the Fermi level discontinuity. The electronic energies were
converged to 10−8 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 0.02 eV/Å. The
Brillouin zone was sampled by using only the Γ-point. The gas-
phase molecules were treated in a cubic box with sides of 10 Å.
The calculations were performed spin-polarized. Global
optimization of the intermediate states was performed by
local relaxations (quasi-Newton and conjugate-gradient
methods) from ab initio molecular dynamics trajectories with

Cu as the transition metal. Intermediate states for Me = Ag,
Au, Pd, Ni, Co, Fe, and Zn were identified by using local
optimization starting at the optimum Cu structure. The
transition states (TSs) were obtained using the climbing NEB
method36−38 as implemented in VASP. The spin state of the
structure was allowed to change during the TS search.
Vibrational energies were calculated by constructing a

Hessian matrix using atomic forces generated by 0.01 Å
displacements of the considered atoms. Only the extra-
framework atoms, i.e., active site and reactants, were included
in the vibration analysis. Note that as a combined result of set
force criterion and soft modes of the considered systems, some
low-lying frequencies (including any negative modes) of the
adsorbed reaction intermediate were set to 100 cm−1. All
intermediate states have been analyzed for charge distribution
using the Bader analysis method implemented by the
Henkelman group.39−42

The relative stability of the reaction intermediate states was
compared by calculating the change in Gibbs free energy

G T H T T( , ) S( )= (2)

where T is the temperature. In eq 2, the change in enthalpy is
approximated as the difference in total energy43 given by

H E E E EZ Cu O H C Z Cu O H CHx y x y2 2 4 2 2 4
= [ ] [ ]+ (3)

ΔS is the difference in entropy between the adsorbed and gas-
phase state

S S Sadsorbed gas phase= (4)

The translational entropy of gas-phase water, methane, and
methanol was calculated using the ideal gas approximation
whereas all vibrations were calculated using the harmonic
approximation.44,45 Rotations were treated by the rigid motor
model.46 The entropy of gas-phase molecules in the zeolite is
set by the confinement set by the zeolite pores.47,48 As a
consequence, the entropy is calculated according to

S S S
2
3

( S )zeo
trans
gas

rot
gas

vib
zeo= + +

(5)

where, Stransgas and Srotgas are entropy contributions from the gas-
phase translations and rotations of the molecule, respectively,
and Svibzeo is the entropy contribution from the vibrational modes
of the molecule inside the zeolite. Using eq 5 makes the initial
and final states to be unbound molecules absorbed inside the
zeolite.
Zeolite Framework. CHA is a small-pored zeolite

consisting of 4, 6, and 8 membered rings. Considering the
hexagonal unit cell of the CHA framework with 36 tetrahedral
sites (see Figure S1), a Si/Al ratio of 18 was used and is
denoted Z2. Two transition-metal ions were introduced to
compensate for the +2 charge in the Z2 zeolite system. The
oxidation state of each Me atom is +1 in the absence of
adsorbates. The used Al configuration is the same as in refs 14
and 21, which was optimized with respect to the bare Cu
dimer. However, other Al distributions can favor other reaction
intermediates.49 In the Supporting Information, the relative
energy of the Ze2[MeOMe] state (*O) with respect to Al
configuration is shown in Figure S2.
Microkinetic Modeling. The kinetic performance of the

methane-to-methanol reaction mechanism for each system was
investigated using mean-field microkinetic models based on
the respective reaction energy landscapes to form CH3OH. We
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did not consider formation of other possible reaction products
such as dimethyl ether, CO, and CO2.

50,51 Similar to our
previous work,22 the microkinetic model was formulated with
elementary adsorption, desorption, and reaction steps account-
ing for each minimum in the reaction energy landscape. For
the reaction steps, the forward rate constants were evaluated
from transition state theory (TST)46
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(6)

where ΔE is the energy difference between initial state and TS,
Q is the partition function for the initial state, Q′‡ is the
partition function for the TS with the reaction coordinate
excluded, kB is Boltzmann’s constant, and h is Planck’s
constant.
Adsorption was assumed to be barrierless, with the rate

constants for oxygen, methane, and methanol adsorption
calculated as

k
pA

mk T(2 )ads
B

1/2=
(7)

where p is the partial pressure of the molecule in the gas phase,
A is the cross-sectional area of the pore consistent with similar
studies,52,53 and m is the mass of the molecule.
The rate constants for the reverse reaction steps and

desorption were for thermodynamic consistency obtained
through the equilibrium constant
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k
k

G
k T

expeq
ads

des B
= =

(8)

The differential equations describing the surface kinetics
were solved using the Python Catalysis Kinetics (PyCatKin)
tool,54 using the SciPy55 lsoda wrapper to the Fortran
ODEPACK library,56 and backward differentiation formulas.
The relative and absolute tolerances were set to 1 × 10−8 and 1

× 10−10, respectively. Steady states were checked using the
nonlinear least-squares solver in SciPy, with the trust region
reflective method,57 and function and step-size tolerances of 1
× 10−8. The analytical Jacobian function was provided to both
solvers.
Scaling Relations. Linear scaling relations were fitted to

describe the relative energy of each state in terms of the
relative energy of the Z2[MeOMe] state (*O). Separate scaling
relations were derived for dry and wet conditions.

■ RESULTS AND DISCUSSION
The complete reaction cycle for the partial oxidation of
methane-to-methanol is explored. For simplicity, the complete
cycle is divided into four parts, (i) the activation of O2, in
which metal dimers as formed from two separate metal ions
and O2 are adsorbed, (ii) the adsorption and reaction of the
first CH4 with dioxygen to form methanol, (iii) the adsorption
and reaction of the second CH4 with the remaining oxygen to
form the second methanol molecule, and finally (iv) the
regeneration of the separate metal ions.
We use two different notations in the description of

intermediate steps in the reaction energy landscape; one for
the activation phase and one for the remaining three phases.
The notation for the activation phase indicates the structure of
the metal ions. For the remaining phases, the notation focuses
on the composition of the metal site; thus, the two metal ions
located in the 8MR are denoted *. The case with intermediate
X chemisorbed to the metal ions and intermediate Y only
weakly coordinated to the metal ions is, hence, denoted *X,Y.
Reaction Cycle during Dry Conditions. The reaction

energy landscapes over Z2[2Me]/Z2[MeOOMe]/Z2[MeOMe]
with Me = Ag, Cu, Au, Pd, Ni, Co, Fe, and Zn are shown in
Figure 1. See Figures S2 and S3 for an overview of the different
structures involved in the reaction energy landscape under dry
and wet conditions, respectively.
The first TS in the activation phase (i) is the diffusion of one

of the metal atoms along the zeolite framework, moving the

Figure 1. Reaction energy landscape for different transition-metal atoms during dry conditions. (i) Activation of O2 by the Z2[2Me] system. (ii)
Partial oxidation of CH4 over Z2[MeOOMe]. (iii) Partial oxidation of CH4 over Z2[MeOMe]. (iv) Regeneration of the initial 2Me structure. Atom
color codes: oxygen (red), hydrogen (white), and carbon (black).
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atom from the 6MR to the 8MR. All metals, with the exception
of Zn, have a barrier for diffusion. The height varies from 0.42
eV for Ag to 1.18 eV for Ni. Adsorption of the compound on
aqueous O2 is assumed to occur without a barrier. In the
structure MeO2Me, Co and Ni have a Me−O distance of ∼1.7
Å; for Cu and Zn, the Me−O distance is ∼1.8 Å; for Au, Pd,
and Fe the Me−O distance is ∼1.9 Å; and for Ag−O is ∼2.2 Å.
The transformation of MeO2Me to MeOOMe is for Cu and
Au associated with a barrier of 0.09 and 0.45 eV, respectively,
whereas the barriers to dissociate O2 on Fe, Co, Ni, and Pd are
negligible. No stable AgOOAg and ZnOOZn structures are
identified and thus the reaction mechanism over Ag and Zn
differs from that of the other metals. Fe, Co, and Ni form very
stable MeOOMe structures with formation energies of 7.13,
5.85, and 4.12 eV, respectively. The longest Me−O distance in
the MeOOMe configuration is calculated to be ∼1.9 Å for Au.
For Pd, the distance is ∼1.8 Å, and for Fe, Ni, and Co it is ∼1.7
Å. The Me−Me distance is the longest for Cu with ∼3.4 Å, and
the second longest for Au is ∼2.9 Å. Pd and Ni have a Me−Me
distance of ∼2.5 Å, and Fe has the shortest distance (∼2.4 Å).
The second phase (ii) in the reaction energy landscape is

CH4 adsorption. CH3OH formation over MeOOMe for Cu,
Au, Pd, Fe, Ni, Co, AgO2Ag, and ZnO2Zn proceeds via the
formation of a methyl radical (TS3). The lowest barrier for
TS3 is calculated for Pd (0.78 eV) and the highest for Ag (1.77
eV). The desorption energy of the first CH3OH molecule is
low from Fe (0.41 eV) whereas it is high from Co (1.48 eV).
Phase (iii) starts with CH4 adsorption on intermediate state
*O followed by two TSs; TS4 forms the methyl radical and
TS5, which couples the OH and CH3 groups. The lowest
barrier for TS4 is calculated for Pd (0.70 eV) and the highest is
for Zn (2.45 eV). The formation of the radical structure is
barrierless over Ag. The barrier for methanol formation (TS5)
is lowest for Cu (0.07 eV) and highest for Zn (3.23 eV). The
lowest CH3OH desorption energy is calculated for Zn (0.66
eV) and the highest for Ni (2.41 eV). The last phase (iv) is the
regeneration of the original 2Me structure. The regeneration is
associated with a barrier (TS6), which is the lowest for Ag
(0.19 eV) and highest for Zn (2.82 eV). The last step in the

reaction energy landscape is the diffusion of one metal atom
from 8MR to 6MR (TS7), which is the reverse of TS1.
Overall, we find that Pd and Au have a reaction energy

landscape that resembles that of Cu. Pd, however, has lower
barriers for the activation phase (i), and Au has lower barriers
during the formation of the first CH3OH molecule (ii). As Zn,
Fe, Ni, and Co form very stable intermediates, particularly
*2O,CH4, the possibility of completing the full reaction cycle
over these sites is limited. Note that Ag does not follow the
same intermediate steps as the reaction over Cu, which could
be associated with the inability of Ag to adopt an oxidation
state higher than Ag1+.
During the reaction outlined in Figure 1, the spin state of the

intermediates and TS change (as shown in Table S2), i.e.,
there is a crossing of the high-spin and the low-spin potential
energy paths along the reaction coordinate. An example of this,
the potential energy surface of CuO2Cu (triplet) trans-
formation to CuOOCu (singlet), together with spin-con-
strained calculation of the same transformation but fixed in the
triplet and singlet state, respectively, is shown in Figure S3.
Similar results are found in the literature, for instance see
Shiota and Yoshizawa,58 Chen et al.59 The electronic process
involved in the spin−flip can affect the reaction; thus, all rates
calculated for the reaction should be considered an upper limit.
Understanding the spin−flip process along the reaction
coordinate is important; however, it is beyond the scope of
this study. The charge distribution of the metal ions in each
intermediate state is found in Tables S6−S13.
Reaction Cycle for Transition Metals during Wet

Conditions. As zeolites are known to be humid, the
introduction of H2O into the reaction mechanism is important
to simulate realistic conditions. Here, one H2O is introduced
into the mechanism and is allowed to interact with the reaction
intermediates. It should be noted that the water molecule is
included here in the role of a cocatalyst. The thermodynamic
stability of one or more water molecules will depend on the
reaction conditions;49 thus, the results, e.g., TOF, might be
restricted to certain external conditions. However, this lies
outside the scope of this study. Figure 2 shows the resulting

Figure 2. Reaction energy landscape during wet conditions. (i) Activation of O2 by the Z2[2Me] system. (ii) Partial oxidation of CH4 over
Z2[MeOOMe]. (iii) Partial oxidation of CH4 over Z2[MeOMe]. (iv) Regeneration of the initial 2Me structure. Atom color code: oxygen (red),
hydrogen (white), and carbon (black).
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reaction energy landscape. The different systems respond
differently when H2O is added to the mechanism. H2O
coordinates preferably to one of the metal atoms with an
average adsorption energy of −0.99 eV. The lowest adsorption
energy is calculated for Co (−0.53 eV) and the highest for Fe
(−1.39 eV).
During activation phase (i), diffusion of the metal atoms

along the zeolite framework (TS1) is facilitated for all elements
in the presence of H2O. Here, Ag and Co exhibit barriers of
only 0.06 eV. The highest barrier for TS1 is associated with Au
(0.53 eV). The most significant effect, when compared with
dry conditions, is that of Co, where the barrier decreases with
1.12 eV whereas the effect is only minor for Au. The barrier in
TS2 is lowered for Cu and Co when water is added, whereas
the barriers for the other metals are increased. The largest
change is calculated for Fe where the barrier increases by 2.70
eV.
In phase (ii), Cu, Ag, and Pd have the lowest barriers for

methyl radical formation (TS3) being 0.28, 0.43, and 0.54 eV,
respectively. The highest barrier is calculated for Fe (1.54 eV).
The desorption energy of CH3OH range from 0.54 eV (Co) to
1.60 eV (Pd). On the MeOMe[H2O] structure, the average
H2O adsorption energy is 1.13 eV. The lowest adsorption
energy is calculated for Ag (0.57 eV) and the highest for Co
(1.66 eV). The Me−O distance can be grouped in three
categories: ∼1.9 Å (Au, Ag, and Pd), ∼1.8 Å (Fe and Zn), and
∼1.7 Å (Ni and Co). Considering the Me−Me distance, the
longest is calculated for Zn with ∼2.8 Å; Ag, Au, and Pd have
∼2.5 Å; Fe and Co ∼ 2.4 Å; and Ni ∼ 2.3 Å.
In phase (iii), the lowest barrier for TS4 is calculated for Cu

(0.94 eV) and the highest barrier for Fe (3.85 eV). TS4
proceeds without a barrier for Ag. The lowest barrier for TS5 is
again calculated for Cu (0.35 eV), and the highest TS5 barrier
is obtained for Zn (3.40 eV). The Co system does not have
any TS5. The lowest desorption energy of CH3OH is in phase
(iii) calculated for Zn (0.65 eV) and the highest for Au (1.60
eV).
In phase (iv), restructuring the active site from *[H2O] is

associated with a barrier in the range of 0.75 (Pd) to 2.84 eV
(Zn). Restructuring occurs without a barrier for Ag.
As for the dry reaction mechanism, the spin states change

during the wet reaction paths as outlined in Figure 2 (as shown
in Table S2), and again, the rate calculated for the reaction

should be considered an upper limit. The charge distribution
of the metal ions in each intermediate state is found in Tables
S6 to S13.
Reaction Cycle for Bimetallic Dimers. Based on the

potential energy landscapes in Figures 1 and 2, the elements
with the most promising reaction energy profiles for the
methane-to-methanol reaction are Cu, Pd, and Au. The
reactivity of the Pd intermediate states, the low CH3OH
desorption energies, low barriers for diffusion along the zeolite
framework of Cu, and the partial inactivity of Au make these
elements potential candidates for bimetallic combinations. The
reaction energy landscapes for AuCu, PdCu, and AuPd are
shown in Figure 3.

Reaction under Dry Conditions. The steps related to O2
activation and especially TS2 are associated with higher
barriers as compared to the single-metal systems. The lowest
barrier (PdCu) is 0.72 eV higher than that for 2Au, which is
the highest TS2 among the monometallic systems. The CH4
activation barriers over the bimetallic dimers are instead lower
than for the monometallic 2Cu and 2Au. The CH3OH
desorption energy is also lower over the bimetallic systems
than that over the monometallic cases. The desorption energy
for the first CH3OH molecule is lowest for AuCu followed by
AuPd. For the second CH3OH, the desorption energy is lowest
from AuPd, followed by that from the 2Au system. The lowest
barrier for regeneration of the bimetallic structure is calculated
for AuPd (0.58 eV). The AuPd dimer is the only system that
does not display changes in the spin state during the reaction
(Table S2).

Reaction under Wet Conditions. The bimetallic dimers
consist of elements with different affinities toward water
adsorption; however, there is a preference for H2O to bind to
Au, followed by Cu. In the 2Me[H2O] state (separated metal
cations), H2O is adsorbed on Au in AuPd[H2O] and
AuCu[H2O] with an adsorption energy of about 1.6 eV for
both systems. H2O is preferably adsorbed on Cu in the case of
PdCu[H2O] with an adsorption energy of 1.0 eV. TS1 is
lowered for all bimetallic systems in the presence of water, and
the first intermediate, Me-pair, is stabilized with an adsorption
energy of 0.59 eV as compared to the dry case; see Figure 3.
Adsorption of O2 is destabilized in the presence of water,
especially in the case of AuCu[H2O]; and TS2 is consistently
lower in the presence of water. The calculated adsorption

Figure 3. Reaction energy landscape for the bimetallic dimers AuCu, PdCu, and AuPd. The dry reaction conditions are shown in solid lines, and
the conditions including one H2O molecule are shown with dashed lines. (i) Activation of O2 by the Z2[2Me] system. (ii) Partial oxidation of CH4
over Z2[MeOOMe]. (iii) Partial oxidation of CH4 over Z2[MeOMe]. (iv) Regeneration of the initial 2Me structure. Atom color code: oxygen
(red), hydrogen (white), and carbon (black).
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energy of the MeOOMe structure for PdCu[H2O] is 0.30 eV,
AuPd[H2O] is 0.52 eV, and AuCu[H2O] is 0.37 eV, which is
0.73, 1.10, and 1.25 eV lower than compared to the dry case,
respectively. There is only a minor change in the adsorption
energy of methane in the presence of water; however, the
barrier during phase (ii), TS3, is affected in the case of
PdCu[H2O] and AuPd[H2O]. In particular, the barrier for

PdCu[H2O] is 0.31 eV, which is decreased by 0.80 eV
compared to the dry case. The desorption energy of the first
CH3OH is calculated to be 0.89 eV for PdCu[H2O], 1.19 eV
for AuPd[H2O], and 1.30 eV for AuCu[H2O]. Compared to
the dry case, the Au-alloyed systems have an increase in the
desorption energy, whereas PdCu[H2O] is slightly destabi-
lized. In the *O state, the AuCu[H2O] has the largest

Figure 4. TOF predicted by the microkinetic model as a function of temperature for the dry (solid lines) and wet (dashed lines) metal (left) and
metal alloy (right) systems.

Figure 5. Relative energies of each state in the dry mechanism as a function of the relative energy of the *O state. Dotted lines show linear fits, with
equations given in the lower right (details about the fits are provided in Table 1).
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destabilization, changing its relative energy with 0.68 eV, as
compared to AuPd[H2O] where the relative energy is changed
with 0.14 eV, and PdCu[H2O], which is unaffected. The
barrier at T4 is marginally higher, whereas that at T5 is much
higher (except for AuPd[H2O]) when water is included. The
desorption of the second CH3OH is facilitated by water for all
alloys, decreasing with 0.07, 0.30, and 0.56 eV for AuCu, AuPd,

and PdCu, respectively. As for the dry reaction mechanism, the
alloy of Au and Pd is the only site that does not have any
change in the spin state during the reaction (Table S5).
Simulations of Reaction Kinetics. To study the

implications of the reaction energy landscapes, we constructed
mean-field microkinetic models for each system. A sequence of
elementary reaction steps is defined based on the obtained

Figure 6. Relative energies of each state in the wet mechanism as a function of the relative energy of the *O state. Dotted lines show linear fits, with
equations given in the lower right (details about the fits are provided in Table 2).

Table 1. Scaling Relations for Intermediates and TSs in the Dry System with 95% Confidence Intervals and Error Estimates

state gradient intercept R2 MAE (eV) MAX (eV)

2Me 0.00 ± 0.00 0.00 0.00 0.00 0.00
TS1 −0.04 ± 0.13 0.69 0.06 0.17 0.35
Me-pair −0.04 ± 0.11 0.26 0.08 0.12 0.35
MeO2Me 0.67 ± 0.17 0.40 0.93 0.19 0.48
TS2 0.93 ± 0.59 1.95 0.83 0.30 0.65
MeOOMe 1.51 ± 0.18 2.18 0.98 0.23 0.36
*2OCH4 1.50 ± 0.18 1.81 0.98 0.24 0.37
TS3 1.32 ± 0.36 2.20 0.92 0.40 0.96
*O*CH3OH 0.96 ± 0.18 −1.15 0.96 0.22 0.35
*OCH4 0.93 ± 0.12 −0.94 0.98 0.14 0.29
TS4 0.51 ± 0.23 −1.10 0.80 0.27 0.56
*OH*CH3 0.70 ± 0.15 −1.98 0.96 0.18 0.25
TS5 0.27 ± 0.18 −2.65 0.69 0.16 0.55
*CH3OH 0.19 ± 0.16 −3.99 0.53 0.19 0.41
* 0.16 ± 0.23 −1.95 0.29 0.26 0.60
TS6 0.02 ± 0.25 −1.60 0.00 0.31 0.56
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intermediates and TSs, starting with the metal cation pair in
the 2Me configuration; see Figures S4 and S5. The steady-state
TOF for methanol formation is obtained for all systems
(Figure 4). As in our previous study,22 we found that the
presence of water significantly accelerated the kinetics of
monometallic copper, which could achieve a reasonable TOF
at 450 K. This is also the case for monometallic silver,
palladium, and the three bimetallic systems. The opposite
effect is observed for monometallic gold, where the dry system
has a 1−2 orders of magnitude higher TOF. Increasing the
temperatures, the AuPd dimer with H2O is the first system
after 2Cu to exceed a TOF of 1 s−1, at a temperature of roughly
550 K, followed by 2Ag and PdCu. Note that the use of TOF
equal to 1 s−1 is arbitrary; however, here, it is used as a measure
of a relevant catalytic activity. The cobalt and nickel systems
show low activity under both conditions, and the TOF is low
also for the iron and dry zinc systems, for which stable
intermediates hinder the performance. Thus, these systems are
not active for methanol formation.
To investigate the trends in the kinetics across the different

metal and metal alloy systems, we form linear scaling relations
based on the binding energy of oxygen, i.e., between the
relative energies of each state on the reaction energy landscape
and the relative energy of the *O state. The *O state is chosen
as it is anticipated to be a good descriptor for oxygen-bound
states and by inspection of the reaction energy landscapes for
all systems (Figures 1−3), which indicate a consistent trend for
this intermediate. Figure 5 shows the fits for the dry case and
Figure 6 shows the corresponding wet case. In both cases, 2Ag
and 2Zn are excluded from the fit, owing to the significant
differences in their electronic structures and reaction energy
landscapes. Metrics describing the goodness of fit are provided
in Table 1 for the dry conditions and Table 2 for the wet
conditions. The mean absolute error (MAE) indicates how far
the data lies from the scaling relation on average, and the range
of values is between 0.08 and 0.46 eV. The maximum absolute
error (MAX) highlights the largest discrepancies for each state,
and the values range between 0.20 and 1.32 eV. These
extremes both occur under wet conditions, with the smallest
errors for Me-pair/TS1 and the largest for TS5, where AuCu
lies highest above the scaling realtion.
The scaling relations describing the initial and final states

(2ME, TS1, Me-pair, *, and TS6) are flat, which is expected

because they do not involve oxygen, so its adsorption energy is
not a good descriptor. The intercepts for 2ME, TS1, Me-pair,
*, and TS6 describe the offset from the initial reference state.
For the other states, under dry conditions, we observe that the
slopes for MeO2Me, TS4, and *OH*CH3 are smaller than 1,
whereas those of TS2, *O*CH3OH and *OCH4 are close to 1.
The slopes of MeOOMe and *2OCH4 are around 1.5, and that
of TS3 lies in-between 1 and 1.5. This can be rationalized by
considering the configuration of atoms around the active site in
these groups of systems relative to that of the descriptor. In the
descriptor, the single oxygen atom is bound to two metal
atoms, while in MeO2Me, *O*CH3OH, *OH*CH3 and TS4,
oxygen is interacting with an additional hydrogen/carbon and/
or one of the metal−oxygen interactions are replaced with O−
O/C−O. Thus, one might expect that these slopes are smaller
than 1. By contrast, in MeOOMe and *2OCH4, the two metal
atoms are both interacting with both oxygen atoms, leading to
a stronger binding energy in terms of that of the descriptor.
TS3 involves weakening the metal−oxygen interaction in favor
of oxygen−carbon interaction; thus, its slope is in between the
gradients of those scaling relations. The slopes of the scaling
relations for TS5 and *CH3OH are significantly less than 0.5.
These states are relatively poorly defined by the scaling relation
(Table 1), which is a consequence of the fact that the
descriptor does not include the Me−C interaction. A similar
state-wise analysis can be conducted under wet conditions with
only minor differences. MeO2Me has a slope close to 1, owing
to the additional Me−O interaction introduced by the water,
and *2OCH4 has a slope also close to 1, due to water
balancing the interaction with methane.
The scaling relations provide a more general model for the

reaction energy landscape under dry and wet conditions. To
investigate the kinetics across a range of possible systems, we
used scaling relations to describe all reaction energies in the
microkinetic model. The vibrational entropies of adsorbates in
the AuPd system were used in the free energy calculations for
all systems. AuPd was chosen because the wet AuPd system is
the most active bimetallic system under all conditions. Figure 7
compares the TOF predicted by the scaling-relations-informed
model across a range of *O energies to that of the first-
principles-informed model for each metal and the metal alloy
system. The trends in the scaling relation TOF volcano agree
with the first-principles-based model under dry conditions: Au

Table 2. Scaling Relations for Intermediates and TSs in the Wet System with 95% Confidence Intervals and Error Estimates

state gradient intercept R2 MAE (eV) MAX (eV)

2Me 0.00 ± 0.00 0.00 0.00 0.00 0.00
TS1 0.10 ± 0.06 0.65 0.67 0.09 0.20
Me-pair 0.05 ± 0.07 −0.16 0.29 0.08 0.26
MeO2Me 1.17 ± 0.30 1.72 0.92 0.37 0.89
TS2 0.99 ± 0.30 2.15 0.93 0.34 0.62
MeOOMe 1.45 ± 0.22 2.52 0.97 0.29 0.54
*2OCH4 1.19 ± 0.32 1.44 0.92 0.38 1.10
TS3 1.26 ± 0.23 2.35 0.96 0.34 0.67
*O*CH3OH 0.95 ± 0.13 −1.28 0.98 0.16 0.46
*OCH4 1.07 ± 0.14 −0.13 0.98 0.15 0.51
TS4 0.52 ± 0.34 −0.62 0.65 0.50 0.87
*OH*CH3 0.66 ± 0.20 −2.16 0.91 0.25 0.45
TS5 0.38 ± 0.43 −1.71 0.44 0.46 1.32
*CH3OH 0.21 ± 0.17 −3.68 0.55 0.21 0.59
* 0.25 ± 0.16 −2.20 0.64 0.24 0.42
TS6 0.13 ± 0.10 −1.69 0.56 0.12 0.31
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lies near the apex and Co and Ni near the base. Under wet
conditions, the peak in activity is obtained around the oxygen
binding energies for Cu, AuPd, and PdCu; however, it is
shifted toward slightly less negative values. Oxygen binding
energies near those for Fe and Ni show similarly low activity.
Under wet conditions, the scaling relation disagrees with the
performance of systems with an oxygen binding energy near
that of Ag, which is expected as the reaction energy landscape
for Ag is very different. Three zones can be identified on the
volcano, corresponding to strong, moderate, and weak oxygen
adsorption energies. The slope of the volcano varies from
positive, through flat, to negative, respectively, in these zones.
The dominant intermediate differs in each zone (Figures S6
and S7), with adsorbed methane dominating in the strong
adsorption zone, a combination of adsorbed methane and
methanol in the moderate zone, and a combination of 2Me
and Me-pair states observed in the weak zone.

■ CONCLUSIONS
The complete reaction mechanisms previously identified for
the Cu dimer in CHA have been explored for other mono- and
bi-metallic transition metal dimers, using first-principles
calculations and microkinetic modeling, under dry and wet
conditions. For the monometallic cases, all investigated metals,
except Ag and Zn, have stable versions of the intermediate
states optimized for Cu. The dimers of Fe, Ni, and Cu have a
strong affinity for O2 and form stable oxygen containing
intermediates during the first oxidation cycle. Pd and Au are
identified as the metals most likely to enhance the activity for
direct methanol formation along a path similar to that of Cu
under dry conditions. This is also observed in our first-
principles-based microkinetic model, where the TOF is higher
than for Cu for both Au (2−3 orders of magnitude) and Pd
(1−0 orders of magnitude) in the temperature range of 400−
800 K. However, it should be noted that the TOFs under dry
conditions are low, thus rendering the candidates, under such
conditions, less industrially relevant.
The intermediate states are generally destabilized by the

addition of water to the reaction mixture over the
monometallic dimers. However, the relative stability of the
Fe, Zn, Ni, and Co intermediate states (as compared to Cu,

Au, Ag, and Pd) is not changed, and the reaction remains
unlikely over these metal dimers. The reaction energy
landscape for Cu is positively affected by the addition of
water, lowering all but one barrier and decreasing the
desorption energy for CH3OH. Water is lowers the barrier
for migration of Pd and Ag along the zeolite, however, the
barrier to form the methyl radical is increased. On Au, water
increases the barriers but decreases the desorption energies.
The effects of the change in the reaction energy landscape are
reflected in the TOF. For instance, the TOF for Au is lowered
by 1−3 orders of magnitude, whereas, for Cu and Ag, the TOF
is increased by 2−10 and 4−9 orders of magnitude,
respectively, across the temperature range of interest, thus
rendering the candidates industrially relevant.
Alloying Cu, Au, and Pd gives the lowest barriers for the Au

alloys during dry conditions and the Pd alloys during wet
conditions. The positive effect of alloying is stronger under dry
conditions. The potential energy diagram of PdCu is affected
positively by the addition of water, whereas the energy diagram
for AuCu is affected negatively. The AuPd dimer has the
flattest overall reaction energy landscape of all of the alloy
structures, both with and without water in the mechanism. For
both dry and wet conditions, the alloying facilitates the
activation of CH4 and desorption of methanol. In particular,
the TOF values of AuPd and PdCu under wet conditions are
close to the value of Cu and are, thus, identified as promising
candidates for direct methane-to-methanol conversion.
To gain further insights into the direct methane-to-methanol

conversion, scaling relations of all reaction intermediates and
TSs with respect to the adsorption energy of oxygen, *O, were
developed. The scaling relations display a correlation of good
quality to the descriptor as confirmed by using various metrics.
Using the scaling relations as input to the microkinetic model,
it is clear that the already identified candidates, i.e., 2Cu, AuPd,
and PdCu, are close to the top of the volcano. The agreement
indicates that the scaling reactions capture the most important
features in the reaction landscape of the different elements.
Excluding competing reaction paths, e.g., complete oxidation
to CO2, the candidates, 2Cu, AuPd, and PdCu, display a TOF
sufficient to render them technologically relevant for direct
methane-to-methanol conversion.
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