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Cation-exchanged zeolites for the selective
oxidation of methane to methanol†
Ambarish R. Kulkarni, *ab Zhi-Jian Zhao,abc Samira Siahrostami,ab
Jens K. Nørskovab and Felix Studt *de
Motivated by the increasing availability of cheap natural gas resources, considerable experimental and
computational research efforts have focused on identifying selective catalysts for the direct conversion of
methane to methanol. One promising class of catalysts are cation-exchanged zeolites, which have steadily
increased in popularity over the past decade. In this article, we first present a broad overview of this field
from a conceptual perspective, and highlight the role of theory in developing a molecular-level understanding of the reaction. Next, by performing and analyzing a large database of density functional theory
(DFT) calculations for a wide range of transition metal cations, zeolite topologies and active site motifs, we
present a unifying picture of the methane activation process in terms of active site stability, C–H bond acti-
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vation and methanol extraction. Based on the trade-offs of active site stability and reactivity, we propose a
framework for identifying new, promising active site motifs in these systems. Further, we show that the
high methanol selectivity arises due to the strong binding nature of the C–H activation products. Finally,
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using the atomistic and mechanistic insight obtained from these analyses, we summarize the key challenges and future strategies for improving the performance of cation-exchanged zeolites for this industri-
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ally relevant conversion.

Main text
Natural gas, composed primarily of methane, is likely to remain a major player in the international energy market.1,2
The projected U.S. production alone is estimated to exceed 40
trillion cubic feet by 2040, with ∼70% of total capacity being
generated from remote and distributed shale gas and tight oil
plays.3 As power generation and methane reforming are large
scale, capital intensive industries, flaring of natural gas is
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usually more economical at these remote locations. The development of simple processes for the upgrading of natural gas
to value added chemicals is therefore highly desirable.
Selective oxidation of methane to methanol is one such
process that has received significant interest. Due to the high
stability of the C–H bond in methane4–7 and the propensity
of over-oxidation to CO2, this still remains an unresolved
challenge in catalysis,8–12 despite the exploration of many
material classes and process variants.6,13,14 While initially inspired by their similarity to enzymatic systems,15–17 transition
metal exchanged zeolites are now being increasingly studied
due to their high methanol selectivity. Various oxidants have
been successfully employed, including N2O,16,18–23 H2O2 24–28
and O2,15,29–31 with utilization of O2 being the most desirable
for an industrial process. Encouragingly, recent results also
report the use of H2O as an oxidant.32
Since the early successes with Fe/ZSM-5,18,19,22,23 Cu/ZSM16
5 and Cu/MOR15 catalysts, a large number of zeolites have
been experimentally shown to be active for partial methane
oxidation. Although zeolites exchanged with Fe,24–28 Co,33–35
Ni36 and Zn37–39 have also been considered, the majority of
the work using O2 as an oxidant has focused on Cuexchanged materials.15,16,21,29,31,40–52 Additionally, as a larger
diversity of zeolite topologies, active sites and process configurations have been studied for Cu-based systems, we
limit our discussions here to Cu-exchanged zeolites.
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Importantly, however, zeolites exchanged with other cations
(e.g. Fe) have also shown promise, and we will hence discuss
their similarities and differences to Cu-exchanged zeolites
later on.
So far two different strategies have emerged to achieve
partial oxidation of methane in copper-exchanged zeolites, a
stepwise15 and continuous21,52 process. In the former, methane oxidation is carried out in three separate steps: (a) activation of the copper-exchanged zeolite using an oxidant (ideally
O2), (b) reaction of the activated zeolite with CH4 to form
methanol and (c) methanol extraction using water or steam.
These three steps are commonly facilitated at varying temperatures and require several hours for one turnover. In contrast, a continuous process would potentially have the advantage of higher space-time-yields. The challenge here is the
need to avoid over-oxidation of formed methanol, which typically limits the reaction to low conversions (0.001%52–0.1%,21
for >10% methanol selectivity), with higher conversions
(>10%) leading to a significant increase in the formation of
the undesired oxidized products CO and CO2.21
As indicated earlier, the majority of these processes have
been reported for Cu-exchanged zeolites, where the proton or
cation next to the aluminum is substituted with copper ions
to form the active site. Notably, a wide range of zeolite topologies have been experimentally tested for this process. Usually, a low molar yield of methanol is reported as the active
site often does not constitute the majority of the copper species in the materials investigated. Despite these limitations,
it is encouraging that the performance of Cu-exchanged zeolites (using mol-methanol per mol-Cu as a metric, see Fig. 1)
has steadily improved over the past decade. Fig. 1 also highlights some of the notable milestones in identification and
characterization of active site motifs, improvements in zeolite
syntheses and optimization of activation and extraction procedures. A more detailed timeline is available in Table S1†
and in other reviews.8,10,61
Interestingly, the exchange with copper cations can create a
variety of different active site motifs after activation with
O2 and/or N2O. So far, for the stepwise process,
bisĲμ-oxo)dicopper,15,53 monoĲμ-oxo)dicopper,16 tri-copper
[Cu3ĲμO)3]2+ 55–57,62 and mono-copper [Cu–OH]+ 63,64 species
have all been observed and suggested based on spectroscopic
and theoretical work in various zeolites (see Table 1, and
Fig. 2). Although the bisĲμ-oxo)dicopper site had been
suggested originally,15,53 more recent work suggests the existence of [Cu–O–Cu]2+.16 Beyond the stoichiometrically welldefined species, dehydrated copper oxide nanoclusters (∼1
nm) have also been proposed as active species at lower activation temperatures (∼200 °C).47,49,50,65 This variety of possible
active sites arises due to differences in zeolite topologies, synthesis conditions (e.g. Si/Al and Cu/Al ratios) and activation
protocols (e.g. temperature, N2O vs. O2).56,62 One challenge for
copper-exchange zeolites is that one usually forms a variety of
different copper-species, making the identification of the active
site motif difficult, while also limiting the methanol yield. It is
therefore not surprising that for many systems, the exact active
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site composition has not yet been conclusively established.31,52
Further, to the best of our knowledge, the active site for the
continuous process21,52 has not yet been confirmed.
Given the diversity of suggested active site motifs, it is
worthwhile to investigate and compare how they facilitate the
activation of methane. In this respect, density functional theory (DFT) is a useful tool as it can be used to calculate activation barriers for various combinations of transition metals
and active site motifs in different zeolites. It is thus not surprising that a number of computational studies have targeted
this reaction step as summarized in Table 2.
Methane activation barriers are calculated to range from
∼27–126 kJ mol−1 over the large variety of proposed active
site motifs. Interestingly, the transition state geometries for
C–H bond activation for a range of different active site motifs
in zeolites are found to be almost identical, with the active
oxygen abstracting a hydrogen from methane (via homolytic
cleavage) leading to a methyl radical located and weakly
bound to the hydrogen as shown schematically in Fig. 2 (see
also Fig. 4 below). The similarities in activation barrier energies thus do not seem surprising.
To provide a unified picture of the methane activation in
cation exchanged zeolites, we performed DFT calculations
(GGA level, BEEF-vdW functional,72 see methods for details)
in order to compare various C–H bond activation steps. While
we limit our analysis to calculations on the GGA level, which
have been shown to yield similar results as hybrid functionals,69 we note that cluster calculations may be necessary
to accurately describe the electronic structure of complex motifs in some cases.73,74 We expect, however, that the error induced through the GGA-approximation will not change the
trends that we are interested in qualitatively. Specifically, this
analysis includes [M–O]1+,2+, [M–OH]1+,2+, [M–O–M]2+,
[MĲμO)2M]2+ and [M3ĲμO)3]2+, [Cu6O7]2+ motifs, transition
metal cations: Fe, Co, Ni and Cu, zeolite topologies: AEI, AFX,
CHA, MAZ, MOR, MFI, TON, FAU as well as binding sites in
6-, 8-, 10- and 12-membered rings. Depending on the specific
system being considered, we find that the calculated activation free energy varies considerably between 40 kJ mol−1 (for
[Cu–OH]2+/CHA) and 255 kJ mol−1 ([Fe–OH]+/CHA).
We will now examine in detail the various factors that affect C–H bond activation energies. Here we focus on the effect of (i) the transition metal cation, (ii) the zeolite topology
and (iii) the active site motif. A closer examination of Fig. 3a
indicates that the choice of metal cation has a dramatic effect
on ΔGa. For a given motif, going from left to right in the periodic table (from Fe to Cu) typically decreases ΔGa. For instance, for the [M–O–M]2+ motif (averaged across CHA, FAU,
MOR, MFI topologies, see Fig. 3a), ΔGa decreases by 107 kJ
mol−1 going from Fe > Co > Ni > Cu. Analogous trends for
the other motifs are presented in Fig. S1,† indicating that Cumotifs are the most active towards methane. Similar trends
have been reported recently for the [M–O–M]2+ active sites in
MFI using cluster calculations.66
Next, we analyze the effect of topology and binding site for
a fixed transition metal and active site motif. For the single-
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Fig. 1 Improvements in the performance of Cu-exchanged zeolites (mol-methanol per mol-Cu) over the past decade for the stepwise
process.15,16,21,29–32,40,44,47,48,52–60 The hatched bars indicate catalyst activation using N2O or H2O (instead of O2). The studies indicated by a red *
also report a continuous process (multiple turnovers per active site), but only the data for the stepwise process is presented for comparison. Color
schemes: MFI (red), MOR (blue), CHA (green), SAPO-34 (light green), AFX (orange), AEI (light orange), FAU (purple), EMT (brown), BEA (light purple).

cation species such as [M–O]+, the zeolite framework and cation location has a smaller effect on the calculated activation
barriers (order of ∼23 kJ mol−1, standard deviation ∼7 kJ
mol−1) than the choice of cation (see Fig. 3b). For more complex motifs such as [M–O–M]2+ the effect of topology is more
noticeable as the Al positions and the binding site of the cations affect the ∠M–O–M angle, which in turn changes ΔGa
(Fig. 3a and Table S3,† CHA vs. rest). Similar confinement and
cation locations effects have been discussed recently.44,68,69,75
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Given that various motifs can be formed under different
activation conditions for the same zeolite, we also explore the
activity of different motifs within a given framework. As both
di-copper15,16 and tri-copper55 species have been previously
suggested for MOR, we choose the MOR framework to compare the different motifs as shown in Fig. 3c. In agreement
with calculations for MFI,62 we predict [Cu3ĲμO)3]2+ to be
more active than [Cu–O–Cu]2+. More importantly, the active
site motifs can be classified into two groups based on their
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Table 1 Proposed active site motifs for Cu-exchanged zeolites for the
partial methane oxidation reaction

Active site motif

Zeolitea

[CuĲμO)2Cu]2+
[Cu–O–Cu]2+
[Cu3ĲμO)3]2+
[Cu–OH]+
Copper oxide clustersb

MOR, MFI15
MFI,16 MOR43
MOR,55 MFI56
CHA55,57,62
MOR, MFI49

a

Published on 19 October 2017. Downloaded on 1/4/2021 6:33:30 PM.

b

Original literature reference has been indicated for simplicity.
Sub-nanometer clusters of ∼1 nm.

reactivity towards methane. For a given number of cations,
the motifs with higher reactivity (blue, Fig. 3c and Table S4†)
tend to have a less negative charge on the active oxygen
(qbader = −0.4e − −0.8e) than the less active motifs (red, qbader
= −0.8e − −1.4e). Moreover, as shown in Fig. S3† for the [M–
O]+ motif, qbader also correlates the activity for different cations, reinforcing the idea that charge depletion leads to a
more active oxygen.76 This observations are consistent with
the higher reactivity of the oxygen radical anions, [O˙]−.73,77
Similar results for Ni-based motifs are shown in Fig. S4.†
The activity trends discussed above arise due to the similarity of the transition states for C–H bond breaking step. As
the transition state structure usually consists of a methyl radical located and weakly bound to the hydrogen, it is likely
that the transition state energy will correlate with the
strength with which oxygen binds to hydrogen. In fact, this
hydrogen affinity (or bond strength) has been identified recently to be a good descriptor for the magnitude of the activation barrier, with a stronger O–H bond leading to a smaller
activation barrier.70,76,78 Fig. 4a shows the calculated transition state free energies (T = 423 K) as a function of the hydrogen affinity (ΔEH) for the various transition metals cations,
active site motifs, zeolite topologies and cation binding sites
considered in this study. As discussed in the Methods section, the zero-point energies and entropy corrections were
calculated separately for different motifs and are summarized
in Tables S5 and S7.
The proposed active site motifs for copper-exchanged zeolites16,55,64 are shown as insets and are all found to exhibit
free energy barriers of <110 kJ mol−1. For a zeolite to have

sufficient activity for methane oxidation, we estimate an
upper bound of ∼115 kJ mol−1 for the reaction free barrier
(red shaded area in Fig. 4). This value is chosen as it represents a turnover frequency (TOF) of 0.5 s−1 which corresponds to an almost complete reaction in <1 min for the
methane activation step (see ESI† for details). We note, however, that the less reactive motifs may still show experimentally measurable activity at higher reaction temperatures and/
or at longer reaction times.
While the excellent correlation between ΔGa and ΔEH highlights the general applicability of ΔEH as a descriptor to examine the activity of an active site motif,70 another consideration focuses on their relative stabilities as one governing
factor determining the distribution and availability of active
sites. Although a few spectroscopic studies have studied the
activation step,40,42,63 a molecular understanding of the formation mechanism of the different active site motifs is still
in its infancy. Assuming that long activation times will lead
to a Boltzmann distribution of various species, one can simplify the analysis using thermodynamic arguments for the estimation of the fraction of cations in different active site motifs.64,69,79 Choosing an ideal reference state (e.g. bare cation
in zeolite, bulk metal oxide or bulk metal) for the various different materials present in the data presented in Fig. 4 is
complicated by the variety of motif stoichiometries and range
of cations considered.55,62,69 Here, the bare cation in the reduced form (e.g. M+ for [MIIOH]+) is chosen as the reference.64,69 We justify this choice as it mimics the experimental
activation process, thus enabling comparison of relative stabilities for different cations for a given structural motif. We
note that alternative approaches have used transition metal
oxides as the reference, which allow for comparison of different motifs for a given transition metal.55,62
Fig. 4b shows the stability calculated using the approach
outlined above for the classes of investigated active site
motifs (ΔGf, formation energies calculated at 723 K) as a
function of ΔEH. Importantly, this is the same descriptor
used to correlate the transition state energy of methane activation (ΔGa, see Fig. 3a). We observe that ΔGf becomes less
negative with decreasing ΔEH, essentially stating that as the
active site motifs become more active (by binding e.g. H
stronger or equivalently smaller activation barrier, ΔGa) they

Fig. 2 Transition states for C–H bond activation for the proposed Cu active site motifs: (a) [Cu–OH]+, (b) [Cu–O–Cu]2+ and (c) [Cu3ĲμO)3]2+. Only the
atoms belonging to methane, the active site and framework Al have been highlighted. Color code: Cu (brown), O (red), C (grey), H (white) and Al
(light pink).
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Table 2 Overview of DFT calculated energy barriers for methane activation by various motifs in Cu-exchanged zeolitesa

Active site motif
[Cu–O–Cu]

2+

Zeolite

Method

Activation
barriersb
(kJ mol−1)

MFI
MFI
MFI
MFI
MFI

Cluster/B3LYP
PBE
PBE
Cluster/B3LYP
PBE
PBE-D2
BEEF-vdW
PBE
PBE-D2
PBE
PBE-D2
PBE
PBE-D2
PBE
PBE
BEEF-vdW
BEEF-vdW
BEEF-vdW
PBE
BEEF-vdW
PBE
Cluster/B3LYP
Cluster/B3LYP

78
93, 68c
43, 82d
94–126e
68
71
68, 32–93 f
50
48
45
39
53
49
63
74
17–32g
76
70–95g
27
18
71h
44
33

MOR
CHA
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AEI
AFX
[Cu3ĲμO)3]2+
[Cu–OH]+
[Cu6O7]2+
[Cu–O]+
[Cu3ĲμOH)2ĲμO)]2+
[HO–Cu–O–Cu–OH]2+
[HO–Cu–OH–CuO]2+

MFI
MOR
MOR
CHA
MOR
MFI
CHA
MFI
MFI
MFI

Ref.
16
62
66
67
68
69
68
68
68
62
55
70
64
70
71
64
62
67
67

Enthalpic barriers for [Cu–O–Cu]2+/MFI (66 kJ mol−1)16 and [Cu–O–
Cu]2+/MOR (61 kJ mol−1, 46 kJ mol−1)44 have been measured
experimentally and the active site has also been characterized,
simultaneously. Other studies21,52 where the activation barriers are
measured, but the active site is not known have not been included.
b
Only enthalpic energy barriers. c Less stable [Cu–O–Cu]2+ located in
the double 5MR of the straight channel. d Surface stabilized pathway.
e
Different cluster sizes of MFI. f Various locations of the active site
motif. g Different active oxygen atoms of the representative copper-oxide
cluster model. h Hydroxylated version of the tri-copper [Cu3ĲμO)3]2+ site.
a

also become less stable. While the overall correlation in
Fig. 4b is rather rough, we note that the trend within a given

motif family is much more pronounced (e.g. an excellent correlation is observed for [M–O–M]2+ for different cations, see Fig.
S5†). These differences in the quality of the correlation arise
mainly due to the different reference states used for different
motifs (see ESI† for a more detailed discussion). We note that
while the choice of the reference state is somewhat arbitrary,
the general conclusion that stability and activity are inversely
correlated seems to hold over all materials considered herein.
Considering the inverse correlation between formation energy of the motif and its reactivity towards methane, it becomes obvious that the choice of an ideal active site motif
presents a trade-off between high activity (through a low
methane activation barrier) and high stability (through a
thermodynamically favorable formation of the active site motif). Our analysis suggests an optimal window (the green
shaded area in Fig. 4) as having active site motifs to be both
sufficiently stable and active. We note that our analysis identifies all known Cu-active site motifs within (or close to) this
favorable region. In addition to known Cu species, this analysis also captures the recently characterized [Fe–O]2+ 20
and suggests [M–O]+ (M = Ni, Co, Fe), [M–OH]2+ (M = Co, Fe),
[CuĲμO)2Ni]2+ and [NiĲμO)2Ni]2+ as promising active site motifs in various zeolites. The descriptor (ΔEH) based analysis
used in Fig. 4 thus provides a set of necessary (but not sufficient) characteristics that a transition-metal exchanged zeolite catalyst must obey to be suitable for methane activation
in the stepwise process.
We will now briefly discuss the limitations that make the
above analysis necessary but not sufficient. Our thermodynamic analysis is based only on the stability of individual motifs. Since a variety of different active site motifs can in principle be simultaneously formed after activation, it is possible
that formation of active site motifs is driven by kinetics rather
than thermodynamics.64 The distribution of various species
will hence also depend on the synthesis conditions (secondary
building units of the zeolite, Si/Al ratio, cation/Al ratio, Al

Fig. 3 Effect of (a) transition metal cation, (b) zeolite framework and (c) active site motif on the calculated C–H bond activation energy. The lower
activation barriers of [Fe–O]+ compared to [Co–O]+ in Fig. 3b is due to the differences in high-spin vs. low-spin configurations as discussed in Table
S2 and Fig. S2.†
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Fig. 4 DFT calculated (a) activation free energies (ΔGa,C–H, at 423 K)
and (b) active site motif formation free energies (ΔGf,motif, at 723 K) as a
function of hydrogen affinity (ΔEH) for various cations, zeolites, motifs,
binding sites. The known Cu-motifs and [Fe–O]2+ are shown as insets
in (a). The red region indicates unreactive motifs (high stability), while
the blue region represents the unstable motifs. The systems that lie
within the green region are likely to have a right balance between activity and stability and are thus promising candidates for methane activation. The transition metal cations are distinguished by squares (Fe),
triangles (Co), diamonds (Ni) and circles (Cu).

Minireview

location, temperature etc.). A detailed analysis of the kinetics of
active site formation is thus desirable for future studies.56,57,64
In addition to forming a large number of stable and active
species, the other requirements for an ideal catalyst is its
ability to selectively oxidize methane to methanol, while
preventing over-oxidation. One reason for the sustained interest in cation-exchanged zeolites is their high methanol selectivity when employing the stepwise process. In such a configuration, the active sites formed during the activation step
(step 1) react with methane (during step 2) to form either (a)
framework chemisorbed methoxy species62 or (b) adsorbed
methanol (via an oxygen rebound mechanism).69 Once
formed, both these species are very strongly bound to the
framework or the cation and cannot react further (see below),
thus preventing their over-oxidation. Subsequent extraction
with water or steam (step 3) is then required to obtain the final product. This delineation of the methane oxidation step
(step 1) with the methanol extraction step (step 3) is responsible for the high selectivity of cation-exchanged zeolites.
Investigations of the extraction of methanol from the catalytic system reveal two distinct pathways as shown in
Scheme 1. In the methoxy route (path (a)), the addition of water hydrolyses the Brønsted methoxy group to form methanol.
This pathway also explains the formation of acetic acid (via a
formyl intermediate) when a mixture CO + H2O is fed after
methane activation.80 The transition states for the hydrolysis
of methoxy species are presented in Fig. S6† (using SSZ-13 as
an example) and have also been discussed in the literature recently.81 The second pathway involves the direct addition of
the methyl radical to form adsorbed methanol (path (b)),
where the addition of water drives the release of methanol.69
Interestingly, methanol itself has been observed to bind
rather strongly to the metal of the active site (e.g. binding energy of ∼100 kJ mol−1 on Cu-exchanged/SSZ-13).55,62,64,69 Further insight into the nature of this interaction is presented in
Fig. 5 where calculations for a range of methanol adsorption
energies using the [M–O]+ active site motif as an example are
shown. Binding energies of methanol (ΔHb) are calculated to
range from ⋍50 kJ mol−1 to ⋍150 kJ mol−1 (see Table S8† for
other motifs). The binding energy depends on the choice of
transition metal and the cation location (6-, 8-, 10- or 12-MR),

Scheme 1 Fate of the methyl radical after H abstraction by a prototypical active site motif. Both possible pathways lead to strongly bound
reaction intermediates: (a) framework-bound methoxy or (b) cation-bound methanol that are responsible for the high selectivity of zeolites, but
necessitate water/steam for methanol extraction. Different colors are used to indicate the overall reaction mechanism.
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Fig. 5 Binding free energy (or negative desorption free energy) of methanol at 523 K in the (a) absence and (b) presence of water for [M–O]+
motifs for different binding sites and zeolites frameworks.

with the latter having the more significant contribution. A
good example is SSZ-13 (CHA), where the weaker binding of
methanol in the 6MR can be explained by the higher stability
of the bare transition metal cations in the smaller zeolite
ring.64 Fig. 5a shows the adsorption free energies (ΔGb, see
ESI† for details) of methanol at 523 K, indicating that spontaneous desorption of methanol is unfavorable for most active
site motifs (with the exception of 6MR binding sites).69 When
the system is exposed to water, however, an interchange of
methanol with water is possible. Here, DFT calculations predict spontaneous methanol desorption for all binding sites
considered herein (Fig. 5b). As both methanol and water bind
to the active site through the oxygen atom, the methanol binding energies scale with those of water with their binding energy being almost similar (Fig. S7†). This indicates that a small
partial pressure of water should in principle be sufficient to
remove the adsorbed methanol for most catalytic systems.

Outlook and perspectives
We will briefly summarize and address the continuous process for methane activation before discussing the stepwise
process. A continuous process will involve simultaneous active site formation, methane activation and methanol desorption. The selectivity towards methanol is thus limited by the
relative rates of methane and methanol oxidation on the
same active site. Since the activation energy for the hydrogen
abstraction from methane and methanol are correlated with

120 | Catal. Sci. Technol., 2018, 8, 114–123

a difference in the activation energies of ∼50 kJ mol−1 for all
materials exhibiting a radical-like transition state, overoxidation will always be problematic (see ESI†).70 A simple kinetic analysis reveals that at 423 K, a 106 times higher partial
pressure of methane is required to achieve comparable reaction
rates between hydrogen abstraction from methane and methanol, effectively setting an upper bound on methane conversion
of ∼0.01%, in good agreement with the highest conversions observed experimentally.21 A continuous process for methane partial oxidation will hence be limited by ultra-low conversions unless confinement or steric effects on the transition state of
methane vs. methanol can be exploited effectively.
In contrast, the stepwise process faces completely different
challenges. The main difficulty is related to improving the
quantity of methanol that can be produced. Improving the
space-time yields requires (a) maximizing the gravimetric (or
volumetric) density of active sites and (b) reducing the overall
cycle time. Taking Cu-exchanged CHA (with Si/Al = 11, Cu/Al
= 1) with 1 [Cu–OH]+ species occupying the 8MR rings as an
example (i.e. a hypothetical situation with no Cu+ species),64
we obtain a maximum achievable methanol yield of 0.04
g-methanol per g-catalyst (or 1250 μmol per g-catalyst) per cycle (see ESI†). Given that the typical experimentally measured
number is ∼30–160 μmol per g-catalyst,31,55 this simple estimation shows that there is considerable opportunity to improve the performance of the stepwise process. However, assuming 1 h per cycle for the direct process, our theoretical
estimate (0.04 g-methanol per g-catalyst per h) is almost two
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orders of magnitude lower than the commercial Cu/ZnO/
Al2O3 methanol synthesis catalysts (1–3 g-methanol per
g-catalyst per h).82 Currently, cycle times ranging from 1–12 h
have been explored for the different reaction steps of the partial oxidation process.60
To summarize, we have shown a comprehensive overview of
this small but emerging field of methane selective oxidation to
methanol using transition-metal exchanged zeolites. Based on
the insight obtained to date, key bottlenecks in improving the
direct methane to methanol process are presented below.
1. Improving the active site motif: Identifying active site motifs that are both active (methane activation barrier below
∼115 kJ mol−1) and stable requires further optimization. Importantly, both quantities are inversely correlated and can be
described using the same observable, the hydrogen binding energy to the oxygen of the active site. This binding energy can be
obtained easily using quantum chemical calculations. A large
number of active site motifs and topologies of the surrounding
zeolite can be potentially screened for this purpose, keeping
in mind that a variety of species can be formed simultaneously.
2. O2 activation and active site formation: In contrast to
the large numbers of studies that have focused on the C–H
bond activation step of the reaction, the O2 activation and active site formation process is not well understood. While
thermodynamic analyses are useful in estimating the distribution of various active sites, a molecular level understanding of the kinetics is required to identify the key bottlenecks
of the activation step. Detailed investigations of experimental
activation protocols coupled with molecular simulations will
give an insight on the atomic scale, which will allow to design materials and activation protocols that effectively reduce
the duration and/or temperature of the activation step and
thus improve the space-time-yield.
3. Methanol extraction: Methanol extraction is usually
achieved through extensive steaming. This is undesirable for
two reasons. Firstly, this process leads to a diluted methanol
solution in water, requiring costly separation. In addition, the
process conditions usually destroy the active site motif, that
then needs to be restored using extensive oxidation at high
temperatures (see also point 2). Moreover, as the temperatures for oxidation (450–550 °C), methane reaction (200 °C)
and methanol extraction (135 °C) are quite different, a related
challenge is to engineer the process so as to enable isothermal
operation and subsequently, shorter overall cycle times.

Computational methods
Periodic DFT calculations were performed using the BEEFvdW72 functional as implemented in the Vienna Ab initio
Package (VASP) code.83 We use a plane wave cutoff of 400 eV,
force convergence of 0.03 eV Å−1, and the Γ-point in k-space
for all calculations. The harmonic entropy contributions for
the various active site motifs, transition states, methanol and
water binding were individually calculated for a range of systems (see ESI† for details). Other calculation details are similar to our previous work.70
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