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Active sites and mechanisms in the direct
conversion of methane to methanol using
Cu in zeolitic hosts: a critical examination
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In this critical review we examine the current state of our knowledge in respect of the nature of the
active sites in copper containing zeolites for the selective conversion of methane to methanol. We
consider the varied experimental evidence arising from the application of X-ray diffraction, and
vibrational, electronic, and X-ray spectroscopies that exist, along with the results of theory. We aim to
establish both what is known regarding these elusive materials and how they function, and also where
gaps in our knowledge still exist, and offer suggestions and strategies as to how these might be closed
such that the rational design of more effective and efficient materials of this type for the selective
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1. Introduction

How one might make better use of methane, the principal
component of natural gas and a globally abundant but often
wasted energy resource, has been, and continues to be, an
intensive area of research across numerous disciplines. As a
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conversion of methane might proceed further.

result, much has been written beforehand regarding this
subject."® Consequently, the details of the economic, envir-
onmental, and industrial drivers for the pursuit of a means to
effectively, and selectively, convert methane to bulk chemicals
of greater value and utility will not be reiterated here; for these
the interested reader is directed to the many excellent reviews
that have appeared previously.*°

Suffice to say that methanol is one of the most important
foundation products of the chemical industry. Commercially,
methanol has for a long time been founded upon the use of
copper/zinc oxide/alumina catalyst formulations that catalyse
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methanol synthesis from syngas, a mixture of carbon monoxide
and hydrogen. This process requires both elevated temperatures
and pressures and the syngas is required to be synthesised
beforehand from a variety of sources (e.g. natural gas, coal,
biomass, and hydrocarbons).'"'> More recently there has been a
great deal of interest in deriving more direct methods to
produce methanol either from hydrogenation of carbon
dioxide'® or directly from methane.

The selective conversion of methane to methanol presents a
considerable challenge. Thermodynamically, the products of
over-oxidation - e.g. carbon monoxide and carbon dioxide - are
highly favoured compared to those that arise from partial
oxidation, such as methanol and dimethylether (vide infra);
and kinetically, methane oxidation is slower than the reactions
that may subsequently lead to over-oxidation of the methanol.
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Obtaining high selectivity and high conversion is, therefore, a
decidedly uphill battle and subject to implacable limitations.>"*™
Nature has, however, to a degree to which chemists may currently
only aspire to, resolved this challenge. Enzymes founded upon iron
and copper centres (methane monooxygenases) are able to
selectively convert methane to methanol under physiological
conditions, ie. ambient temperature, pressure, and in the
presence of significant hydration.'®*’

Amongst the various materials and chemical systems - of
which there are many'>?°?> - that have been demonstrated to
be able to convert methane to higher value partial oxidation
products, such as methanol and dimethylether, are those based
upon the exchange of copper and iron ions into microporous
zeolitic hosts. Zeolites are microporous crystalline alumino-
silicates that can take up a myriad of three-dimensional topologies.
These topologies are founded upon the wide array of ring structures
that can result from condensing aluminium and silicon as oxides
around an equally wide range of structure-directing materials.>>**
As such, they can provide local coordination environments for host
cations, such as copper and iron, in a manner that is, conceptually if
not chemically, similar to the highly specific tertiary environments
that metallo-enzymes create around well-defined metal-containing
sites; a similitude that has often been noted.'®'*?

Since the first demonstration that copper hosted in zeolites
could convert methane to methanol,*® considerable strides have
been taken in improving the yield of this conversion. Fig. 1
illustrates this development in terms of some of the variables that
these materials present. Fig. 1(a) charts the evolution of methanol
yields achieved per gram of material used. Fig. 1(b) presents the
methanol yield per total copper, and Fig. 1(c) shows how, from the
available literature, the yield of methanol per gram of material
varies as a function of Si/Al ratio for four zeolitic systems: ZSM-5
(MFI), chabasite (CHA), mordenite (MOR) and mazzite (MAZ).
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Fig. 1 (a) Evolution of reported methanol yields demonstrated since 2005
for single reactive cycles; (b) evolution of the reported methanol yield as a
fraction of the total copper content for single reactive cycles; (c) literature
variation in methanol yield as a function of the Si/Al ratio reported. In (a) and (c):
red = Cu/ZSM5, blue = Cu/MOR, green = Cu/CHA, and black = Cu/MAZ.

Fig. 1(a) shows that methanol yields as high as 200 pmol g~*
in a single reactive cycle®” have now been demonstrated
whereas yields were initially much (over an order of magnitude)
lower (6-10 pmol g~ *).>®*® Even more importantly, selectivity
toward methanol of >80% is now regularly reported for a range
of different Cu/zeolite systems.?”?°*! Moreover, in terms of the
efficiency (Fig. 1(b)) of the use of the copper (i.e. how much
copper is active toward the conversion of methane to methanol)
significant strides have also been made and a value as high as
0.5 methanol per copper atom has been reported.>**>

This journal is © The Royal Society of Chemistry 2020
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Whilst none of these representations are perfect, these figures
serve to make clear that there exists a considerable variation in
performance and, (e.g: Fig. 1(c)), a scatter to potentially important
structure function relationships that is considerably greater than
ideally desired.

Therefore, though the trend is very much toward more active
and efficient materials, clear indications as to how to optimise
these materials in terms of their structure and composition are
still lacking in many ways. Moreover, there remains consider-
able debate surrounding the basic mechanisms and active sites
at work present in these materials. Concomitantly, a logical
framework that might serve as a foundation for the rational
optimisation and design of these materials might still be
considered in its infancy; though, as we hope to delineate, it
is growing up rapidly.

This review is, therefore, dedicated to examining what we
know about the structure of copper hosted in zeolites and how
the selective conversion of methane to methanol is mediated,
how we come to this understanding, and what areas we do not
yet have an adequate understanding of. We shall critically
compare competing ideas regarding the active sites, and discuss
the fundamental nature of the basic chemical considerations -
copper redox, oxyl radical formation, the nuclearity of the active
sites, the role of both zeolite topology and aluminium content,
and sensitivity to overall reaction conditions - that must come
together to affect this challenging conversion. In doing so, and
concentrating on systems based upon mordenite (MOR) and
chabasite (CHA), for which the most extensive studies exist, we
examine the experimental evidence put forward for the various
propositions that have come to the fore in recent years. We shall
also critically investigate the concurrences and differences that
exist between experiment and theory and to attempt to distil
what we actually know regarding fundamental aspects of this
conversion. From this foundation we shall put into perspective
where our knowledge is still lacking, and suggest means by
which these deficits might be resolved, such that functional
systems superior to those that exist now are discovered, to
further improve routes to selective oxidation of methane beyond
what has been achieved in the last fifteen years.

2. Processes, active sites, mechanisms,
zeolite composition and topology:
experiment and theory

The ability to convert methane to methanol in a selective
manner has its origins in a capacity to stabilise intermediate
species, such as methoxy, and thus protect them from over-
oxidation. For copper zeolites, the copper must be activated by
an oxidant, in order to create one or more active sites. These
sites subsequently serve both to activate the C-H bond (at
relatively low temperatures, typically between 423 K and 473 K)
and then to stabilise the methoxy species thus derived against
further oxidation. From this property of copper-containing
zeolites, two processes have emerged for the conversion of
methane to methanol on copper zeolites: a stepwise — and

Chem. Soc. Rev., 2020, 49, 1449-1486 | 1451
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stoichiometric — approach that utilises successive activation—
reaction cycles (“chemical looping”),>¢****% and a catalytic
system based upon continuous (gas) flow with either oxygen®~”
or di-nitrous oxide*® employed as the oxidant. Catalytic processes
have also been demonstrated for iron-containing zeolites®®™*?
and then extended to copper zeolites using an aqueous medium
and employing hydrogen peroxide as the oxidant.*® This
approach, however, cannot be considered practical, as the per-
oxide is more expensive than methanol. Later, Narsimhan et al.*®
developed a continuous flow catalytic system that allows direct
methane partial oxidation with a mixture of water, oxygen and
methane after an initial high temperature activation. This
process is truly catalytic but can only be achieved selectively
at methane conversion levels of well below one percent; it
therefore comes at a significant cost in terms of achievable
methanol yields.

Fig. 2 illustrates two step-wise routes by which methane to
methanol conversion has thus far been achieved along with
“notional” ways that various of the commonly observed products
of this reaction might arise, along with the total number of electrons
required to be handled for their production. Herein it should be
noted that these are formulated as simplified, indicative, descriptors
of the possible ways in which some of these products may be
formed. For instance, only the redox chemistry of copper is
considered, whereas, in the zeolitic case, Lewis and Brensted
acid functions are also present, and products, such as water and
methanol, can also lead to a myriad number of further possible
reaction schemes. Of note however, is that the production of

View Article Online

Chem Soc Rev

products other than methanol within such schemes, along with
the number of electrons required to be transferred for their
production (up to eight) necessarily implies a certain mobility of
reactive species within the zeolite framework for their synthesis
to be achieved.

These step-wise routes employ successive activation, reaction
and product extraction steps that are repeated to yield a cyclic
process. The high temperature activation procedure has been
developed with the oxidation step typically performed at >673 K
in oxygen followed by the methane reaction step at 423-473 K,
and remains the most frequently employed approach to the study
of this chemistry using copper-zeolites.”**%>**3~%¢ Additional
permutations of this procedure have also included the use of
different oxidants, such as nitric oxide*® and water.>® A further
stepwise procedure has recently been demonstrated, that of low-
temperature isothermal cycling.*”~*°

In this procedure, all steps are performed at 473 K, and the
reaction step is conducted under methane at elevated pressures
(up to 30 bar). Such a process may improve the applicability of
the stepwise procedure. The isothermal procedure has not been
studied in as much depth as the high activation temperature
route, and relatively little is known about the active sites and
reaction selectivity and kinetics involved in this approach.

Recently, Sushkevich et al.*® reported a new “anaerobic”
approach, which uses water as the source of oxygen for oxidation
of methane to methanol over copper-exchanged mordenite.
Isotope experiments with H,'®0 confirmed the insertion of
labelled oxygen into methanol; in situ XAS showed the change

(a) High temperature activation protocol (b)
® 723 K
3
% 473K On-line extraction Activation _ Reaction _ Desorption
£ \Off-line extraction . 0,, Air, N,O, & )
2 Gas: ozr HZO/;e E CH, § H,O/He
Time . Hydrolysis of
Low temperature, isothermal protocol Dehydration; o ;"ggﬁ:&” o || methoxy species
- Process: Formation of active fi 5 species &y 5 Desorption of
- site 2 Bby-productsfl & Methanol
g 473 K On-line extraction I
Qo
3 " -
ki / \Off—llne extraction
Time
(c) Possible Copper redox routes to products and number of electrons required to be handled
[Cu"-O-Cu'"]?* + CH, = [Cu'-(OCH,)-Cu'T* + H* 2e” methanol
Selective
2[Cu'-(OCH,)-Cu']* + 2H* = CH;-0-CH, + 4[Cu']* + H,0 de dimethyether oxidation
[Cu'-(OCH3)-Cu'l* + 2[Cu"-O-Cu"]?* = [HCOO]" + 6[Cu']* + H,0 6e formate
. Over
[Cu'-(OCH,)-Cu'l* + 2[Cu"-O-Cu""]?* + H* = CO + 6[Cu'l* + 2H,0 6e carbon monoxide oxidation
[Cu'-COJ* + [Cu"-O-Cu"]?* = CO, + 3[Cu]* 8e- carbon dioxide
Fig. 2 (a) Schematic of two procedures for conversion of methane to methanol. The high temperature activation procedure typically uses low pressure

during activation and reaction (1 bar or less).2® The isothermal approach uses a reduced temperature of activation (473 K) but requires high pressure (up

to 30 bar) of methane during the reaction to achieve high methanol yields.

4344 (1)

Description of possible oxidant gases and types of process occurring

within the step-wise approaches to methane oxidation over copper containing zeolites. (c) Notional descriptions of how methane may be converted to
both selective and on selective oxidation products along with the total number of electrons required to be handled for each product.
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of copper oxidation state upon reacting with methane and
water; and mass spectrometry showed the formation of hydro-
gen. Combining the experimental data with DFT calculations,
the authors suggested a reaction mechanism in which methane
reacts with active copper-oxygen species giving methanol, sur-
face methoxy species and reduced Cu(i). The latter then inter-
acts with water to re-oxidise the copper into Cu(u) and releasing
molecular hydrogen, which itself is a valuable chemical. Later
on, it was shown that not all the copper-exchanged materials are
active in anaerobic oxidation of methane and water plays an
essential role in stabilising the newly formed Cu(u) species.*>*%"
A specific configuration of active sites, comprising copper-oxo
oligomers, such as dimers and trimers, is required to enable the
Cu(1) re-oxidation with water. Equally, however, copper monomers,
which are stabilised in mordenite with high Si/Al ratio of 46, are
more selective in the conventional ‘“‘aerobic” oxidation with
molecular oxygen, with respect to copper-exchanged mordenite
with low Si/Al ratios. This difference is most probably associated
with the stabilisation effect of the water molecules interacting with
active copper sites and forming hydroxides and additional
hydrogen bonds.

To date the vast majority of scientific attention, particularly
in regards to reaction mechanisms and active site, has been
given to the stepwise, high temperature, activation procedure
and it is from within this paradigm that the majority of
information regarding the mechanisms and active sites at work
in these materials has been drawn.

Throughout the development of these procedures, a wide
array of zeolites frameworks>®2931:4%:46:5253 and amorphous
supports®*°> have been tested and evaluated for the conversion
of methane to methanol. Fig. 3 collates the results obtained for
a range of zeolite types and in terms of the methanol yield per
unit copper present.
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The best performing zeolites, in terms of methanol per copper
atoms present, are MOR, CHA, ZSM-5, and MAZ. In terms of
methanol produced per unit mass of the material tested, Cu/MAZ
has recently been shown to outperform Cu/MOR or Cu/CHA,
though unlike these latter two cases, Cu/MAZ has yet to be
demonstrated to be a stable system under conditions of reactive
cycling.””*® On the other hand, zeolites, such as faujasite (FAU)
and beta (BEA), yield little or no methanol for the high activation
temperature procedure with a low (473 K) reaction temperature.
However, it has recently been shown that with higher reaction
temperatures (633 K), the methanol yield for faujasite can
be greatly improved and lead can lead to a copper efficiency
(molCH;0OH/molCu, Fig. 3) similar to chabazite and even higher
methanol yields per gram zeolite than for MAZ and MOR.”®

One inference that could be drawn, therefore, is that the larger
pore zeolites (those based on ten membered rings or greater) are,
in some way, much less able to present and stabilise the copper
sites required for effective and selective formation of methanol at
low reaction temperatures. Moreover, we might intuit that, in
general, zeolite rings must be larger than six-members to achieve
activity.*¢57~5°

As ever, the recent demonstration that FAU®® can be induced
toyield the highest level of methanol per reaction cycle thus far
achieved, when activation and reaction with methane are made
isothermally at much higher temperature (633 K) and at
increased methane pressure (15 bar), shows that such a general
conclusion cannot be arrived at: FAU being composed of twelve
membered ring channels and nominally inactive (six and four
membered rings) sodalite cages.

Equally, however, this observation highlights the potential
importance of the framework in stabilising the active site, with
some frameworks being more active/selective for the conversion
of methane to methanol than others. It also indicates that,

FAU** FER MOR MAZ*

Fig. 3 Performance of the range of copper zeolite systems tested for methane to methanol conversion along with schematic illustrations of the unit cell

BPH AElI MFI CHA

and for the high temperature, step-wise, approach to activation with subsequent reaction with methane at

473 K and at 1 bar pressure. This except for: FAU** where an optimised isothermal route was used with activation and reaction was conducted at 633 K
and 15 bar total methane pressure. * For MAZ, only the active copper was accounted for. Framework drawings reproduced from ref. 23.
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within the parameterisation of the conventional, high temperature,
activation procedure, there appears to be an optimal range for
the size of the pore or channels required to achieve an effective
conversion of methane to methanol. Equally, however, such a
comparison does not take into account any possible differences
that may exist in the reducibility of the copper species present
within each framework system; a parameter which might also
be thought of as critical in determining whether a system is
active/selective or not within a given reaction protocol. Further-
more, recent works have found that methane can be converted
to methanol on non-=zeolitic material like amorphous silica,>
mesoporous silica (SBA-15),%° and alumina.>® The zeolite structure
is therefore not a requirement for direct methanol synthesis from
methane, though methanol yields thus far demonstrated are much
lower than now regularly reported for copper-exchanged zeolites.

But what of the active copper sites themselves? One of the
on-going debates in the study of copper-exchanged zeolites
regards the precise configuration of the available active sites:
what is their nuclearity (number of copper atoms) and overall
geometry; which are active; which are inactive; and under what
conditions is selectivity to methanol, or over-oxidation to
unwanted products, achieved?

Originally, di-copper sites (bis p-oxo di-copper), comprising
two copper atoms connected with oxo bridges, were proposed as
active structures.”>®" This derivation was made largely on the basis
of a specific UV-vis signal observed at 22700 cm ™ *,>%?843:6%63 anq
owed much to the biological study of dicopper metallo-enzymes
wherein UV-vis is a widely used method to determine types of
copper speciation.®* ® More recently, and as we shall discuss in
more depth in subsequent sections of this review, debate
regarding the nature of the active sites has opened up. This
has resulted from a great deal of subsequent experimentation
and a considerable - and growing - influence of theoretical
studies. These have resulted in a preference for mono(u-oxo)
di-copper species, rather than the bis(p-oxo) form.*

Trimeric ([Cus(uw-O);]*") sites, however, have also been invoked in
both MOR* and ZSM-5%" and have more recently been considered
for other large pore systems such as those based upon MAZ.%® In the
case of MOR, this assertion has been made on a threefold basis:
firstly, that, up to a point, as copper is added to the MOR, the yield
of methanol per unit copper is a linear function of gradient 1/3;%°
secondly, the analysis of EXAFS obtained in the activated and
reacted states within the high temperature activation protocol;*
and, thirdly, through DFT calculations®””° that have indicated that
such sites are more stable than di-copper-oxo species during the
required activation process.

It is the case that, as with the dimers, trimeric copper centres
are suggested to be present in some enzymatic systems.”"”
Equally, however, whether they are present in methane mono-
oxygenases is a matter of ongoing debate in the biological
community, in a situation that parallels the current debate that
exists for the copper—zeolite systems under consideration in this
review.”" 74

Moreover, the demonstration of the isothermal stepwise
process (Fig. 2) has shown that methanol can be produced by
these systems under conditions in which the “typical” di-copper
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d.*®*? In the isothermal

and tri-copper sites should not be forme
procedure, the activation step occurs at 473 K, well below the
required temperature (>553 K) for the formation of p-oxo-di-
copper’® and the trimer sites.®® In spite of this, methanol
conversion has been demonstrated for various zeolite frame-
work types using this lower temperature approach to activation
and reaction.*®**>”>”77 This suggests that the nature of the
copper active species might not be limited to dehydrated di- or
tri-copper oxo sites, and that a wider spectrum of active site
motifs might exist.

As has been mentioned above, DFT calculations indicated
that tri-copper sites are more stable than di-copper species
under reactive pre-treatment conditions.>® Theory has further
suggested that formation energies per CuO formula unit are
comparable for Cu,0O, clusters with n up to 9 in the case of
Cu/CHA (Cu-SSZ-13).”® Our own recent theoretical investigation
suggested that tetramers and pentamers are potentially more
stable than any smaller species.”® Using DFT based on global
geometry optimisation, we were able to identify a general trend
of greater stability as the nuclearity of the copper oxide cluster
increased. For instance, the identified ground-state structures of
tetra- and pentamer copper clusters of Cu,0,”" and Cu,0,_,>"
stoichiometries embedded in an 8 MR channel of MOR exhibit
higher relative stability compared to smaller clusters. Therefore,
from a theoretical point of view, dimer and trimer are not
necessarily the most thermodynamically stable species. How-
ever, within a given range of copper and aluminium loading,
zeolite pore size and experimental conditions, such structures
are predicted to be viable.

On the other side of the complexity spectrum, Kulkarni et al.
have recently presented a comprehensive analysis of various
mono-copper species as potential active sites for partial methane
oxidation in Cu-exchanged SSZ-13 (CHA) zeolite.” The variety of
suggested copper oxide active structures that has emerged from
these studies (Fig. 4) is thus striking in its complexity.

Taking into account that different zeolite frameworks are
capable of stabilising different active species, unravelling the
configurational manifold of the copper oxide centers becomes
extremely challenging. Indeed, several groups have suggested
transforming the discussion of a well-defined selected active site
to a discussion of the mixtures of sites, or dynamic co-existence
of various states.®”®! For instance, it has been shown that
dynamic, multinuclear, sites can by formed by mobilised copper
ions during NO, selective catalytic reduction.®*** There, copper
ions can travel through zeolite windows and form transient ion
pairs that participate in an oxygen-mediated Cu() to Cu(u) redox
step integral to this selective catalytic reduction (SCR) process.

Moreover, the structure and dynamics of various types of
copper ions can be strongly influenced by the environment they
experience, such as the presence of water,** or ammonia.®* For
instance, it has been shown that the strong interaction of the
Cu" oxidic species with water in zeolites is a unique feature that
helps to thermodynamically stabilise active centres, e.g.
through the formation of highly stable Cu-(OH),-Cu dihydroxo
species.’® It has further been suggested that, alongside with the
stabilising effect, water might also play an important role in the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Timeline of various suggested configurations of the copper oxide active species in Cu/MOR.

mechanism of the reaction itself, such as in the case of
anaerobic methane oxidation.®> In the case of ammonia, it
has been shown that it liberates copper atoms from the frame-
work and greatly enhances their mobility, which leads to the
formation of the mobile copper active sites.®* At the same time,
a simple mixture of active sites might also be responsible for
the observed experimental features. For instance, it has been
shown that both monomers and dimers have comparable
binding energies towards the lattice.*® While for the monomer
species similar adsorption energies are obtained with the
different zeolite frameworks, an optimum Al-Al distance is,
however, also required for the dimeric species to exist. Further-
more, DFT studies support the self-organisation of mononuclear
oxygenated/hydroxylated cations in zeolite frameworks toward
oxygen-bridged binuclear complexes.*®

In regards to the reaction mechanism of the direct conversion
of methane to methanol, a classical assumption is that that the
reaction might proceed via homolytic C-H bond dissociation
followed by direct radical rebound, resulting in CH;OH adsorbed
on the reduced dual Cu(i) sites.*” From the analysis of the
reaction kinetics Woertink et al.*® deduced that C-H bond
breaking is involved in the rate-limiting step of the oxidation
of methane. DFT calculations revealed that hydrogen atom
abstraction is endothermic by only 57.7 k] mol™", reflecting
the difference in bond dissociation energy of H-CH; compared
with that of the [Cu-OH-Cu]®" intermediate that would be
generated. Within this point of view, the strong O-H bond of
the [Cu-OH-Cu]** species helps drive the reaction. In the
subsequent step, rebound of the hydroxyl radical (leaving two
Cu(1) atoms), leads to coupling with the methyl, thus completing
the reaction. Thus, oxygen-activated Cu/ZSM-5 can abstract a
hydrogen atom from methane through a low activation barrier.

Zhao et al. have theoretically studied reaction profiles on
both mono(p-oxo) and bis(pt-oxo) di-copper sites in MOR using
nitrous oxide and oxygen as oxidants.®” The mono(u-oxo)
di-copper site is more likely to be present after the activation
process on the basis of thermodynamic considerations, in
agreement with the work of Alayon et al.® In addition, these
calculations suggest that methane activation is only feasible for
mono(p-oxo) di-copper site, whereas bis(u-oxo) di-copper
site has a low rate of methane conversion. In fact, methane
activation by Cu-O-Cu has a free energy barrier of 99 k] mol ™,

This journal is © The Royal Society of Chemistry 2020

which corresponds to a rate of 0.8 s~ . Various positions for the
location of the Cu-O-Cu cluster were considered and similar
barriers were found for methane activation in all cases except
for the 8 MR ring, which was suggested to be due to steric
hindrance in this small pore. The formed methanol binds
rather strongly to Cu/MOR, leading to a desorption free energy
of 50 k] mol . This energy is reduced through co-adsorption of
water so that methanol can be removed through treatment with
water.**

Li et al. have shown that the nature of the exposed bridging
oxygen ligands in trinuclear [Cus(u-O);]** clusters is similar
to that in the binuclear complex.®” The pronounced radical
character of bridging oxygens is necessary to promote the
homolytic activation of C-H bond in methane. The authors
revealed that, unlike the case of the dimer, successful radical
recombination of the products of methane oxidation by the
[Cus(p-0);]*" to form methanol does not require a spin-crossing
transition to yield methanol. The spins of the CH;* and brid-
ging OH species are antiparallel in the high- and low-spin
states. Accordingly, direct methanol formation is thermodyna-
mically strongly favoured for these electronic configurations.
Besides the direct rebound route, the authors also considered
alternative paths for radical recombination over the trinuclear
oxygenated copper cluster. Both reactions of CH;* with basic
oxygens of the zeolite lattice (“‘adsorption” route), and the
extra-framework Cu cations (“heterolytic” route), are thermo-
dynamically much less favourable than direct formation of
molecular methanol over [Cu,(p-O);]*". These paths are, respectively,
94 and 90 k] mol ™! less exothermic than the direct rebound
mechanism.

More recently, Kulkarni et al. presented an analysis of
various mono-copper species as active sites in CHA (Cu-SSZ-13)
zeolite.”® Using periodic density functional theory calculations
combined with a thermodynamic analysis of the oxygen activation
process, they concluded that [CuOH]" in the eight-membered rings
is responsible for the experimental activity of Cu-exchanged
SSZ-13. The process starts by C-H bond cleavage of CH,, via a
feasible 110 kJ mol ' free energy barrier, and the proposed
reaction mechanism is consistent with the spectroscopic data
and experimental observations. Furthermore, the proposed
mechanism successfully explains: (i) the necessity of hydration
during the methanol extraction step and; (ii) the lower activity of
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the high-Al SSZ-13 sample. The effect of aluminium content and
distribution is especially interesting and leads to a general
design principle: that 6-membered rings are detrimental for
the reaction, while 8-membered rings are desirable and favour the
formation of the active [CuOH]" species. Specifically, the statistical
analysis of Bates et al. suggests that increasing the Al content in
CHA increases the probability of forming two “paired” Al atoms in
the 6 MR.* This strongly favours the formation of bare Cuf(m)
cations that are unreactive for C-H activation and inhibit [CuOH]"
formation in the 8 MR. It was predicted that <5% of the copper
cations belong to the 8 MR-[CuOH]" species therefore that the
lower performance for CHA with lower Si/Al ratios is due to the
smaller number of available [CuOH]" active sites and is not due to
an inherent decrease in reactivity.

The invocation of such a wide range of potential active sites
has considerable implications for how the conversion of
methane is achieved, i.e. by what mechanism? From the diverse
considerations listed above, two general mechanistic possibilities
may be synthesised (Fig. 5).

The redox mechanism shown at the bottom of Fig. 5 might
be considered the traditional view of how this and other copper

0,

pathway

Cu anion-radical

i

Selective methane-to-methanol
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facilitated selective oxidation processes are mediated. In this
mechanism the two electrons required to be handled to effect
the conversion of methane to methanol are localised on the
copper atoms and the copper is reduced from Cu(u) to Cu(i);
this mechanism therefore requires the participation of two
copper atoms to produce one methanol molecule.

The second mechanism is a more recent derivation that has
its origins in theory,*” and has been derived for both di-copper
and tri-copper sites. In this mechanism, the electrons required
for the oxidation of methane end up localised at oxygen atoms
within the active site as oxyl radical species.

These reaction pathways are, therefore, very different in
terms of where the electrons required to be transferred, to yield
the varied products observed (see Fig. 2), during reaction with
methane end up; they are also radically different in how they
view the role of Cu(i) in determining the selectivity of the
methane to methanol process. In the oxyl radical based proposal,
there is no role for Cu(1) in the selective oxidation of methane. By
inference, therefore, the formation of Cu(r) during the reaction
can be associated with the formation of unwanted over-oxidation
products and reduced selectivity toward the desired conversion,

Autoreduction
—> Cu
or unselective

I

oxidation
CH5;0H Over-
oxidation HCOOGre
P> CH3Oqf —_—
COx

Fig. 5 A schematic illustration of the two reaction pathways derived for the selective conversion of methane to methanol over copper containing
zeolites: (a) the mechanism wherein the required electrons are handled via the formation of an oxyl radical species; (b) the mechanism localised at the

copper centres with concurrent reduction of two Cuf(i) to two Cu(i).
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or the often observed phenomenon of auto-reduction. As will be
shown (vide infia Section 4.5) the available evidence (for Cu/MOR)
suggests that, within the aerobic (oxygen activation) high
temperature activation protocol, auto-reduction can be neglected
as the source of Cul(i).

On the other hand, in the more traditional copper redox
mechanism, Cu(r) is central to both selective and (again by
inference) non-selective reactions. Within this paradigm the
only difference between these two possibilities is in the number
of electrons required to be handled for each product to be
formed ie. two for methanol, six for formate and carbon
monoxide, and eight for carbon dioxide. Therefore, these two
reactive possibilities lead to radically different expectations for
the relationship (or otherwise) between methanol yield and
selectivity and any associated production of Cu(1). As discussed
in later sections these different expectations, given that we can
quantitatively measure both Cu(i) formation and reactivity, lead
to experiments that are able to decide which of these possibilities is
reactively dominant in these systems.

From this brief discussion, it is evident that, despite intensive
research and a radically improved performance of copper containing
zeolites for the selective oxidation of methane to methanol, many
fundamental questions regarding this conversion remain.

In subsequent sections, we shall consider in more detail the
experimental and theoretical bases for all these propositions in
an effort to examine the evidence that underpins each of them
in a critical manner. From these bases we shall then ask as to
whether we are able to make some more concrete assertions
and to therefore understand the behaviour of these complex
systems in a less equivocal way. Before we do this however, it is
worth spending some time to consider some of the specific
challenges that these systems present both from experimental
and theoretical points of view.

3. Specific challenges that these
systems present

3.1 Experimental considerations for in situ study and the
derivation of reliable structure function relationships

The study of methane to methanol conversion by metals hosted
in zeolites poses a number of unusual (if not unique) challenges
in respect of in situ study and the restoration of reliable and in
depth structure-function relationships; and these should be
explicitly pointed out if only as, by and large, in the extant
literature, they are not.

Most important is the fact that the very nature of the zeolites
means that the products of methane oxidation are retained
within the material. As such, they can only be extracted and
quantified post factum using either steaming at elevated tempera-
ture (via a vis Fig. 2), or aqueous extraction at ambient temperature
or slightly above. Whilst a variety of methods, such as UV-vis,***®
Raman,” and X-ray spectroscopy””*° (vide infra) can be used to
follow aspects of the reactive chemistry occurring within copper
containing zeolites, none of these are capable of quantifying the
products formed, or selectivity achieved, at the same time.

This journal is © The Royal Society of Chemistry 2020
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Ordinarily, the go-to technique for such assessments would be
mid-range infrared spectroscopy as it may identify, if not easily
quantify, the speciation formed within the zeolites. However,
even this method has only been used post factum due to the
overwhelmingly large contributions derived from gas phase methane
and the relatively small and overlapping signals that may be derived
from species of relevance, such as adsorbed methoxy, methanol,
carbonate, carbon monoxide, and carbon dioxide.>**

As such, unlike the vast majority of catalytic gas-solid con-
versions, where specific performance indicators can be relatively
easily derived in parallel with other measurements of the state
of the material, for the selective conversion of methane to
methanol by chemical looping, this has not been achieved. As
a result, aspects of structure and function are, for the most part,
derived from entirely separate experiments and (often) using
very different equipment. This decidedly sub-optimal situation
begs a simple but fundamentally important question: how can
one be sure that a valid measurement, one that truly represents
the nature of the materials one is studying, has been made?

This is a general problem, and one that may be thought of as
at its most critical where synchrotron-based studies are under-
taken. These sorts of experiments are conducted away from a
home lab, within limited time allocations, and possibly using
equipment that is not so well known to the experimenters. It is
also the case, more often than not (though exceptions to this
have recently appeared),® that post factum analysis of the
result of an X-ray based experiment in terms of the product
yields and selectivity achieved, is not entered into.

This situation is made worse by the intrinsic nature of the
species under study. Cu(i) is extremely sensitive to the presence
of oxidants, such as oxygen and water, and can be facilely
re-oxidised to Cu(u). Therefore, as well as being in a reactively
(in terms of the molecular products formed) “blind” situation,
experimental protocols must be extremely robust and well
understood to ensure that trace levels of these oxidants do
not interfere with the chemistry at hand. Critically, isothermality
within a reactor bed must be achieved to an acceptable degree in
order to avoid thermal gradients yielding incorrect or misleading
results from what are either, point measurements made within the
body of a much larger sample, or measurements that report
an average view over a large (a few millimetres) portion of a
sample bed.*

In the case of the use of synchrotron radiation, there is also
the possibility that the X-rays themselves may induce unwanted
changes in the systems under study, either through local heating
effects, or from the production of electrons. Both of these
possibilities have the potential to promote reduction of Cu(u) to
Cu(i) wherein none should ordinarily occur. Such effects are
known and have been demonstrated for copper in other (pre-
dominantly) homogeneous systems.’”** To date, however, we are
unaware of any quantitative assessment of whether these affects
are present or of reactive significance in copper/zeolite systems.
We might also note that X-rays are not the only probe that has the
potential to alter these systems; the power densities often applied
in spectroscopies such as Raman also have the capacity to induce
unwanted localised heating effects that have (at least notionally)
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the capacity to perturb the system under study in potentially
misleading ways.”*

Lastly, and as mentioned in the previous section, the phenom-
enon of auto-reduction of Cu(u) to Cu() in these systems has often
be observed.*>**®* This behaviour (vide infia) has been attributed
to numerous factors and its contribution to subsequent methane
activation and methanol production remains a vexed question,
further complicating the process of understanding this process
and how these materials mediate it.

3.2 Challenges these systems present to theory

From the point of view of theory, modelling zeolites is also a
challenging problem. Fundamental understanding of these complex
materials requires, on the one hand, a carefully refined structural
model, that captures the essential chemistry of the system,”® and,
on the other hand, an appropriately accurate description of the
experimentally observed spectroscopic features of the system.
Furthermore, a suitable model describing the reaction mechanism,
that includes identification of the configuration of every inter-
mediate, as well as the transition states, has to be developed to
yield a predictive quality modelling of the process, as well as deep
understanding of the underlying chemistry. The following features
of Cu-zeolites specifically render the above tasks challenging.

3.2.1 Zeolite chemistry strongly depends on the nature of
active sites. Atomistic information regarding the nature and
structure of the active sites in zeolites, as well as the details of
the reaction mechanisms at work, is rarely available directly
from the experiment. The interpretation of spectroscopic data
is conventionally based on a reductionist approach and implies
numerous assumptions and approximations, which, in turn,
impose a substantial bias on the model definition in computational
studies.’® Thus, identifying the correct structural model and
relevant configurations of the active sites becomes the dominant
problem for computational approaches. For complex systems,
such as zeolites, chemical intuition is often not sufficient to
identify the best structures. Therefore, an unbiased exploration
of the configurational space must be carried out as widely as
possible. This is achieved, for example, by employing the global
geometry optimisation techniques, such as Basin Hopping®” and
Genetic Algorithms.”® However, the high computational cost of
these approaches limits their applicability.

In order to decide, in an unambiguous fashion, whether any
theoretically predicted structures exist in reality, an interplay
and exchange between experimental and theoretical chemistry
approaches is required. Theoretical methods do not only yield
geometrical and electronic density information, but are also
able to model many experimentally observed features of the
system, such as vibrational, optical absorption, X-ray photo-
electron spectra, Cu K-edge XANES, NMR shifts, etc., that can be
directly compared to experiment. An ideal approach towards
solving catalysis-related questions is therefore to build a dynamical
feedback system, where experimental evidence is initially used to
build an appropriate theoretical model, which can be used to screen
the configurational and chemical possibilities available to the
system in question. The latter may then guide further experimental
efforts, starting the second cycle of theoretical approximation.
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3.2.2 The distribution of aluminium is unknown. Even
with theoretical methods capable of generating sufficiently precise
structural models, a challenge of relating these model structures to
the experimentally observed reality remains. A specific structure-
related issue is the distribution of aluminium atoms over the
framework T-sites (crystallographically distinct positions). As
the position of the active copper oxide sites and their con-
figurations depend strongly on the aluminium distribution,
the latter becomes a crucial parameter for engineering the
chemical and reaction properties of zeolites.’® Considering that
experimental zeolite synthesis methods yield a statistically
driven distribution of aluminium atoms in the entire zeolite
crystal’s framework, building a relevant structural model of
aluminium distribution within a single lattice unit cell is a
considerable challenge for theoretical modelling. Also, the
copper density within the zeolite pores affects their structure.
Thus, the framework Si/Al ratio in MOR affects the nature of
the copper oxo species, with copper oligomer species (i.e. the
species comprising more than a single copper atom, in case of
high aluminium content) exhibiting high activity under both
aerobic and anaerobic activation conditions. Copper monomer
sites, on the other hand, produce methanol only in the aerobic
process."® A systematic investigation of the influence of the
aluminium distribution on the structure and stability of the
active site copper oxide species is needed. The possibility of
interaction between the T-sites in the same and adjacent pores
of zeolite has to be taken into account, thus introducing the
challenge of explicitly modelling any dynamic behaviour of the
system. At the same time, the distribution of aluminium within
the framework is unknown, and cannot be derived purely from
theoretical considerations. The required calculations must,
therefore, be carried out for all possible cases, which is potentially
feasible, but costly.

3.2.3 Activity due to d-electrons. As main chemistry of the
active sites stems from copper, the employed theoretical method
must be able to describe the behaviour of d-electrons. This
already limits the applicability of methods based on empirical
parametrisation, and even pushes the electronic structure theory
to its limits. Employing high level multi-configurational methods,
such as CASPT?2, is prohibitively expensive for extended periodic
structures. In the realm of DFT, the method of choice is modern
hybrid density functionals.'®" However, in combination with the
vast configurational manifold of zeolites, these methods are
still quite expensive, and require availability of considerable
computational resources.

4. Experimental studies of copper
containing zeolites in respect of the
selective conversion of methane to
methanol

In this section, we consider the experimental methods that

have been most commonly applied to the understanding of the
distribution and specific locations of copper species within
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zeolites systems in relation to the conversion of methane to
methanol. It is from these studies that we shall attempt to distil
which aspects of the copper speciation might be considered as
known and understood. Equally, we shall determine what
remains to be clarified in respect of the mediation of effective
methanol production from a methane feed.

4.1 High resolution X-ray diffraction (XRD)

The crystalline nature of zeolites, with their myriad of extended
three dimensional structures, has resulted in XRD playing a
central role in the investigation of their structure and properties
at many levels.>>'°> XRD permits the specification of symmetry,
and identification of the zeolite, as well as detailed structural
analysis of the zeolite pores and channels and how they inter-
connect. Lastly, the resolution of the detailed geometric structure of
the sites occupied both by templating molecules and, subsequently,
cations exchanged into the zeolite structure, may be derived from
suitable diffraction data and analysis.””"'® Of these capacities it is
this last, and most demanding, possibility that is of most relevance
to the current discussion.

XRD is a high-energy X-ray method and therefore, due to the
ability of X-rays of this energy to penetrate matter, applicable
under a wide range of in situ conditions. Moreover, modern day
synchrotron and lab sources, together with state-of-the-art
detectors, means that it can be operated with varying degrees
of resolving power (A~") and time resolution. However, by its
very nature, XRD is reliant on a high degree of translational
symmetry being present in any sample for that power to be
realised. As such, it is ultimately the structural order intrinsic to
the materials themselves that dictates how much information
may be derived from its application.

To obtain quantitative information regarding the site occupancy
of an element such as copper in a zeolite material then data of a
quality suitable for Rietveld analysis must be arrived at. From such
analysis local electron density maps can then be constructed. As the
intensity of X-ray scattering is fundamentally related to electron
density then, if sufficiently high-resolution data can be obtained, the
crystallographic location of copper being a relatively electron rich
element within a matrix comprised of less electron rich elements —
such as aluminum, silicon, and oxygen — may therefore be specified
using this approach.

In respect of the current discussion, the most extensive XRD-
based studies have, thus far, been made on Cu/CHA. Cu/CHA
appears to be particularly amenable to the application of high
level XRD analysis®”#*'%*% and has been much studied in this
respect for the selective reduction of nitric oxide by ammonia
(SCR process). We might note that, in the case of ZSM-5, similar
XRD based data is also available.'®” Equally, however, for the two
other most active Cu/zeolite systems for methane conversion to
methanol (Cu/MOR and Cu/MAZ), high-level information regarding
the location of copper under relevant conditions remains absent.

As an example of the application of high resolution XRD to
locating the copper sites present in CHA, and also in respect
of NO-SCR catalysis, Deka et al'®* established that, under
conditions of reaction, the 6 MR rings of CHA host isolated
Cu(u) cations. From a combination of in situ XRD and EXAFS,
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Fig. 6 Schematic illustrations of the local copper environment in 6 MR
subunit of CHA. (a) Local structure after calcination with copper on the
plane and slightly distorted from the centre of the dér subunit of CHA; (b)
interaction with ammonia at ~125 °C under SCR conditions resulting in a
coordination geometry change; (c) under SCR conditions above 250 °C.
The local environment is obtained from EXAFS fits using an initial model
proposed from the refinement of the corresponding diffraction data
collected at the different temperatures. Reproduced from ref. 104 with
permission from the American chemical society, copyright 2012.

they were then able to propose a reactive mechanism, schematically
illustrated in Fig. 6. This assignment built upon previous XRD due
to Fickel et al.>” who, two years previously, had considered thermally
induced dehydration of two Cu/CHA samples and whose Rietveld
refinements of XRD placed the observable copper ions within the 6
MR rings. Fig. 6 illustrates the copper ion in the 6 MR and how this
copper ion bonds ammonia and is displaced at enhanced tempera-
ture, derived from the application of combined XRD and EXAFS
measurements.

However, the site occupancy established from this study
accounts for only 25% of the total copper present. Therefore, be it
as a consequence of its non-crystalline distribution, the resolution
of the in situ experiment, or the quality of the sample, the location
of the remaining copper, and its possible contribution to the
chemistry under study, could not be resolved.

A subsequent study'®® using a maximum entropy method to
enhance the electron density maps derived from Rietveld analysis
established that the copper missing from the study of Deka et al."**
could be found. From this study it was established that, alongside
the copper present in the 6 MR rings, the majority of the copper
occupies (as monomeric species) the 8 MR rings (Fig. 7).

Regarding the relative contributions made by the three types
of copper resolved by the work of Anderson et al.,**® and as an
exemplar of how labile site occupation can be in copper zeolites
under reaction conditions, operando XRD was subsequently
used to show a temperature dependent migration of copper
between 6 MR and 8 MR ring sites.> Moreover, this variable
site occupation could be directly correlated with the ability of
Cu/CHA to facilitate SCR catalysis.

In respect of selective conversion of methane to methanol,
and as part of a larger work that included UV-vis, Raman, and
reactivity testing, Ipek et al.'®® again used XRD and Rietveld
analysis to delineate the site occupation of copper within Cu/CHA
samples within both hydrated and high temperature activated
(723 K, oxygen) Cu/CHA, post factum at 323 K. An example
of their data, and the fitting of it, as well as a schematic
illustrating the 6 MR and 8 MR occupancy they obtained from
it is given in Fig. 8.
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Fig. 7 (a) High resolution XRD data together with details of elements of
the fitting procedure and the residuals remaining after fitting of the data
using Rietveld analysis. (b) Schematic illustration of the resulting models for
the occupancy of copper atoms within the CHA framework for the
hydrated sample at close to ambient temperature (far left), and then the
three sites after the CHA has been fully dehydrates at 723 K in oxygen
before being cooled to 323 K for measurement. This analysis restores a
single occupancy of the 6 MR ring whilst the majority of the copper is
shown to occupy two different sites within the 8 MR rings. Reproduced from
ref. 105 with permission from the International Union of Crystallography,
copyright 2014.
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Fig. 8 (a) High resolution XRD data together with details of elements of

the fitting procedure and the residuals remaining after fitting of the data
using Rietveld analysis. (b) Schematic illustration of the resulting models for
the occupancy of copper atoms within the CHA framework for the
hydrated sample at close to ambient temperature (far left), and then the
three sites after the CHA has been fully dehydrates at 723 K in oxygen before
being cooled to 323 K for measurement. This analysis restores a single
occupancy of the 6 MR ring whilst the majority of the copper is shown to
occupy two different sites within the 8 MR rings. Reproduced from ref. 106
with permission from the American Chemical Society, copyright 2017.

Herein, therefore, we also find a fine example of the combined
use of methods to establish as much information as possible
from what are undeniably complex materials. The high resolu-
tion XRD is able to locate all the copper atoms in this material.
However, it is only with the subsequent application of symmetry-
based arguments arising from the use of Raman spectroscopy
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(vide infra) that it can be deduced that some of the 8 MR copper
atoms co-exist in the same 8 MR ring and can form the di-copper
oxo species inferred to be the active sites for methanol formation
from methane.

Lastly, if we then cross reference these data to the methanol
yields obtained from these samples, following high temperature
activation (723 K, oxygen) and reaction with methane at 473 K,
we understand that most of the copper in these materials is
inactive (22.7 < CH;O0H (umol g~ ') < 28.5; 0.03 < CH;0H/Cu
< 0.05). We might further deduce, that alongside the inactive
copper present in the 6 MR rings, the probability of finding two
copper atoms in an 8 MR ring that are able to form the dimeric
copper-oxo sites indicated to be the active sites is rather small,
and that they are very much a minority species and therefore not
detected by diffraction.

As we shall see throughout this review this sort of multiple
site occupancy, within which only some sites are active, is very
typical and makes the quantitative establishment of structure
activity relationships by any single method fraught with pitfalls
and challenges.

Where these XRD based studies have, thus far, been applied
to the selective oxidation of methane by copper containing
zeolites, they have been restricted to materials of relatively low
methanol yields and where most of the copper present is inactive
and, therefore, where accessing the location and structure of the
sites that are active is correspondingly difficult.

Advanced XRD studies of this nature have yet to be reported
for much more active CHA,*® MOR,***' and MAZ*”'%® systems,
wherein the likelihood that this powerful method may be able
to resolve the nature of the active copper component appears
much higher. Such studies, were they to be achieved, would
appear to be one of the best routes available for the resolution
of this fundamental issue.

4.2 UV-visible spectroscopy

Since the discovery of the methane conversion into methanol by
Groothaert et al.,”® UV-vis spectroscopy is extensively used for the
investigation of copper sites hosted in zeolites. Cu(u) di-cations that
are normally present in the activated copper-exchanged zeolites
prior to the reaction with methane have an open d-electron shell,
which results in various absorption bands in the electron spectrum.
However, the vibrational-rotational structure leads to a diffuse
broadening of UV-vis bands at ambient temperature, decreasing
the resolution and making the determination of the number and
exact positions of the bands difficult. The use of UV-vis spectroscopy
to access the active sites of zeolites in the process of methane
conversion into methanol was first reported for Cu-ZSM-5, and
has been followed by multiple studies (Table 1).26:2833:3,44,58,63,109
However, to date, this extensive use has yet to result in the
establishment of a clear and unambiguous database of UV-vis
bands which might serve as diagnostic when studying zeolite-
based materials.

Originally, the 22 700 cm ™' absorption feature, that could be
associated with both the activation process and the subsequent
reaction, was used to characterise active copper sites,>®?%3343:44,58,63
Initially, this band was attributed to charge transfer arising from

This journal is © The Royal Society of Chemistry 2020
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bis-p-oxo di-copper species; an assignment made by analogy to
enzymes, and, specifically, methane monooxygenase.®® However,
in later studies the attribution of this band was re-considered.
Using resonant Raman (rR) spectroscopy the assignment to
di-copper bis-p-oxo sites was excluded (vide infra), and a new
attribution to the di-copper mono-j-oxo site was proposed.*®
Further investigations revealed the formation of the intermediate
Cu—(0,)-Cu peroxo species characterised by a 29 000 cm ™" band
due to charge transfer from m*, to Cu(u).>® These species were
suggested to form at the first step of activation in oxygen and
to later disproportionate to yield the mono-p-oxo di-copper
sites and lattice oxygen (Fig. 9). Importantly, the transition at
~22700 cm™ " has been observed for a number of different
zeolites, including Cu/MOR, Cu/BEA and Cu/FAU.>® However,
these materials show very different activity towards methane
and require different temperatures to achieve reaction. The
loading of copper loading has also been found to have a significant
effect on the structure of UV-vis spectrum. At low copper loadings
(<Cu/Al = 0.2) in ZSM-5, there are no observable absorption
features except for a weak absorption at 13300 cm ', and an
intense band around 40000 cm ™', due to charge transfer
transitions from the oxygens of the zeolite lattice to Cu(u). As
soon as the Cu/Al ratio exceeds 0.2, a new absorption band
appears at 22700 cm™~ ' that increases in intensity with Cu/Al
ratio. In addition these features were only present for Cu/ZSM-5
samples with a Si/Al ratio between 12 and 30.>°

Importantly, among the purely spectroscopic observations,
the systematic work by Beznis et al.®® established a linear
correlation between the intensity of the peak at 22700 cm ™",
copper loading in Cu/ZSM-5 and the amount of methanol resulting
from reaction with methane. Their work confirmed the assign-
ment of this UV-vis band to an active species and also showed
the presence of inactive Cu(u) sites in pseudo-octahedral
coordination characterized by the band at 14000 cm ™. How-
ever, the absolute amounts of active sites present were not
clearly understood.

Cu* Cu* 0,
CH;0H o
cuz’ 6>Cu2’
Precursor
CH,
Oz.m%z Cu.mbr
/o\ 2+ 2 C 2+
Cu?* Cu U% spectator

Reactive Intermediate

Fig. 9 Oxygen activation pathway suggested for copper-exchanged
ZSM-5. Reproduced from ref. 58 with permission from the American
Chemical Society, copyright 2010.
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Shortly after, an extensive study of Cu/MOR, which has a
structure comprising 12-MR channels and 8 MR side pockets,
made use of UV-vis in an attempt to describe the location of
Cu(u) cations in the zeolite framework. Vanelderen et al.’®®
suggested that bands at 13600 and 16750 cm ™' corresponded
to isolated copper ions in MOR pores that contain two and one
aluminum atoms, respectively.

However, the location of binuclear copper sites characterised
by the band at 22200 cm ™", that according to electronic para-
magnetic resonance (EPR) spectral analysis accounts for 60% of
all copper loaded into zeolite, was not determined."®® A similar
exercise, conducted using Cu/CHA, a zeolite that contains both
6 MR and 8 MR rings, revealed a number of further bands
(at 11000, 13 600, 16 500 and 19700 cm ™ '). These were identi-
fied as corresponding to isolated copper ions present in the
6 MR of this zeolite.*> Notably, the influence of zeolite topology
on the structure of UV-vis spectrum was also demonstrated, and
revealed that a unique set of bands exists for Cu/SAPO-34,
Cu/ZSM-5, Cu/MOR, Cu/SSZ-13, Cu/SSZ-16 and Cu/SSZ-39 materials
(Table 1).

Narsimhan et a
co-cation, such as sodium, can affect the UV-vis spectrum and
lead to the appearance of different features. Thus, for CuyMOR
without sodium the band at 22200 cm ™' was observed, while
for Cu/Na-MOR a band at 12 500 cm ™" was present. Both bands
diminished in intensity in the presence of methane. A new
band, at 9600 cm™ ", that also responded to activation and
reaction with methane was reported, though not assigned to
any specific copper site.

Later on, careful investigation of the behaviour of the band
at 22200 em~ "' in Cu/MOR under reactive conditions showed
that upon reaction with methane it splits into two bands centered
at 21900 and 23 100 cm ™, respectively.®" Both sites corresponding
to these bands were reactive towards methane and showed
measurably different kinetic character. Moreover, the sites that
give rise to the band at 23 100 cm ™" appeared relatively stable and
persisted in Cu/MOR up to 723 K, while those responsible for the
21900 cm ™ feature easily decomposed upon heating.

This study, therefore, clearly showed the presence of at least
two distinct copper-oxo sites in Cu/MOR, both of which are
active towards activation of methane.

Subsequently, copper-oxo sites consisting of three copper
atoms were suggested to be present in Cu/MOR, and associated
with a further band at 30 000-31 000 cm ™ ".>>'*® Importantly, no
bands around 22000 cm ™, as had been observed previously in
Cu/MOR, were found in this study. Support for this proposition
subsequently came in the publication by Le et al.,'** where solid-
state ion exchange (SSIE) was used for the synthesis of Cu/MOR.
In this case, the authors observed two bands (at 22500 and
31000 cm™") in differently prepared Cu/MOR samples. The latter
absorption, however, was only observed for the samples prepared
by SSIE, which concurrently showed twice the yield of methanol
(ca. 55 pmol g~ ) compared to the samples prepared by conventional
solution ion exchange, (ca. 28 umol g~ ) per cycle.

This is a revealing observation. Whilst each of these samples is
verifiably Cu/MOR of very similar composition and copper loading,

1119 also showed that introduction of a
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the copper speciation and reactivity obtained are markedly different.
Moreover, taken together, they could imply the possibility that
multiple active sites, that possess different local structure and
nuclearity, might be able to exist within notionally very similar
host materials.

Finally, Ipek et al*®'° investigated the small pore (CHA)
zeolites, such as Cu/SSZ-13 and Cu/SSZ-39, and found multiple
absorption bands at 13 600, 16 600, 20 000 cm ™, none of which
were reactive towards methane. Simultaneously, however,
further broad features in the 30000 to 35000 cm ' region,
found in samples with high copper loading and low Si/Al ratio,
responded to the presence of methane. These high wavenumber
bands were subsequently ascribed to the presence of extra-pore
(extruded) copper oxide clusters,'* pointing to the importance of
the Si/Al ratio and copper distribution in respect of the formation
of Cu,0, species. Increasing the Cu/Al ratio for SSZ-13 (Si/Al = 12)
resulted in enhanced absorption between 30 000 and 34 700 cm ™',
indicating a higher concentration of copper oxide clusters. The
bands at about 13 600, 16 600, and 20000 cm ™' also showed
increased intensity with increasing Cu/Al ratio.

Recently, Kim et al''® have attempted to systematically
analyse what has become a veritable menagerie of UV-vis bands
observed in copper-exchanged zeolites. Using two types of oxidants,
oxygen and nitrous oxide, they proposed a plausible scheme for
processes taking place in Cu/MOR during the activation that is
shown in Fig. 10. In this scheme, dehydration of the samples in
absence of oxidant leads to the formation of inactive Cu,O,
clusters, reduced Cu(r) species, and fully framework-balanced
Cu(u) cations. On the other hand, activation in oxygen results in
copper-oxo trimers that originate from Cu-(0,)-Cu intermediate
species of the type originally described by Smeets et al>®

Cu?*(OH)g
UV-vis 11,600 cm™!
Hydrated Cu?**
Thermal
desorption I -H,0
ek 0
O .O¢ N,0 activation \C 2% \C /2.
Cu?* — | s
S | |
O O¢ LowT - o 0
UV-vis 16,700 cm* = N A28
Square planar Cu®* High T /CU -
L UV-vis 34,000 cm™!
Active Cu-O clusters
O Cu*—0O¢
I 0-0
XANES 8,984 eV dissociation
Reduced Cu* o
r 0, activation F= C(Ilz‘/oF
-o\c 270\0 0 o
u u fo) ~O¢
s N S
0~ = o- F>Cu
o~ o
UV-vis 30,000 - 40,000 cm™! F F
Cu-0 clusters (inactive) _J Intermediate species

Fig. 10 A possible mechanism for the formation of copper species during
nitrous oxide and oxygen activation. O is an oxygen atom in the zeolite
framework as suggested by Kim et al.*'? Reproduced from ref. 112 with
permission from the Royal Society of Chemistry, copyright 2017.
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However, the precise nature and mechanisms of interconversion
between copper-oxo sites, and to what extent these studies may
be carried over to other zeolites, are issues that remain unclear.

In summary, UV-vis spectroscopy is the method that has
been most extensively used to study copper-exchanged zeolites
and, specifically, the selective conversion of methane to methanol
over them. A plethora of data now exists that reveals a cornucopia
of distinct UV-vis transitions in copper containing zeolites of
different topologies. However, no consensus or unambiguous
specification as to the nature of the copper species that are
selectively active in the methane to methanol process has
resulted solely from the application of UV-vis.

At present, the only UV-vis band that has a definitive, experi-
mentally derived attribution is that observed at ~22700 cm™* in
Cu/MOR and Cu/MFI. That this is due to a di-copper mono-y1-oxo
species, has been demonstrated by subsequent application of
resonant Raman spectroscopy (vide infra) and DFT calculations.®'
Moreover, the validity of this assignment has been subsequently
confirmed in numerous independent works.?62%:29:33:43,45,61,111,113
In contrast, the attribution of other commonly observed bands at
12 000-14 000 cm ™" to isolated Cu(n) cations, and at ~ 31000 cm™*
to copper trimers remains speculative.

Equally, however, UV-vis studies have shown that the synthesis
procedure of the samples, as well as the activation and the reaction
conditions, can all have a significant effect on what is observed by
this method. By implication, therefore, all these experimental
variables can also influence the multiplicity and structure of the
copper sites present. For Cu/MOR, the use of the sodium or the
proton form for aqueous ion exchange leads to the appearance of
completely different bands upon activation: 22700 cm™* is found
for the sample prepared from sodium form and assigned to copper
mono-p-oxo species, while the use of proton form leads to
development of the band at 31000 cm™'. Currently, proposed
assignments would translate this observation directly to active
copper species of different nuclearity (i.e. di-copper and tri-
copper respectively).

To conclude, the application of UV-vis to the problem at
hand has resulted in a mass of information regarding both the
likely speciation of copper species present, within the paradigm
of the high temperature route to the activation of copper-zeolites,
and in respect to their reactivity with methane. Most of the
deductions made, however, rest substantially upon inference
and precedent. Only in a few cases (for the 6 MR monomeric
sites existing in CHA, and the mono-p-oxo di-copper species present
in MOR) might these assignments be considered as verified by
other, structurally direct or symmetry based, techniques (XRD'®®
and resonant Raman'®®). What these numerous UV-vis studies have,
however, established, is the shear multiplicity of species that can be
formed in these systems. Even within a single zeolite topology, the
presence of multiple copper sites is almost ubiquitous and seen to
vary with the synthetic method applied.

4.3 Raman spectroscopy

Raman spectroscopy is used in catalysis to provide a structural
fingerprint by which certain species can be identified. It relies
on inelastic scattering, or Raman scattering, of monochromatic
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light, derived from a laser source in the visible, near infrared, or
near ultraviolet range. The laser light interacts with molecular
vibrations, phonons, and other excitations in the system,
resulting in scattered photons being shifted up or down in
energy. As mentioned previously, a potential caveat exists in
regard to the use of this method that arises from its non-linear
nature: the necessary use of lasers can result in high local
power densities being applied to a sample that may, or may not,
have the potential to alter the behavior of the system being
investigated.

That being said, resonant Raman (rR) spectroscopy is an
elegant and potentially very powerful method to establish local
site symmetry and bonding motifs. The resonant approach
makes use of the tunability of the laser source to excite the
system at the frequency of the UV-vis transition of interest. This
selective excitation results in a vibrational spectrum that is
specific to the species giving rise to the UV-vis visible band. As a
result, this method greatly enhances the specificity of the
UV-vis observation; the vibrational spectrum may be analysed
on the basis of symmetry, rather than analogical assignment or
inference that is used to interpret UV-vis spectra. This approach
has now been used in several cases to elucidate the nature of
the Cu oxo species present in various copper-zeolite systems
in situations of relevance to the current discussion (Table 2).

In 2009, work from the Solomon group®® collated the char-
acteristic resonance Raman vibrations of all known structures
in Cu-O chemistry, and then compared them to data obtained
from oxygen-activated Cu/ZSM-5. In the rR spectrum of acti-
vated Cu/ZSM-5, the most intense isotope sensitive vibration is
observed at 456 cm ™' (A'**®0 = 8 cm ™). There is also a weak
vibration at 870 cm !, which exhibits a large ***%0 isotope shift
(40 ecm ™). Based on frequency, isotope shift and analysis of the
angle in Cu,O core, these bands were assigned to symmetric and
asymmetric vibrations of mono-p-oxo di-copper sites (Fig. 11).**

That the active sites are bis-p-oxo species, as had been originally
suggested, was excluded by rR. No intense '®**O-sensitive
vibration at 600 cm™?, which would be characteristic of a bis-
p-oxo di-copper site, was observed. This deficit, along with an
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Fig. 11 R spectra (ex. 457.9 nm) of Cu/ZSM-5 1%0; (red), 120, (blue). Inset
A: Absorption spectrum of oxygen activated Cu/ZSM-5. Inset B: “16180,"
(green), and 1:1 normalized sum of 0, and 20, (black). Reproduced
from ref. 43 with permission from the United States National Academy of
Sciences, copyright 2009.

250 500

absence of other bands expected from the bis-p-oxo motif, rule
this species out.

Vanelderen et al.®' then showed that rR can be useful in
distinguishing different types of copper mono-p-oxo species
found in copper-exchanged mordenite. Both of these species
are reactive towards methane upon heating (from UV-vis, vide
supra), and were shown to have different apparent activation
energies (46 and 61 k] mol ™" respectively). However, the spectral
resolution obtained was not sufficient to observe the expected
doublet lines in Raman (465 vs. 450 cm ™" and 850 vs. 870 cm ™ ");
and this multiplicity was only revealed by partial conversion of
the more reactive species with methane. Notably, the difference
in activity of two copper mono-yi-oxo species was ascribed to the
influence of the zeolite lattice that, either directed the approach
of methane to the active sites, or altered the stability of the
products and transition state.

In more recent work,'*® the same group gone further and
addressed the localisation of these two copper—oxo sites. This
was achieved through monitoring the reaction of both sites

Table 2 Summary of Raman bands detected over copper-exchanged zeolites

Material Bands Assignment Conditions Ref.
Cu/ZSM-5 456 cm™* Vgymm(Cu-O-Cu) No in situ TRaman, results for the samples heated in oxygen 43
870 cm ™! Vasymm(Cu-O-Cu) Assignment confirmed by '°0, isotope shift
1725 cm * 2Wgymm(Cu-0-Cu)
237 cm ™t Jsymm(Cu—0-Cu)
Cu/ZSM-5 736 cm ™ 1(0-0) Found in di-copper peroxo precursor, decomposes into 58
269 cm ™! v(Cu-Cu) mMono-u-0xo species
Cu/MOR 465, 450 cm ™ Vgymm(Cu-O-Cu) Observation of two types of copper oxo species over 81
850, 870 cm ! Vasymm(Cu-0-Cu) Cu/MOR at different conversion levels. Both are
reactive towards methane
Cu/SSZ-13, Cu/SSZ-39 616 cm ' Mono-i-0xo First species are stable upon heating, the last three 106
511, 574 cm ™! 1(Cu-0) of trans-Cu—-(0,)-Cu peroxo decomposes, being precursors of active Cu,Oy
213, 240, 360 cm™ ' §(Cu-0) of trans-Cu-(0,)-Cu peroxo
836 cm ™! 1{(0-0) of trans-Cu-(0,)-Cu peroxo
Cu/CHA 1100-1155 cm™* Cu-0O-0* radical Formation of two intermediates of copper-oxo species 45
830 cm ! (0-0) in Cu-0O-0°* radical from molecular oxygen
507-580 cm ™ 1(Cu-0) Cu-0-0-Cu peroxo species
618 cm™! 1(Cu-0) in Cu-O-Cu
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with organic substrates of different size: methane, tetra-
hydrofuran and 2,3-dimethylbutane. This elegant experiment
is conceived on the basis that these probe molecules would
show different abilities to access copper sites located in 8 MR
channels and side pockets of the MOR structure on the basis of
their different sizes and steric requirements. Methane, being
much smaller, on the other hand, would be able to interact with
all copper sites with an essential equanimity. rR spectroscopy
showed that no reaction of copper mono-p-oxo sites resulted
from exposure to either tetrahydrofuran or 2,3-dimethylbutane,
whereas this species was again shown to be highly reactive
toward methane. The copper mono-p-oxo active sites must
therefore exist within a sterically constrained environment
within the MOR, and most likely within the 8 MR rings and/or
8 MR side pockets that this structure provides. Furthermore,
these measurements provided evidence that van der Waals
forces, arising from the approach of methane to the most
reactive, and sterically hindered, copper core, have a significant
role to play in methane activation and reaction.

Resonant Raman spectroscopy has also been used to study
the activation (using oxygen) of copper-exchanged zeolites that
must be achieved prior to reaction with methane. Considering
that the mono-u-oxo di-copper sites cannot be formed via simple
insertion of dioxygen molecule into the Cu(un) motif, several
groups have tried to find the intermediate species responsible
for oxygen activation. Smeets et al.>® discovered that the inter-
action of pre-reduced (to Cu(1)) Cu/ZSM-5 with oxygen at ambient
temperature leads to the appearance of rR bands at 736 and
269 cm™ " attributed to di-copper peroxo sites. Similar bands were
previously found in p-2:2 side-on peroxide-bridged copper dimers
stabilised by tris(pyrazolyl)borate ligand.""” Later, Ipek et al.'%
and Pappas et al*® found multiple bands (Fig. 12) that they
assigned to different types of copper peroxo species and radicals
formed within Cu/CHA. Interestingly, the positions and shape of
the bands observed over similar materials were not identical
(Table 2 and Fig. 11), which is ascribed by the authors to the
partial hydration of the sample'°® and/or adventitious heating of
the sample as a result of the use of the Raman laser.*°

In summary, rR spectroscopy has been particularly useful in
giving assignments of speciation observed using UV-vis a more
thorough and fundamental foundation; this has been especially

—— 0.5Cu-S5Z-13(15) Hydrated b) 580
——0.5Cu-SS2Z-13(15) Activated
- Cu(trans—:-1,2-0,)Cu]
<
2 837
D Right after
g 0, activation
; a) 5 hrs later
[
N
s
E 4 days later
S
z
Hydrated
Cu-S8Z-13
1200 1000 800 600 400 300 500 700 200
Raman shift, cm™ Raman shift, cm*!
Fig. 12 rR spectra for Cu/CHA materials before and after activation in a

flow of oxygen at 450 °C 46106 Reproduced from ref. 46 and 106 with
permission from the American Chemical Society, copyright 2017.
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the case for the UV-vis band at 22 700 cm ™" for which kinetic data
regarding reactivity toward methane have also been obtained.
Taken together, UV-vis and rR have, in this instance, permitted
unambiguous assignment of the above mentioned band to the
mono-y1-oxo di-copper species, shown that it is manifestly reactive
toward methane over a broad temperature range, and provided
significant indications as where it may be located within the
MOR structure.

Being a resonant technique, however, rR suffers from a
fundamental deficit in regards to the quantification of the
number or fraction of total copper sites to which a certain
band corresponds. As such, even the most intense band might
correspond to only a small fraction of the species present in the
zeolite, and the potential for misinterpretation of the true
import of the spectroscopic results exists. In this respect, the
combined use of UV-vis and rR***"'% has much to recommend
it: quantitative information regarding the relative concentrations
of species can be derived from the former spectroscopy, whilst
the latter provides the symmetry based specificity that the
former lacks.

4.4 Mid-range infrared spectroscopy

FTIR spectroscopy is a versatile and robust characterisation tool
for studying zeolite-based materials. It can be used either as a
direct probe, through observation of the bands typical for
surface species, such as reaction intermediates, spectators,
and OH groups, or indirectly via the use of suitable probe
molecules which can penetrate the porous system of zeolite and
interact with the copper sites present."*®™*° FTIR spectroscopy
of chemisorbed probe molecules, such as carbon monoxide and
nitrogen monoxide, can be used to infer the oxidation state and
coordination of transition metal sites, which is particularly
useful for studying the speciation of copper in zeolites.*""*>
An important issue, which should be kept in mind during the
selection of probe molecules for IR studies, is the kinetic
diameter of molecules, which must be smaller than the size
of the pores of zeolite.

Copper-exchanged zeolites have been extensively studied
using infrared spectroscopy of adsorbed probe molecules, mainly
in respect of their use as catalysts for the selective catalytic
reduction (SCR) of NO, by ammonia (NH;-SCR)."**"**® Different
probe molecules are able to reveal different aspects of the
investigated species.”>'**"® The use of weakly interacting
probes, such as molecular nitrogen and hydrogen, minimises
the potential for perturbation of the system by the probe mole-
cule itself and, it may be argued, enables better/more reliable
discrimination between adsorption sites of similar structure, as
compared to strongly interacting probes. In respect of the latter,
carbon monoxide permits a titration of Cu(i) sites, whereas
nitrogen monoxide probes both Cu(i) and Cu(u) sites and there-
fore aspects of site multiplicity.

Copper-exchanged zeolites are usually prepared via aqueous
ion exchange from cupric salts, resulting in the introduction of
Cu(n) cations into the framework. Upon thermal activation,
cupric ions can undergo auto-reduction to cuprous species,
resulting in Cu(1) loaded in zeolites.”* Carbon monoxide has
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been used to confirm the high coordinative unsaturation of
Cu(r) cations hosted in zeolites. Different carbonyl complexes
can be formed at Cu(r) sites at different pressure and tem-
perature. For instance, relatively stable adducts such as mono-
carbonyl Cu(CO)" and di-carbonyl Cu(CO)," complexes are
observed in the 2150-2190 cm ™' region at room temperature.
These then transform into tri-carbonyl Cu(CO);* species when
the system is cooled to liquid-nitrogen temperature (Table 3).

Dinitrogen interacts with cuprous (Cu(1)) ions inside zeolites
and leads to a »(NN) band in the 2300-2290 cm ™" region, which
is shifted with respect to gas phase (Raman active/IR inactive)
band at 2321 ecm ™', Donor-acceptor interactions with Cu(i) ions
weaken the N=N bond and result in the induction of a dipole
that makes the resulting vibrational structure observable in IR
and causes the observed red shift in the Cu()---N, adducts
relative to the gas phase vibration. The interaction of N, with
Cu(u) is considerably weaker.

Nitrogen monoxide, being isoelectronic to carbon monoxide,
can also interact with copper species in zeolites. The main
difference between CO and NO is that the additional electron
in nitrogen monoxide occupies the m*-orbital. This causes
greater sensitivity for NO to the electronic state of the copper
cation during the formation of Cu---NO bond, and leads to
structure-sensitive bands in the 1700-2000 cm ™" region of the
IR spectrum. NO is currently used to infer the oxidation state
of copper cations in zeolites, due to its ability to form
stable nitrosyl adducts with both Cu(u) and Cu(1) cations. To
suppress NO decomposition, however, NO must be dosed at
liquid-nitrogen temperature to be used as a probe molecule on
copper sites.

In work by Beznis et al,* two probe molecules having
different kinetic diameter (pivalonitrile and nitrogen monox-
ide) were used to differentiate the copper species located in the
pores and on the surface of Cu/ZSM-5 activated at 623 K.

Table 3 Summary of IR bands detected over copper-exchanged zeolites

View Article Online

Chem Soc Rev
While for pivalonitrile an absorption band at 2280 cm™ ",
attributed to the interaction with copper surface sites, showed
no correlation with methanol yield, the sum of intensities
of the bands due to Cu(un) and Cu(i) nitrosyls showed a linear
correlation with methanol yield extracted after reaction. How-
ever, as the experiment was made at room temperature, there-
fore NO disproportionation and reaction with copper sites may
have occurred, leading to potential complications to the inter-
pretation of the result.'?”"3®
Sushkevich et al.®>® have recently gone further to study a
Cu/MOR sample after activation, reaction with methane, and
re-activation with water, during anaerobic methane conversion
into methanol. Through the use of carbon monoxide and
nitrogen monoxide as probe molecules (Fig. 13), they showed
that the activated sample is composed of a mixture of Cu(u) and
Cu(1) sites. Cu(u) sites adsorbed NO yielding bands at 1909,
1948 and 1995 cm ™', and Cu(1) sites were characterised by a set
of the bands at 1731, 1804 and 1827 cm ™" for adsorbed NO, and
2151, 2159 and 2179 cm™* for CO). In this case the source of
Cu(1) was thermally/vacuum induced auto-reduction (Table 3).
Analysis of the spectra obtained after the different steps of the
subsequent reaction and reactivation process showed that the
Cu() sites, formed by reduction of initial Cu(u) by methane,
could be rejuvenated using water as an oxidant. Moreover, this
was achieved with no change in the IR frequency of carbonyl
and nitrosyl vibrations showing that the copper speciation
during the stoichiometric cycle also remained unchanged; the
overall activation/reaction cycle was therefore shown to be
ostensibly reversible. The reoxidation of Cu(1) to Cu(u) with
water was, however not complete due to the weak oxidation
properties of the latter. However, no certain assignment of the
IR bands to the particular copper sites was made.
Pappas et al.’® have also used the infrared spectrum of
adsorbed carbon monoxide for studying the copper site in

Probe
Material  molecule Bands Assignment Conditions Ref.
Cu/ZSM-5 Pivalonitrile 2280 cm™* C=N coordinated to After activation in O,, no correlation with methanol yield 94
the surface Cu atoms
Cu/ZSM-5 Nitrogen 1813 cm ™" Cu(1)(NO) nitrosyl Adsorption at RT, linear correlation of the sum of inten- 63
monoxide 1907 cm ™! Cu(u)(NO) nitrosyl sities with methanol yield
Cu/MOR  Nitrogen 1804 cm ™’ Cu(1)(NO) nitrosyls Inter-conversion of Cu(1) associated bands into Cu* during 30
monoxide 1731 and 1827 cm™ ' Cu(i)(NO), di-nitrosyl the reaction with methane and water
1909, 1948, 1995 cm™ " Cu(1)(NO) nitrosyl
Cu/MOR  Nitrogen 1908 cm ™’ Cu(1))(NO) nitrosyls Different nuclearity of copper-oxo species which depends 50
monoxide in copper oxo monomer on Si/Al ratio in the zeolite
1950, 1995 cm ™! Cu(u)(NO) nitrosyls
in copper oxo oligomers
Cu/MOR  Nitrogen 1906, 1950, 1995 cm™"  Cu(u)(NO) nitrosyls The copper speciation does not depend on the amount 100
monoxide in copper oxo species and nature of co-cations (Na' or H') in mordenite
Cu/MOR  Carbon 2159 cm ™! Cu(1)(CO) carbonyl Bands are present on activated sample due to autoreduc- 50
monoxide 2179 and 2151 cm™ ' Cu(1)(CO), dicarbonyl tion, increase the intensity upon reaction with methane
and decrease the intensity being reactivated in water
Cu/FER Carbon 2157 cm™! Cu(1)(CO) carbonyl Found in the spectra after activation at 450 °C. Intensity 52
monoxide 2178 and 2151 cm™ ' Cu(1)(CO), dicarbonyl increases with the increase of copper loading
Cu/MOR  Hydrogen 4031, 4063 cm ™" H, coordinated to Only oligomers can adsorb molecular hydrogen at low 50
copper-oxo-oligomers temp, no bands over copper oxo monomers
Cu/CHA — 3650 cm ™ 1(OH) in Cu(un)-OH" species Activity goes up together with the intensity of this band 46
Cu/SSZ-13 3654 cm ! Y(OH) in Cu(u)-OH" species Are responsible for activity, correlate with methanol yield 114
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Fig. 13 (a) FTIR spectra of CO adsorbed at 100 K onto Cu/MOR that was
vacuum-activated (bottom), reacted with methane (middle), and reoxidised
with water vapor (top). (b) FTIR spectra of NO adsorbed at 100 K onto
Cu/MOR that was vacuum-activated (bottom), reacted with methane
(middle), and reoxidised with water vapor (top).>° Reproduced from ref. 30 with
permission from the American Association for the Advancement of Science,
copyright 2017.
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Fig. 14 IR spectra of CO dosed at ambient temperature on 0.14Cu-H,
Na-FER(11) and 0.20Cu-H, Na-FER(11). Blue, purple and red lines correspond
to low, medium and high Pco. The samples where activated in vacuum at

150 °C for 1 h, 300 °C for 1 h and 450 °C for 1 h.>? Reproduced from ref. 52
with permission from Wiley, copyright 2018.

Cu/FER (Fig. 14). After the saturation of the samples with CO at
ambient temperature, three bands at 2157, 2151 and 2178 cm ™"
due to the copper mono and di-carbonyls were found. Importantly,
the copper loading shows a significant influence on the intensities
of the bands: the higher copper content is, the more intense bands
develop in the IR spectrum.

In addition, Sushkevich et al.®>° demonstrated that FTIR
spectroscopy can be used for the in situ monitoring of the
activation of methane to yield methoxy species (characterised
by set of bands at 2980, 2963, 2869 and 2856 cm’l), which are
stabilised by the zeolite. They found a linear correlation between
the number of Brgnsted sites generated through reaction with
methane with the relative amount of methoxy species that
permitted a further clarification of the reaction mechanism of
methane activation. This measurement verified that hydrogen

This journal is © The Royal Society of Chemistry 2020
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atoms abstracted from the methane molecule during activation
by copper centres could then be transferred to an Al-O-Si to
create Brgnsted acid sites.

In contrast, and for the case of the small pore Cu/CHA
system, Pappas et al.*® suggested copper monomers, in a form
of Cu-OH", to be related to the efficient activation of methane.
Using FTIR spectroscopy they showed the band at 3560 cm ™,
assigned to the O-H stretching vibrations in Cu-OH" motif, to
decrease in intensity as the activation (in oxygen) temperature
was increased. Over the range of temperatures investigated
(623-773 K) the methanol yield was observed to augment by a
factor of ca. 2.5; an inverse relationship between the IR band at
3560 cm ™' and methanol yield was, therefore, demonstrated.

Whilst the authors concluded that Cu-OH" species were
unlikely to be the species directly responsible for methane
activation, this relationship prompted them to suggest that
they might act as a precursor to the active species through some
form of temperature dependent evolution in oxygen. However,
no quantitative link between the diminution of this IR feature
and, for instance, methanol yield or the formation of Cu(i)
(from XAFS, vide infra), could be established and therefore any
idea of how much of the copper was originally present as Cu-OH".

This unfortunate deficit, however, does allow for another
interpretation; that the removal of this band during activation
might result from the annealing away of any extra-framework
aluminium present in the samples during the activation process.
The Al-OH vibration due to such aluminium appears in a very
similar part of the IR spectrum'®® and, a priori, it is not an easy
matter to decide between the Cu-OH" and Al-OH possibilities.

The relationship observed between this OH band and
methanol yield could, therefore, also be the result of the
extra-framework Al being reincorporated into the zeolite frame-
work. Once re-established within the framework this Al may
contribute to the creation of new active sites and, therefore,
contribute to methane activation and methanol production.
The precise and unequivocal determination of how this band,
and the speciation that accompanies it, relates to successful
and selective oxidation of methane in the Cu/CHA system
therefore awaits definitive confirmation.

In a further study, the use of adsorbed nitrogen monoxide
was extended to investigate the nature of copper speciation in
Cu/MOR samples across a range of different Si/Al ratios
(Fig. 15a).°° From Fig. 1(c) we have already seen that the role
of this compositional variable is one of the least well defined
aspects of these systems. Hypothetically, increasing the Si/Al
ratio diminishes the probability of Al pairs existing within any
given zeolite pore. As a result, and on the assumption that
ligation of copper to the pore walls requires the presence of
aluminum, the probability of forming multinuclear copper-oxo
species should also diminish.

It was found that the Si/Al ratio has a strong effect on the IR
spectra of adsorbed nitrogen monoxide. In a sample having a
Si/Al of 46 the IR of adsorbed nitrogen monoxide is dominated
by a band at 1908 cm™ " ascribed to the presence of copper
monomers. For samples with progressively lower Si/Al ratio this
band is joined by other, higher frequency absorptions at
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Fig. 15 FTIR spectra of NO adsorbed over Cu/MOR samples with

(a) different Si/Al ratio and (b) different copper loading at 77 K.>° Reproduced
from ref. 50 with permission from Wiley, copyright 2018.
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1950 and 1995 cm . In other words at lower Si/Al ratios a
mixture of copper-oxo sites is observed, with species of higher
copper nuclearity joining the population of monomers.>°

Considering the high activity (per copper) and selectivity to
methanol of the Cu/MOR sample, a model involving ‘“monomer
pairs”, rather than pre-existing di-copper species, was suggested.*
According to this model, copper monomers can be present in the
Cu/MOR pores at distances that are short enough to enable
reaction with methane, and the required electron and proton
transfer, as confirmed by DFT.

Importantly, decreasing the copper loading in MOR does not
lead to any significant change in IR visible speciation. Furthermore,
adjustment of the copper salt concentration, to achieve the copper
loading of 1.7 wt%, i.e. similar to that in Cu-MOR with Si/Al = 46,
does not result in a significant variation of the IR spectrum either,
and only the intensities of the bands change (Fig. 15b). This
observation suggests the considerable importance of the Si/Al ratio
for the structure of copper sites hosted in zeolites.

The IR of adsorbed molecular hydrogen was also shown to
be useful in studying the aggregation of copper-oxo sites in
zeolites: monomeric copper sites are unable to stabilise molecular
hydrogen. On the other hand, multi-nuclear copper-oxo species,
such as dimers and trimers, can adsorb molecular hydrogen to yield
IR bands around 4031 and 4063 cm ™ .* The latter were visible for
the Cu/MOR samples with a low Si/Al ratio, and indicate the
presence of copper-oxo oligomers; the sample with high Si/Al of
46, on the other hand, predominantly yielded bands at ~4100 cm ™"
that correspond to the interaction of hydrogen with isolated and
bridged OH groups of zeolite.

Using nitrogen monoxide adsorption, it has also recently
been shown that, in contrast to variation of Si/Al ratio, the
variation of amount and nature of co-cation in Cu/MOR does
not affect the nature of copper-oxo sites."* Presence of sodium
cations left in zeolite pores after the cation exchange does not
lead to any significant change of the IR spectrum of adsorbed
nitrogen monoxide, as compared to that resulting from Cu/MOR
prepared from a pure proton form. We note here that previous
observations reported a strong effect of the co-cation on the
UV-vis spectrum of Cu/MOR (vide supra).'*® The source of this
disparity cannot be precisely defined, though most likely has its
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origin in the different sensitivities of the respective techniques in
respect of the local electronic and coordination environments of
the copper.

IR spectroscopy, as applied to study aspects of the methane-
to-methanol process, provides an opportunity to study the
copper sites in the zeolite and to monitor the surface species
formed during the reaction. At present, only a relatively small
number of works devoted to this field exist, almost exclusively
for the Cu/MOR case. A more extensive utilisation of infrared
spectroscopy, both in situ, and via the use of probe molecules,
would appear both warranted and highly informative.

4.5 X-ray spectroscopic studies of speciation and reactivity in
copper-containing zeolites for methane to methanol conversion

Cu K-edge X-ray spectroscopy (XAS) is extensively used to
investigate the conversion of methane to methanol in zeolitic
systems,>®**4675:1407142 ynjquely, XAS can address the Cu in an
elementally specific and in situ manner. It offers the possibility of
quantitative determination of copper oxidation states (XANES) and
insight into the local structure/ligand coordination and geometries
(EXAFS) of the copper under any given circumstance.'**'** Table 4
summarises the features that may be observed in Cu K-edge
XANES, their origins, and the types of speciation they may be
associated with.

The weak 1s — 3d pre-edge transition is dipole forbidden -
but quadrupole allowed - and is present in spectra of Cu™ and
cu™ but not Cu' or Cu’. This feature is sensitive to the
symmetry of ligand binding around the copper and can shift
by up to ca. 1 eV depending on the ligand field strength and
symmetry."**™*” In Cu™ it typically shows a binding energy
that is ca. 2 eV higher compared to Cu™.'*®

The 1s — 4p transitions are combined with ligand related
shakedown of electrons into the Cu 3d core hole'*® and are thus
sensitive to both the core-hole charge (oxidation state) and the
effect of the ligand environment. In the case of copper hosted
in zeolites these features are firstly - for Cu™ - sensitive to the
degree of hydration of the copper and, secondly, the formation
of Cu'. As a result, the position (and indeed intensity) of these
features can therefore change significantly compared to bulk
standard compounds. For instance, there exists a ca. 1 eV shift
in the 1s — 4p transition due to Cu' between the standard Cu'"
reference (Cu,0) and that observed for Cu/MOR.%*'*?

The traditional step-wise and high temperature, approach for
methane oxidation starts with the activation of copper-exchanged

Table 4 Summary of the origins and energetic position of Cu K-edge
XANES features for some bulk standards and for Cu/MOR. Collated from
ref. 140 and 148

Sample/ Oxidation Absorption
standard state 1s - 3d (eV) 1s — 4p (eV) maximum (eV)
Copper foil 0 8980.5 8993.3

Cu,O 1 8981.1 8994.4

CuO 2 8977.5 8984.8 8996.2
Cu(OH), 2 8977.0 8996.9 8996.9
Cu/MOR 2 8977.2 8986.3 8997.0

1 8983.6

This journal is © The Royal Society of Chemistry 2020
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zeolite in oxygen at elevated temperature that leads to the
formation of copper-containing sites active for the desired con-
version. Being interested in determination of the structure of
these sites, specifically copper oxidation state and local geometry,
numerous researchers have monitored this process using XANES,
that have resulted in similar conclusions.>”?*3!?>%11> Briefly,
as-made materials contain Cu(u) in a fully hydrated state, yielding
the peaks at ~8997 eV in XANES and an average first shell Cu-O
coordination close to 6. The absence of any well-defined second
coordination sphere in the EXAFS indicates a high level of
disorder (mobility) of the hydrated copper, and the presence of
highly symmetrical Cu(u)(H,O)s_,(OH), ions in the non-calcined
materials.

Heating of this material (in either oxygen or helium) initiates
a gradual dehydration and the formation of more rigidly
anchored copper species. This is evidenced by the evolution of
the shoulder at 8986 eV in XANES spectrum together with the
appearance of more defined scattering shells beyond the first
in EXAFS.

At temperatures above ca. 723 K in oxygen, complete dehydration
is achieved. In this state EXAFS (vide infra) reports Cu-O
coordination numbers within the range of 3 to 4 and suggests
the anchoring of copper-oxo species to the zeolite framework.

However, if high temperature activation is done in inert
environment, i.e. flow of helium or vacuum, the reported results
differ significantly and Cu(r) formation is observed.*'**%%> For
some samples, this occurs at temperatures as of ca. 473 K and
the pre-edge feature at 8983 eV, indicative of Cu(1), progressively
develops till 723-773 K. As such, under anaerobic activation
conditions, reduction of the copper is readily achieved. Quantitation
by linear combination analysis (LCA) of XANES spectra shows that at
773 K, the Cu(i) content can reach >80%. Simultaneously, the first
shell coordination number decreases to 2.5-3 indicating the loss of
oxygen by copper species, in line with appearance of XANES
signatures of Cu(i). For other samples, the appearance of Cu(i) is
evident only from 673-723 K, and the total amount does not exceed
50-60% even at 1000 K.*>*°°™'°2 In most cases, this behaviour has
been associated with “autoreduction”. However, as was recently
pointed by Occhiuzzi et al.'>* and Sushkevich et al.** the reduction
of copper at low temperature can be associated with the interaction
of Cu™ with residual carbonaceous species left in the materials after
the synthesis. Using EPR, XAS and on line mass-spectrometry they
show that as-made copper exchanged zeolites still contain a con-
siderable amount of carbonaceous deposits, which during the
heating in inert gas interact with copper species to yield Cu(r) and
carbon dioxide. In light of that, the high temperature activation in
oxygen is essential for complete removal of these carbon-containing
species and must be included into all synthetic protocols for the
materials tested in methane conversion to methanol. In situ
oxidation therefore is preferred as it minimises the possibility
that such reduced copper species will form adventitiously. By doing
this one can exclude the impact of potentially confusing and
deleterious side reactions that interfere with the production of active
Cu" species. Furthermore, the oxidation of carbon impurities instead
of methane could impact the overall production of carbon dioxide
observed and result in an underestimation of the selectivity achieved.
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4.5.1 Mechanistic insights from Cu K-edge XANES. In
considering that which has been derived from studies using
Cu K-edge XAFS, we begin by simply comparing some results
obtained for Cu/MOR systems. In each of the cases shown in Fig. 16
the Cu/MOR systems investigated are notionally comparable and
have been subjected to essentially the same activation procedure
before being exposed to methane at 473 K. The derived spectra show
a number of features, occurring with variable intensity according to
the treatment and the sample, which are typical of copper in +2 and
+1 oxidation states, the origins of which, and energetic position
relative to a selection of standard materials, are summarised in
Table 4.

In Fig. 16 we see that all these features are present in the
spectra from various Cu/MOR samples, and they occur with a
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Fig. 16 Examples of Cu K-edge XANES derived from similar Cu/MOR
samples subjected to high temperature activation in oxygen at 673-723 K
and then expose to methane at 473 K along with their independently
derived yields of methanol from separate reactivity (batch and flow)
studies. (a) From Grundner et al.;?° (b) from Alayon et al.;** and (c) from
Sushkevich et al.*° Individual graphs reproduced from ref. 29, 44, and 30
with permission from Nature publishing Group, The Royal Society of
Chemistry and the American Association for the Advancement of Science,
copyrights, 2012, 2015, and 2018.
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wide range of intensities according to the example and the
treatment applied.

Indeed, the outstanding feature of this side-by-side comparison
lies in the remarkable variation in the results obtained from
systems that are nominally very similar in terms of their
composition (if not their established reactivity), and the treat-
ments that have been applied to them. Moreover, and of most
import to the current discussion, this variation contains within
it potential evidence for the two most currently debated reaction
mechanisms (vide supra, Section 2, Fig. 5). In two of these cases
the Cu K-edge EXAFS (vide infra) has also been analysed to
provide experimental evidence for the formation of different
(dimer®® and trimer?®) active copper sites.

Two of these cases ((a) and (b)) might be considered as
providing evidence in favour of the DFT derived (for both dimer
and trimer active sites) Cu-O® (oxyl) radical based mechanism.***”
In (2)*° a high yield (and selectivity) of methanol is equated with a
low yield of Cu'; in (b),** a low yield of methanol (and, implicitly,
an enhanced selectivity for over-oxidation products) can be
equated with much more significant formation of Cu’. Both of
these observations would be compatible with the general expec-
tations of the Cu-O* radical based mechanism wherein Cu'
formation is associated with over-oxidation of methane and not
with its selective oxidation to methanol. Case (c),** on the other
hand, produces both a high yield and selectivity for methanol
yet, at the same time, a high yield of Cu'; this case would be far
more in keeping with the expectations of the more conventional
Cu"/Cu' redox mechanism as the foundation for the selective
conversion of methane to methanol.

Firstly, given the similarity of the samples in each case, it
seems unlikely — though we cannot in any absolute sense rule
this out - that the source of the observed variations lies with the
different Cu/MOR materials used. Indeed, the fact that notionally
similar zeolite materials can yield some degree of variability in
copper speciation has been reported (vis a vis evidence from
UV-vis'™® - see Section 4.2, though no such differences could be
noted from subsequent IR studies using NO - Section 4.4). It is the
case that each experiment shown in Fig. 16 utilised a different
commercial MOR source and the protocols (starting counter ion
and copper salt used) for the exchange of copper were different.
However, given the extreme nature of the differences observed in
these three XAS experiments, we must consider other, potentially
more likely, reasons for these different results.

Secondly, therefore, we might consider the possibility that
the formation of Cu() in these systems from Cu(u) could be
influenced by the application of the X-rays themselves. It is the
case for homogeneous copper systems that the formation of
Cu(r) from Cu(u) precursors as a result of conducting X-ray
experiments at the Cu K-edge has been observed and, in some
cases, quantified.”® For copper-zeolite systems the phenom-
enon of auto-reduction of some portion of Cu" initially present
in a system has also been reported®*®*'*>'**> though not
necessarily ascribed to any influence of X-rays. Aside from
these observations, that the application Cu K-edge energy.

X-rays might adversely affect measurements in these sorts of
systems, has not, to our knowledge and to date, been openly
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discussed or investigated in the literature. In this respect,
therefore all that we may currently do is to compare the nature
of the beamlines involved i.e. (a) B18"°° at the Diamond Light
source, UK, and ((b) and (c)) SuperXAS'’ at the Swiss light
source. If we do this we find, that in terms of the magnitude of
the power densities they apply to the sample, given the types of
beam sizes used in the studies shown in Fig. 16, these two X-ray
sources are rather similar at the Cu K-edge and therefore,
unlikely to be the source of the observed variations.

Lastly the possibility that some of these experiments have
fallen foul of the numerous sensitivities of copper hosted in
zeolites outlined in Section 3, ie. inaccurate or unreliable
temperature measurement (too high or too low), insufficiently
pure gases and/or the presence of leaks, or a combination of
these, must be admitted. At this point, however, any possible
explanation for this remarkable considerable variation can only
remain just that; a possibility. Moreover, whilst recognition of
these possibilities is objectively required, it does not help us
understand which, if any, of these experiments have yielded a
valid and useful result? As such, another way to resolve this
rather fundamental issue is required.

To go further, and also to provide a foundation for a later
discussion of the information that can be derived from analysis
of Cu K-edge EXAFS, we must firstly remind ourselves of the
general expectations of the two opposing mechanisms that are
currently debated and that were outlined in Section 2 (Fig. 5).
The most significant difference between these mechanisms is
the implied role of Cu' in the methane to methanol process.
Within the mechanism founded upon the handling of electrons
via a Cu-O° radical, this is implicitly associated with the
formation of over oxidation products; in the Cu"/Cu’ redox
model it is associated with both the formation of methanol and
over-oxidation products. As such, given a knowledge of the
number of electrons required to be handled for the different
products to be (see Section 2), a rational basis for deciding
which mechanism is at work can be arrived at; but only if we
can reliably and quantitatively assess both reactivity and the
levels of Cu' formation that might accompany that reactivity.

As already noted in Section 3, the intrinsic nature of these
materials has thus far prevented a single in situ experiment
achieving this desirable objective, as product formation may
only be established post factum. Fig. 17, however, collates the
results of a recent study that attempts to make the required
correlation, using independently made measurements of methanol
production and Cu’ formation for the same treatments, and for
wide range of samples and approaches to activation.”>*** For
the detailed elucidation of the steps required to achieve these
data, and most specifically the accurate quantification of Cu'
under reliable conditions of experiment, the reader is referred
to ref. 142.

Recalling that, for a mechanism that has Cu"/Cu’ redox as
being the central element to effective conversion of methane, a
100% selectivity for methanol (a 2e~ process) should result in a
ratio of Cu' formed (from Cu K-edge XANES) to methanol
obtained (from reactivity studies) of 2, then the implications
of this study are clear.

This journal is © The Royal Society of Chemistry 2020
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Fig. 17 Collation of literature available data relating Cu' formation as
measured by Cu K-edge XAS to independently established methanol yields
for both high temperature and isothermal routes to methane conversion
to methanol for Cu/MOR, Cu/MAZ, Cu/ZSM-5, and Cu/CHA systems. Cu'/
CH3OH = 2 is the expectation value for a Cu'/Cu" redox mechanism that
involves the transfer of 2e™, and the participation of two copper atoms,
and that is 100% selective for methanol. The inset shows an expanded
region of the plot highlighting the predominance of results in the 2 < Cu'/
CH3OH < 4 range along with a small cluster of results that have returned
anomalously low Cu'/CH3OH ratios. Data extracted from ref. 27, 29, 35, 46,
75 and 148. Adapted from Newton et al.'*?

A considerable majority (>70%) of the systems studied, be
they under conditions of high temperature or isothermal
approaches to activation, produce Cu'/CH;OH ratios of between
2 and 4; precisely in line with the expectations of the Cu'/Cu"
redox mechanism for a production of methanol that is highly, if
not 100%, selective. Furthermore, for some other cases wherein
a relatively high ratio is indicated, it can be shown'* that these
high ratios result from low selectivity rather than any other
factor. Once the relative electron counts for methanol and
carbon dioxide production are taken into account, then these
instances are also found to be consistent only with the Cu'/Cu™
redox model.'**

What further emerges from this study is that we can now put
the individual results shown in Fig. 16 in a deeper perspective.
Both the results shown in Fig. 16(a)* and Fig. 16(b)** are now
seen to be anomalies within a considerably expanded population
of experiments. It is only the result shown in Fig. 16(c)*° that can
now be seen as commensurate with the vast majority of results
shown in Fig. 17.

These results establish that the fundamental basis of the
selective conversion of methane to methanol in copper exchanged
zeolites is a Cu"/Cu' redox couple that involves two Cu atoms per
methanol molecule produced. Concurrently no evidence for the
opposing Cu-O° radical based mechanism is forthcoming from
this study. However, this does not exclude the involvement
of Cu-O°* radicals within the overall reaction mechanism as
short-lived intermediate. Moreover, DFT calculations®” predict the
existence of the resonant Cu-O*® anion-radicals in equilibrium with

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review Article

conventional Cu(um)-O’>-Cu(n) sites. As such, radical-like species
might still be found to play a key role in the activation of methane.

However, the approach given in Fig. 17 does not shed any
light onto the structure of the species responsible for the
conversion. Whilst Cu K-edge XANES can provide a quantitative
handle on the different Cu' oxidation states present as well as
their relative proportions, and general statements can be made
regarding the likely coordination and geometry of Cu' complexes as
opposed to Cu™ complexes, at this level of interrogation the XANES
itself can go no further and we must consider the EXAFS.

4.5.2 Cu K-edge EXAFS and what it can tell use regarding
the active sites. A number of studies have attempted to under-
stand the structure of the copper sites existing within a variety
of zeolites using EXAFS and in respect of the ability of those sites
to selectively transform methane to methanol >%3>8%115:140:144 p¢
first sight, EXAFS provides an attractive option for obtaining an
understanding of the local structure surrounding the copper
atoms under a wide range of conditions. Consequently, analysis
of Cu K-edge EXAFS has been used on several occasions to
“determine” the nature of the active sites present in various
Cu/zeolite systems.”®3>8011%118 pig 18 compares two salient
examples each of which purport to favour different structural
interpretations of the EXAFS obtained from Cu/MOR samples
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Fig. 18 Top: Cu K-edge EXAFS data from Grundner et a[.29 pertaining to
high temperature activated Cu/MOR considered as due to trimeric (CuzOz)?*
species. Bottom: Cu K-edge EXAFS derived in the study of Alayon et al.®° for
a similar Cu/MOR sample subjected to the same activation protocol, and
considered as due to di-copper species. Reproduced from ref. 29 and 80
with permission from Nature publishing Group, The Royal Society of
Chemistry, copyright 2015, and 2018.
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after high temperature activation in oxygen. The data shown in
Fig. 18 (top four panels) is again derived from ref. 29, a study
that concludes on the basis of analysis and fitting of the EXAFS
that the active Cu state is a [Cu;O;]*" trimer; conversely the data
shown in Fig. 18 (bottom four panels) is, derived from ref. 80 is
used to conclude that these sites are of a dimeric nature.

What is evident is that the EXAFS envelopes, in considerable
contrast to the XANES shown in Fig. 17, appear similar in each
case. As such, we are bound again to ask the question: can both
of these studies be correct in their assertions regarding the
structural information contained within these datasets?

Fig. 19 goes a step further to compare directly the Cu K-edge
XANES (Fig. 19(a) to the k*weighted Cu K-edge EXAFS
(Fig. 19(b) and (c) obtained from four different Cu/MOR samples
in their oxygen activated states. Each of these samples (one
measured on two separate occasions on two different beamlines),
have been activated in oxygen at 723 K and then reacted with
methane at 473 K. The levels of Cu' produced within this sample
vary from ca. 5 to 50% when placed in contact with methane, a
fact that also implies, given the results shown in the previous
section, that the activated samples comprise anywhere between
95 and 50% of copper that is inactive toward methane activation
at this temperature.

As such, these systems must be initially composed of a
mixture of Cu" sites. Yet, the Cu K-edge EXAFS obtained from
their activated states is, to all intents, the same in each case.
That this can be so is strongly suggestive that, in these cases,
Cu K-edge EXAFS has no powers of discrimination between
those Cu" sites that react with methane to form Cu' sites and
those that do not. Indeed the only insight that might arise from
these data is that the active and inactive Cu™ species appear
very similar to each other within the decidedly local field of
view afforded by the EXAFS experiment.

Moreover, the similitude that exists between the Cu K-edge
EXAFS derived from the topologically rather different zeolites
(CHA and MOR), and across the stages of high temperature
activation, methane exposure, and methanol extraction, that
comprise the methane to methanol cycle, has also recently been
noted and commented upon'*' and a summary of these results
is given in Fig. 20.

Once more, it is evident that even though the Cu-XANES
shows decided differences, specifically in terms of the levels of
Cu(1) present at each stage of the methane to methanol process,
and between sample types, the EXAFS envelope remains remark-
ably consistent, as do the extracted coordination spheres.

The authors further admit that they cannot rule out that the
sphere of coordination they associate with Cu-Al/Si bonding
(i.e. to the wall of the zeolite; ca. 2.8 A) is not convoluted with
further shell due to Cu-Cu scattering."*" On this point it is very
worthy of note that most structures for dimeric and trimeric Cu
sites derived from DFT studies (see for instance Section 2)
contain within them Cu-Cu and Cu-Al co-ordinations in and
around 2.8 A from the Cu atom and that differ from each other in
terms of bond distance <0.1 A. It is also worth noting, as
circumstantial evidence for the likely nature of the species present
after activation, which in both these studies (Fig. 19 and 20) the first

1472 | Chem. Soc. Rev., 2020, 49, 1449-1486

View Article Online

Chem Soc Rev

(a)
T v
(8)
g c
= @®
gL
£E9
O o
Z ®©
89‘80 89‘90 90‘00 90‘10 90‘20
Energy (eV)
10
(b)
~
=
=
[aa]
i
-4 . . L L . L ),
4 6 8 10 12 14 16
k (A1)
G
20
> 15
£
(%]
©
- 10
£
l—
w
5
0

Fig. 19 (a) Cu K-edge XANES derived from four different Cu/MOR sam-
ples after high temperature activation in oxygen and subsequent exposure
to methane at 473 K. (b) the k*-weighted Cu K-edge EXAFS derived from
each sample under oxygen at 723 K. (c) The Fourier transform of the k°
weighted data for each case. (Adapted from ref. 142))

shell Cu-O coordination sphere returns coordination numbers
that are consistently closer to 3 than to 4. Such a situation, given
that in these cases the copper is present solely as Cu(u), can only
be achieved, on the basis of the DFT generated structures given
in Fig. 4, by monomers, the mono-p-oxo di-copper species, or
mixtures thereof.

Moreover, that this shell can be effectively modelled using a
single Cu-O bond distance of between 1.9 and 2 A is, at first

This journal is © The Royal Society of Chemistry 2020
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Fig. 20 Top panel: Copper K-edge XANES spectra derived from differently
loaded (L = low, H = high) Cu/CHA and Cu/MOR samples under steady-state
conditions (a) at the end of the oxygen activation step at 500 °C, (b) at 200 °C
in helium, after the oxygen activation step and subsequent cooling down in
oxygen; (c) at 200 °C at the end of the methane loading step; (d) at 200 °C at
the end of the methanol extraction step. Middle panel: The corresponding
Fourier transforms of the k*-weighted Cu K-edge EXAFS. Bottom panel:
Coordination numbers and bond distances extracted from the EXAFS for
Cu-0, Cu-Cu, and possible Cu-Si/Al scattering shells.*** Reproduced from
ref. 141 with permission from Elsevier, copyright 2019.

sight, at odds with the nature of the Cu-O bonding indicated to
be present within DFT generated structures: this apparent
discontinuity we shall consider further in a later section.

The sum of these examples, along with two more recent
analyses of Cu K-edge EXAFS for nominally similar Cu/MOR
wherein the second shell coordination is fitted to of either
Cu-Al**> or Cu-Cu*>'"® scattering systems, strongly suggests
that the use of EXAFS, at least as it is commonly analysed,
is hobbled by numerous factors. The result is that reliable
extraction of the true composition of the second coordination
shell of the Cu sites (both active and inactive), and therefore
their structure, is not possible. Consequently, any specification
of active site structure using this method must be considered as
unfounded.

The factors that contribute to this impasse are many fold.
Chief among them, however, would be that the vast majority of
evidence (vide supra) suggests that we are faced with multiple,
rather than single, site occupation by the copper. This, allied to
thermally induced disorder, and a lack of any other information
that may be used to narrow down the available parameter space
- this is particularly the case when considering the presence of
Cu-Cu and Cu-Al scattering paths that may overlap to a great
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degree - conspire to render the otherwise powerful spectroscopy
of little utility in these circumstances.

In respect of the thorny issue of the structure and nuclearity
of the active copper sites, therefore, and whilst the correlation
of methanol production with the formation of Cu' demonstrated
above (Fig. 17) strongly indicates the we are dealing with a 2e™,
two copper centre redox (Cu"/Cu") conversion, EXAFS is of little
definitive help.

4.5.3 High energy resolution XANES and multivariate curve
resolution (MCR) analysis. However, a very recent publication®”
suggests that there may be another way to restore more quantitative
structural-reactive information from XAFS, and has provided a
further evidence for the nuclearity of the active copper sites.
This has been achieved through the application of currently
non-standard methods of analysis of XAFS data based upon
multi variate methods. Multi-variate curve resolution (MCR)
methods™* %" are based on statistical approaches such as
factor (principle component (PCA)) analysis, and are used for
the deconvolution of complex datasets. These are methods, that
are therefore applicable to any experimental probe provided
suitable datasets can be obtained. Prior to 2018 they had been
shown to be of considerable utility in a limited number of
relevant circumstances and, most specifically, for the elucidation of
the behaviour of a number of Cu sites present in Cu/CHA materials
in respect to structure-activity relationships existing for this material
in NO reduction.'®"

Pappas et al.®' then applied these methods to high-energy
resolution fluorescence detection (HERFD) XANES, measured
for Cu/MOR materials engaged in the selective conversion of
methane to methanol using the high temperature activation
route. HERFD is an approach to XANES that relies upon the
detection of copper K-edge fluorescence using crystal detectors
£.'°* In doing this
one pays a considerable price in terms of detectable X-ray flux
but the energy resolution of the XANES measurement is
enhanced beyond that achievable in a transmission-based

placed before the fluorescence detector itsel

experiment. This, in turn allows the resolution of detail present
in the XANES that is washed out as a result of core-hole lifetime
broadening effects in the standard transmission experiment.

Fig. 21 gives an example of how the HERFD is combined
with MCR to yield a far greater insight into the number of copper
species present and how they behave during activation of a
Cu/MOR sample using either helium or oxygen as the activating
feed. Combining the enhanced energy resolution of the HERFD
with subsequent analysis using MCR leads to the extraction of
five spectroscopically discrete copper species, along with their
interconversion as a function of temperature, using both aerobic
(oxygen) and anaerobic (helium) approaches to high temperature
activation of Cu/MOR.

The MCR based approach details the significantly different
behaviour in terms of copper speciation induced by each
approach to activation. Specifically, that activation in helium
significantly promotes the formation of Cu(I) through auto-
reduction, possibly as a result of the presence of carbonaceous
deposits left within the materials post synthesis (vide supra,
Section 4.5). Under aerobic activation auto-reduction to yield
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Fig. 21 (a) Time-dependent HERFD XANES collected on two different
Cu/MOR samples (0.18Cu-HMOR(7), left panels, and 0.36Cu-HMOR(11),
right panels) during thermal treatment in oxygen and He gas flow from
60 °C (blue curves) to 500 °C (red curves), using an heating rate of
5 °C min~™. The insets report a magnification of the weak pre-edge peak
mostly deriving from the dipole forbidden 1s — 3d transition in d® Cu(i)
centers. (b) Theoretical ‘pure’ HERFD XANES spectra of Cu-species from
MCR analysis of the dataset in part (a). (c) Corresponding temperature-
dependent concentration profiles of each Cu-species. Pseudo-octahedral
Cu(i) aquo complexes (PC1) undergo partial dehydration to four-coordinated
Cul(n) species (PC4). These Cu" dehydration intermediates reach maximum
concentration around 200 °C, and then progressively convert into framework-
interacting Cu(i) species (fw-Cu'"). Among these, a low-temperature (LT)
redox-active component (PC3) is found, efficiently undergoing reduction to
Cu() (PC2) in inert atmosphere from 250 °C upwards. A LT redox-inert
component is also identified (PC5): it remains stable in He up to 400 °C and
is more abundantly formed in the highly active 0.18Cu-HMOR(?7) material.**
Reproduced from ref. 31 with permission from The American Chemical
Society, copyright 2018.

Cu(1) is virtually absent at higher temperatures and is only
transiently observed at lower temperatures. Furthermore, different
activation conditions alter the balance between two types Cu(u)
species, that form from a four-coordinate Cu(n) intermediate
species (PC4), and that display significantly different propensities
to resist auto-reduction (denoted in Fig. 21 as PC3 and PC5). The
sum of this evidence, when correlated to reactivity studies,
indicates that of these species it is PC5 - the Cu(u) species that
is most resistant to auto-reduction using anerobic activation —
that is the species responsible for the activity of Cu/MOR for the
selective oxidation of methane to methanol.

In the previous examples given (see Fig. 17) the formation
of Cu' was quantitatively derived from transmission copper
K-edge XANES. This information was then related to the levels
of methanol produced by a range of copper-zeolite systems to
reveal the nature of the mechanism underlying the conversion
of methane to methanol. The adoption of the HERFD methods
and MCR analysis demonstrated by Pappas et al.>' achieves a
very similar end but, as a result of the application of HERFD
and MCR, the information restored regarding the multiplicity
of copper states, and how they interconvert to yield the active
material, is greatly enhanced. This work is therefore able to
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go further, starting from understanding which of these Cu"
centres are most prone to yield Cu' through self-reduction in
either helium or oxygen environments, and how these species
are distributed in two different Cu/MOR samples that display
significantly different reactive behaviour toward methane and
subsequent production of methanol.

Fig. 22 summarises how this new information can relate the
activity of four different copper/MOR systems for methanol
production, to the fraction of active sites present and, most
importantly, their nuclearity.

Through correlation of the methanol produced in each
sample to the fractions of the different components present
revealed using MCR/HERFD a clear and quantitative relation-
ship is established between one of the elements shown to be
formed during activation (denoted as PC5, see Fig. 21 [ref]) and
the methanol yield. This relationship can then be tested against
the expectations of models for the nuclearity of the active site
that involve one (y = x, monomer), two (y = 1/2x, dimers of
pairs), or three (y = 1/3x, trimers) copper atoms. The result of
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Fig. 22 (a) Bar plot representing the duration of the oxygen activation and

methane loading steps under HERFD XANES testing conditions, adopted
into parallel laboratory tests to correlate spectroscopy and performance.
(b) Left hand panel, XANES of representative oxygen-activated Cu-MOR
samples, namely 0.18Cu-HMOR(7) and 0.36Cu-HMOR(11); right hand
panel, best fit curves from LCF analysis, using the ‘pure’ spectra from
MCR analysis as references. For each fitted spectrum, the LCF components
scaled by their respective optimized weights. (c) Cu-Speciation in the
oxygen-activated Cu-MOR series as determined from LCF analysis of
HERFD XANES spectra. The Cu-species (PC1-PC5) are denoted using
the same colour code as used in the previous figure (Fig. 20). The LCF
R-factor is also reported (grey stars, right ordinate axis). (d) Quantitative
correlation between the normalized productivity evaluated at the HERFD
XANES testing conditions and the fraction of LT redox-inert fw-Cu" (PC5 -
our presumed active site (AS)) from LCF analysis (oxygen-activation: full
coloured symbols; He-activation + oxygen: empty coloured symbols). The
experimentally determined values match the ideal trend line for stoichio-
metric conversion over a di-copper AS, reported as a full dark red line.
(e and f) lllustrations of possible Cu,O, active sites in the MOR framework
compatible with the experimental results reported here: (e) a mono(p-oxo)
di-copper(i) core in the MOR side pocket and (f) a trans-(u-1,2peroxo)
di-copper(i) core in the MOR 12 MR. Atom colour code: Cu, green; O, red;
Si, grey; Al, yellow.** Reproduced from ref. 31 with permission from The
American Chemical Society, copyright 2018.
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this exercise is very clear and a relationship that emerges
between methanol production and PC5 over the four different
samples tested that falls along the line expected from a reactive
system whose active sites comprise two copper atoms. Suggestions
for the nature of these active sites are then given in Fig. 22(e) and
(f)) i.e. a mono-p-oxo Cu" (e) or trans-(u-1,2, peroxo) (f) dimers.

Here, it is also important to note that, on the basis of these
measurements alone, these active sites remain very much postu-
lates rather than verifiable fact. Whilst this is a very powerful
demonstration of the application of advanced analytical methods
to XAFS data, that allows a very detailed insight into the
numerous copper environments present in these systems, and
quantitatively links one of them to the desired reactivity, it still
cannot specify the precise geometrical nature of this site. As
such, the particular characteristics of this site that engender
activity and selectivity for the conversion of methane to methanol,
once more evade unequivocal resolution.

Alternative methods and strategies that might permit us to
go further in this respect such that the essence of their activity
may yet be further elucidated will be briefly discussed further
toward the end of this review (vide infra).

5. Summary of evidence regarding
reaction mechanisms and the nature of
the active site

Having made our way through some of the copious literature
regarding the subject of the selective conversion of methane to
methanol by copper exchanged zeolites, but before we discuss
the challenges that remain to be overcome, it is appropriate
that we summarise what we have learned.

Four critical aspects can be elucidated: how many sites are
present, and of those how many are active; what is the under-
lying mechanism of reaction; what is/are the specific nature(s)
of the active sites; and, lastly, what role(s) do(does) the zeolite
topology and aluminium play in determining reactivity and the
product distribution.

Taking the multiplicity of sites first. Whilst the synthesis of
single site Cu/MOR materials has been claimed,***® the vast
majority of evidence from all the methods and systems we have
discussed in direct relation to methane to methanol conversion,
suggests that a multitude of copper sites, only a fraction of
which can convert methane to methanol, exist when copper is
exchanged into zeolites. Moreover, the precise number of sites
present can vary according to the topology of the zeolite as well
as the silicon to aluminium ratio used. To illustrate this, and to
help understand why this is an issue which may be considered
as both intrinsic to zeolites, but also a highly variable parameter
within this family of materials, Fig. 23 shows how such site
multiplicity can originate in one of the most studied zeolite
systems for the conversion of methane to methanol, Cu/MOR.®

From this representation of the MOR structure, and with
specific reference to the number of different placements this
structure permits for the siting T-site aluminium, we can see
that four discrete T sites emerge from this structure that in turn
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Fig. 23 (a) A schematic illustration of the topological structure of MOR
and specifies both the ring structure present (12 MR, 8 MR, and the 8 MR
SD (“side pocket”) and indicates the position of the 4 possible positions
where T-site aluminium atoms may exist. (b) Three examples of di-copper
sites that could conceivably exist within this structure.®® Reproduced from
ref. 68 with permission from The American Chemical Society, copyright
2018.

yield a total of 48 different possible sites within the MOR
structure.* It is evident that a number of possible adsorption
sites are notionally tenable and that the likelihood of multiple
site occupation is inherent.

From a conceptual standpoint, therefore, not only is a multi-
plicity of states to be expected in these systems, but it is also
evident that this multiplicity will vary according to the specific
topology of the zeolite in question and the amount of aluminium
present. As we have seen, the plethora of structures that have thus
far been assigned to copper species using UV-vis,?¢283315:63:109 the
use of probe molecules in infrared,>*>%'°*"?>13%137 the results of
MCR analysis as applied to XAS for Cu/MOR,*" and the quantitative
XRD'% for dehydrated Cu/CHA, bears witness to this multiplicity.

Indeed, we might go so far as to say this inherent property of
zeolites has made getting to the fundamentals of how this
conversion works in these systems such a challenging process.
More importantly it is this undesirable property of these
materials that would explain why only a fraction of the copper
present in any system thus far studied is active for the conversion
of methane to methanol; it is, therefore, one of the most
fundamental issues to be eradicated by design if significantly
more active/efficient systems are to be developed.

Secondly, there is the fundamental basis of the reactive
chemistry in terms of the role of the copper. The traditional
viewpoint, in this respect, that of a two electron, two copper
atom, Cu(u)/Cu(i) redox couple - that necessarily requires the
participation of two copper centres - is vindicated on the basis
of recent quantitative XAS measurements.””*"”>'*> These have
quantitatively related the formation of Cu(1) to the production
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of methanol or other products in a manner that conform to the
fundamental expectations of this reactive model.

Moreover, overwhelming evidence from these studies comes
down in favour of this being the fundamental driving mechanism
at work across both high temperature and isothermal/high
pressure approaches to methanol synthesis and across a range
of zeolite types (MOR, CHA, MAZ, and ZSM-5). In this respect,
therefore, and despite the great variation in zeolite architectures
and compositions, a degree of universality to this aspect of the
chemistry is demonstrated.

These results show that the active site - and indeed any
active site derived from theoretical considerations - must involve,
at least, two copper atoms that must be able to support the
reversible reduction of them both from Cu(u) to Cu(r). However, it
still does not allow us to rule out the participation of radical
species within the overall process of methane conversion to
methanol, though to date no experimental evidence has been
produced that might confirm either their presence or whether
they play any role at all in this chemistry. These results also do
not permit us to specify the nuclearity, detailed geometry, or
bonding within these sites.

Thirdly, therefore, there is the issue of the nuclearity of the
active copper site. The most robust evidence for the dimeric
nature of one possible active site, comes from resonant Raman
experiments.**#19%111 The word “robust” is used as the
resonant Raman experiment is the only spectroscopy thus far
applied to this problem that permits deductions to be made
upon bases that do not rely on assertions based on precedent or
analogy. It is in this last sense that information, and therefore
deductions derived from, for example UV-vis and mid-range
infrared, must be seen as yielding a different type of information;
one that relies on assignment and, to a significant degree, analogy
to, what are often very different materials and circumstances.
Symmetry, on the other hand, has mathematical foundations
and is correspondingly hard to cheat. Hence, the evidence derived
from the resonant Raman experiments, which clearly points to
mono-p-oxo di-copper species as being active for methanol
production in Cu/MOR, must be considered as the best and
most detailed indicator for the nature of an active site thus far
derived.

That said the Raman experiments are not quantitative; in the
sense that they cannot specify how much of this species is actually
present amidst the general population of copper sites present.
UV-vis, though being less specific, is both quantifiable and
extremely sensitive to changes in local coordination. The real
strength and elegance of the work of Vanelderen et al.®* therefore
lies in the combined application of these methods to provide the
most solid overall description of the active sites present in Cu/MOR.

At this point, the claims for single site Cu/MOR materials
warrant closer examination. It is upon this basis that trimeric
[Cuz0,]* were first put forward as active sites, and a radical,
rather than copper redox mechanism,*>®” put forward as the
foundation of the ability of copper exchanged zeolites to perform
this much sought after conversion.

The proposal - for Cu/MOR - that the active site could be
composed of three copper atoms is experimentally underpinned
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by two pieces of evidence. Firstly, the observation that the methanol
yield obtained from these materials, up to a point, varied linearly
with copper loading and with a gradient of 1/3. More recently,
Pappas et al. (as shown above in Fig. 22) have derived a similar
relation for their Cu/MOR systems, and obtained a gradient of 1/2.

In both cases, however, though these gradients describe a
quantitative relation, they cannot determine the nuclearity of
the active site. On their own these gradients tell us only - in any
unambiguous sense - that in each case, the addition of three or
two copper atoms respectively, results in the formation of one
active site and one methanol molecule; the nuclearity of this
site may therefore be one, two or three, or one or two depending
on the example.

In both of these examples this indirect observation was then
followed by X-ray spectroscopy: Grundner et al.?® using analysis
of copper K-edge EXAFS and Pappas et al.* using multivariate
analysis of HERFD-XANES.

In the former case a standard analysis of the EXAFS could be
fitted to the expectation of the DFT calculated [Cuz;O;]*" to a
slightly better degree than a similarly DFT derived bis-p-oxo
dimer (Fig. 18). However, as has already been extensively
discussed in Section 4.5 unequivocal ‘“demonstration”?® of
the presence of a single site that is trimeric in nature on this
basis can be very much contested and cannot be taken as fact.
The same can be said for the ability of EXAFS to distinguish
between other types of copper-oxo speciation and that this
spectroscopy has no really ability to distinguish between bis
and mono p-oxo di-copper motifs.*

In short, based upon all the experimental evidence that we
have sifted through for a wide number of systems, we are lead
to conclude that, thus far, no unequivocal evidence for either a
single site Cu/MOR, a [Cu;0;]*" trimeric copper site, or a reaction
mechanism founded upon oxyl radical formation, has actually
been presented in the literature.

By contrast, there is an abundance of evidence over a wide
range of zeolite systems that points squarely to a (zeolite dependent)
multiplicity of copper sites being present, and that this must be
regarded as a central issue to the development of these materials
for this application and for their fundamental comprehension.
Practically speaking, the partitioning of the copper into numerous
sites, that may or may not be active, reduces the atom efficiency and
reactivity achievable. From a more fundamental viewpoint, such a
multiplicity also makes isolation and detailed characterisation of
the reactive species present, very challenging.

This brings us to a further unresolved issue: is the mono-p-
oxo di-copper motif the only species that can convert methane
to methanol in these systems? Whilst the mono-p-oxo di-copper
species has been spectroscopically identified in Cu/MOR, there
are reports of different types of Cu/MOR yielding very different
speciation in UV-vis."*’

Alternative suggestions, from DFT studies,”® have also been
made regarding monomeric copper species and whether they
too could mediate the activation of methane. This is especially
the case of active small pore zeolites (such as CHA), wherein
steric considerations might mitigate against copper centres of
higher nuclearity.*® There is also the further possibility that
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within the same (sufficiently large) ring of a zeolite, two
(proximal) monomers could associatively activate methane.
This latter has recently been suggested by Sushkevich et al.>°
on the basis of infrared studies using probe molecules (see
Section 4.4). Fig. 24 illustrates the various possibilities for these
active site motifs and how they might be thought of to activate
methane in an overall sense.

As previously delineated, we can consider the scheme by
which the mono-moxo di-copper species acts ((III), Fig. 24) as
the active species to have been demonstrated. We may also note
that the proposition for two proximal monomers (eqn (II)) can
be simply related to the mono-pu-oxo di-copper species (III) by
addition of one water molecule, and that both reaction schemes
are consistent with the expectation of recent studies.’'*7>142
The proton that results from each of these mechanisms may be
then involved in the formation of Brensted acid sites as has
also been observed.'®

The reaction of a bis-p-oxo di-copper or per-oxo di-copper
species can achieve the same ends, the formation of two Cu(u)
or Cu(1) species respectively, without any requirement for the
involvement of other elements of the system (schemes IV and V,
Fig. 24).

The last case, which arises from DFT studies,”® achieves
methane activation and methoxy formation over isolated copper
monomers (routes (I) Fig. 24), with any proton produced yielding a
Bronsted acid site. However, such a route is at odds with the
expectation of the two electron, two copper atom mechanism.
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(1) 2[Cu(l)-OH]*+ CH, = Cu(1)-OCH; + Cu(l) + H,0 + H*

(1) [Cu(I1)-0-Cu(IN)]2* + CH, > Cu(1)-OCH; + Cu(l) + H*

(IV)  [Cu(111)-O,-Cu(ll1)]?* + CH, > [Cu(l1)-OCH,]* + [Cu(I1)OH]*
(V) [Cu(l1)-O5-Cu(I1)]2* + CH, = [Cu(1)-OCH,] + [Cu(1)OH]

Fig. 24 Schematic illustration of possible reactive schemes for the con-
version of methane to methanol. The notional reactive consequences of
stoichiometric methane activation in each case are also given.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review Article

To summarise, whilst the presence and activity of the mono-
p-oxo di-copper species in Cu/MOR is clear, it is not yet the case
that we can generalise that this is the universal motif for the
high temperature, stepwise approach to the activation of copper
zeolites. This is even more the case for the lower temperature
isothermal/high pressure route to methane activation where the
materials remain partially hydrated,””"®* and the temperatures
used never reach those thought to be required for the generation of
mono-j-oxo di-copper species.*®318%164

Finally, to our last consideration: the role of aluminium in
directing the selective conversion of methane to methanol in
these systems. This parameter, along with topology of the
zeolite, governs the structure of copper-oxo sites and, con-
sequently, the activity of copper-exchanged samples in methane
conversion to methanol. However, in contrast to the Cu/Al ratio,
the activity of the materials does not scale linearly with the
amount of aluminium in the framework. Firstly, Vanelderen
et al.®® pointed to the existence of a certain maximum for the
intensity of the UV band at 22700 cm™?, associated with the
di-copper mono-pi-oxo sites. That was achieved for the materials
with Si/Al ratio between 12 and 30, while (presumably) other
Si/Al ratios lead to lower activity. This indicates that the certain
distribution of aluminium atoms in the zeolite framework
favours the formation of active copper oxo species.

High aluminium content, which one might consider as driving
factor to introduce as much copper as possible per gram of
material, does not necessarily lead to high methanol yield. In this
respect, Ipek et al.' showed that Cu/CHA (Cu-SSZ-13) with Si/Al
of 5 is poorly active in spite of a high copper loading (Cu/Al = 0.39).
Findings from PXRD indicate a high concentration of monomeric
Cu(n) sites in 6 MR of Cu-SSZ-13. These sites are sterically
restricted to such a degree that active sites for formation of
methanol cannot be formed from them. In contrast, a higher
concentration of Cu in 8 MR for the Si/Al = 12 sample was suggested
to result in a higher concentration of copper-oxo species.

Similar trends have been observed for Cu/MOR, where the
decrease of Si/Al ratio from 10 to 6 does not result in any
significant change in methanol yield per gram of material.
This, however, is not true for the methanol yield per copper,
which increases with the increase of Si/Al. According to Newton
et al.,"** Pappas et al.*" and Sushkevich et al.,>**°° this might be
associated with the presence of different fractions of active and
inactive copper species in the samples with different Si/Al ratio,
as well as different selectivity towards methanol due to the over-
oxidation in the materials with high Al content. We may note,
however, that Cu/MAZ, a system for which high Si/Al ratios are
intrinsic, has been demonstrated to be significantly more
selective (for a single reactive cycle) than Cu/MOR.?” Thus,
the question about the effect of Si/Al ratio falls into the more
general problem of the quantifying and controlling the nature
and quantity of copper sites hosted in zeolites. Equally, how-
ever, the precise role(s) that this parameter has in determining
the efficacy of direct conversion of methane to methanol are yet
to be fully understood.

Given the above, and the structural-reactive complexity that
is emerging from the study of these materials, we might also
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ask whether there may be better ways to interrogate them
than have generally been achieved to date. The next section
addresses the question as to whether there are methods, or
combinations of methods, that have thus far not been utilised
in this arena, but that might shed more quantitative light into
the behaviour of these elusive systems?

6. Gaps in our knowledge and how
they might be closed

One of the issues that might be regarded as largely unresolved for
methane to methanol conversion by copper hosted in zeolites is
the detailed nature (nuclearity, local bonding geometry) of the
active sites. A significant further question is whether the nature
of these active sites is conserved across the range of active zeolite
topologies, aluminium distributions, and the different (high
temperature activation and isothermal/elevated pressure) cycling
methodologies.

As previously stated, the most robust assertions regarding
the nature of the species present after high temperature activation
are those derived on the basis of vibrational (Raman) spectro-
scopy and the symmetry based arguments that come with this
approach.***¢°%1% Thege studies uniformly come down in
favour of di-copper mono-p-oxo forms of copper being present
in the activated Cu/zeolites independent (though the details do
vary*>1%38199) of the nature of the host i.e. ZSM-5, MOR, CHA.
That said there are observations both from UV-vis and infrared,*®
and theoretical studies” that do not close the door to other
structural-reactive motifs as potentially leading to activity in some
circumstances.

A question therefore remains as to how to improve upon this
situation and whether we can use other methods to further
resolve active from inactive species, specify with greater precision
their nature and, by extension, understand how they may be
promoted or suppressed. In these respects we might point to a
number of possibilities.

At this point we note that two recent publications'®>'®® have
shown that nuclear magnetic resonance (‘H, '*C, *’Al, *°Si)
studies also have a significant potential for contributing to the
understanding of this conversion. These studies have shed
considerable light as to the range of products that result from
reaction of activated Cu" with methane, and where they may
end up within the zeolite structure. For instance, in these
investigations, the reaction with methane over a wide range
of temperatures have shown that methoxy groups, the principle
product of the reaction with methane, can be found at Brgnsted
acid sites rather than directly ligated to the copper centres.'®®
They have also shed light on the presence of species that
hitherto had not been reported e.g. formaldehyde and the
presence of both mono- and bi-dentate formates.'®

Herein, however, we shall concentrate on those methods that
have: firstly, the capacity to restore information that directly
concerns the nature of the copper sites present and how they
behave; secondly, that have a clear and present potential to
be applied in an operando manner; but that, thirdly, as of yet,
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have not been applied to the selective conversion of methane to
methanol using copper-containing zeolites.

6.1 Alternative probes of structure and function

In terms of other approaches that might yield more insight in
terms of the systems and chemistry that are the subject of this
review, we might reasonably point to four different methods
that have either not been applied at all to these problems or
have been but only in a relatively basic manner that belies their
potential capacity. In the first case we might point to Valence to
Core emission spectroscopy (V2C), total X-ray scattering/PDF
analysis, and far infrared spectroscopy; in the second, electron
paramagnetic resonance (EPR).

6.1.1 Electron paramagnetic resonance (EPR). EPR is heavily
used in the biological world to identify different types of Cu™
speciation;*® the d'® configuration of Cu', however, renders this
copper state invisible to this method. Nonetheless, as the active
sites present in the activated Cu/zeolites comprise Cu", and sites
that react with methane are selectively removed from the field of
view of EPR through conversion to Cu', this method can provide
another way to discriminate between active and non-active Cu
sites. Moreover, EPR has an intrinsic sensitivity toward radical
species and therefore presents a direct and sensitive possibility
for establishing whether such species are in fact playing a role in
this conversion. A significant role for radical species has been
often suggested®>®” but thus far no experimental evidence for
their presence has been derived.

Indeed, there have been examples of EPR applied to aspects
of the methane to methanol conversion by Cu/containing zeolites
for Cu/ZSM5,°> Cu/MOR,'® and Cu/CHA.”*"**® These have been
aimed at establishing the nature of the copper present after high
temperature activation and/or cross-referencing changes in EPR
post reaction with methanol to changes in UV-vis. The results of
these exercises have tended therefore to indicate the presence of
Cu" monomers that do not react with methane and have
therefore fulfilled an important role; that is of identifying some
proportion of the copper present that is inactive for this conversion.

However, in the current context, it is the potential for EPR to
be applied “in operando” and during all stages of the methane
to methanol process that is of primary concern. That this can
now be achieved has recently been demonstrated in application
to Cu/CHA in the presence of gases of relevance to the catalytic
reduction of NO."®” Fig. 25 gives examples of the sorts of data
achievable and how they may be used that are of direct relevance
to the current discussion.

These results, Fig. 25(a), show firstly the discriminatory
power of EPR, which clearly demonstrates the presence of two
spectroscopically distinct types of Cu(n) residing in the 6-membered
rings of CHA. Secondly, Fig. 25(b), the ability of i situ EPR to follow
the progress if the chemistry is also shown in the removal of both
starting features and their replacement with a single state that can
be associated with the formation of [Cu(NH;),]**. The loss of
intensity to the overall spectrum is associated with that portion
of the Cu(u) initially present undergoing reduction to Cu(i). This
process is also revealed to be composed of two (one fast, the
second much slower) rates of reaction. This is ascribed to an
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Fig. 25 (a) In situ EPR spectra (473 K post dehydration at 523 K in 10%
oxygen/helium) delineating the ability of EPR to identify different types of
Cu(i) species residing in the 6 membered rings of CHA. The magnified area
shows the parallel (g)) region of the spectrum and the assignment of the
features to geometrically distinct Cu(i) species. (b) First-derivative in situ
EPR spectra of the reaction of Cu(i) species in the 6 membered rings in a
Cu/Al = 0.09 sample during reaction with 1000 ppm NO + NHsz at 373 K.
The inset shows the temporal progression of the reaction as observed by
EPR and in terms of the % change in the intensity (/) of the total EPR signal.
The net time resolution of the EPR was 45 seconds per spectrum.
Reproduced from ref. 167 with permission from Wiley, copyright 2018.

inhibition effect due to an excess of NH; and the initial product
of reaction ([Cu(NHj3),]*") being more stable toward reduction
than its oxo antecedents.

These works clearly show that EPR has a significant, and
relatively unexplored capacity, to extract considerable detail
regarding site occupation, structure, and structural change in
the Cu(u) species present in zeolitic systems in operando. As
such, there seems no obvious reason why this method may not
provide the same sort of insight into selective conversion of
methane to methanol as well and given time.

6.1.2 K;g valence to core emission spectroscopy. Valence to
core X-ray emission spectroscopy'®® is founded upon analysis of
the X-ray fluorescence spectrum that arises from the formation
of a core (K-edge in the case of Cu) hole as a result of the
application of X-rays of suitable energy. As the name suggests
the specific fluorescence lines addressed in this spectroscopy
are those (Kp) that result from the valence electrons (3p states
in the case of Cu) and therefore extremely sensitive to, the local
bonding environment of the copper. Examples of the potential
of this approach to specifying aspects of the nature of Cu sites
existing within zeolites have also recently appeared, again for
the Cu/CHA system, and (again) specifically in respect to
chemistry pertaining to NO, abatement catalysis.'®>"’® The
results obtained in each case indicate that this method has a

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review Article

sensitivity to local bonding and ligand geometries that goes
considerably beyond what is achievable from either Cu K-edge
XANES or EXAFS.

Potential caveats to its application, however, do exist. The Kg
transitions are some orders of magnitude weaker than, for
instance, the K, fluorescence that is usually collected to obtain
fluorescence yield Cu K-edge XANES and HERFD. As such,
samples probed by V2C are required to withstand proportionately
higher X-ray doses/power densities, often over considerable lengths
of time for high quality data to be obtained. As we have already
noted (Section 3) the possibility of unwanted and misleading
reduction of Cu™ to Cu' (or the reverse in the presence of water
vapour applied during product extraction) is very much a possibility
in the case of copper containing zeolites. This being so, protocols to
ensure that what is eventually observed has more to do with changes
to the material as a result of the chemistry, rather than the X-ray
exposure, need to be in place and the intrinsic behavior of the
system under such conditions should be fully understood before
chemically relevant deductions can be made.

6.1.3 Total X-ray scattering/pair distribution function
(PDF) analysis. We have seen (Section 4.1, for Cu/CHA) that
where a copper/zeolite system is amenable to the use of high
resolution XRD, analyses can be undertaken that can precisely
specify the adsorption site of different copper atoms within the
ring system of the zeolite. However, this has not been demon-
strated for a number of zeolite systems amongst which are some
of the most active and promising cases thus for demonstrated
(e.g. MOR and MAZ).

As XRD is founded upon the detailed analysis of Bragg
reflections, it may only report on phases wherein sufficient
order is present within the sample to generate such reflections;
and even then the contributions from adsorbed atoms such as
copper must be themselves sufficiently ordered to be revealed
by diffraction analysis; and this is not always the case. Ordinarily,
in a situation such as this then EXAFS would become the go-to
method. However, as we have also delineated, such is the apparent
multiplicity and disorder in many copper zeolite systems that this
method is severely compromised in terms of elucidating the
nature of the active sites present.

Total scattering (be it of X-rays or neutrons) combined with
pair distribution function (PDF) analysis provides a means to
restore structural data from X-ray or neutron scattering experi-
ments that does not have any reliance upon the crystallinity of
the sample."”*"”® As such it has the potential to restore, in real-
space rather than reciprocal space, short (as with EXAFS), mid,
and long range (as with XRD) information and provide a very
complete description of the behaviour of the material under
study. This method heavily favours the use of high energy
(>50 keV) X-rays, as it requires that a large range of Q (A™%)
space to be detected with high statistics, and high energy
synchrotron beamlines equipped with state of the art flat panel
detectors can be operated on the sub-millisecond timescale.
The use of high energy X-rays (and minimal sample absorption)
also means that the scattering observed is essentially kinematic
in nature, the method can be applied under operationally
relevant circumstances, and the likelihood of any beam induced
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effects is minimised. Most importantly, the X-ray scattering
that underpins this method sees the sample under study in a
different manner to, for instance, EXAFS. The photoelectron
scattering that gives rise to the EXAFS is dominated by the core
of the scattering element. In X-ray scattering the relative scattering
intensities due to elements within the material vary with the
square of the number of electrons surrounding the scattering
atom. Moreover, and, to a first approximation, the scattering due
to the presence of copper and the effects it has on the structure of
the host zeolite may be revealed through a simple difference
between copper loaded and copper free samples. As such, this
method offers the prospect of a further way to see into the
structure and bonding of the metal hosted within the zeolite as
it is operating in a structurally direct manner. To date, however,
no such study regarding the methane to methanol process using
copper containing zeolites has appeared in the literature.

6.1.4 Far infrared spectroscopy. We have previously seen
(Section 4.4) that mid-range infrared spectroscopy can be used
in a number of ways to gain information regarding the multi-
plicity and likely nuclearity of copper states adsorbed within
zeolite systems. It is a very useful probe of product formation -
and therefore indicative selectivity - post reaction with methane
as it can identify (if not, as yet, quantify) species such as
methoxy, formates, and adsorbed carbon monoxide.>”*%*%
In situ, mid-range, infrared, is, however, compromised by the
very strong bands that arise from either methane or, in the
extraction process, water. As a result, following this chemistry as
it happens using this method is not possible.

In these terms, the far infrared region of the IR spectrum is
decidedly more attractive as methane is transparent to infrared
radiation below ca. 900 cm ™', and even though water does yield
some structure in the far infrared region it is notionally less
obstructive that that found in the mid-range region.'”* In the
far IR, therefore, the possibility for in situ measurements using
infrared spectroscopy arises. Moreover, it does so without the
potential for probe-induced perturbation of the working system
as is potentially the case for both Raman and X-rays.

The far-infrared region of the spectrum is also very rich in
information arising from the framework vibrations of the
zeolites. It is also where we might expect Cu-O bends and
stretches to be found that can identify the nature of the copper
species and how they change as a function of treatment, much as
has been demonstrated from resonant Raman spectroscopy.**>*%"
In addition, the calculation of infrared spectra using methods such
as DFT is tractable."”

Indeed, the very richness of this part of the IR spectrum
necessarily means that a significant complexity is to be expected
in the spectra and in their interpretation. That said, there do
exist a limited number of studies of the nature of metallic
cations in zeolite materials that suggest, at the very least, that
this method may provide an additional route for deepening our
understanding of the speciation of copper in these systems and
how methane is converted to either methanol or over-oxidation
products.

We might further note that third generation synchrotron are
also very stable sources of far infrared radiation with brilliances

1480 | Chem. Soc. Rev., 2020, 49, 1449-1486

View Article Online

Chem Soc Rev

that are orders of magnitude greater than those that can be
obtained from a lab-based IR spectrometers; as a result, truly
dynamic in situ study also seems possible using this approach.

6.2 Braiding theory and experiment; concurrence and deficits

Despite considerable progress in both theoretical investigations
and experimental methods in application to identification of active
sites of zeolites, the coherent interplay between the two
approaches seems less than would ideally be desired, for instance,
in respect of the mechanism of the methane to methanol conver-
sion over the copper-exchanged zeolites. Theoretical investigations
have recently been very vocal in suggesting a dominant radical
mechanism of this reaction,®”'”® a suggestion fuelled largely by a
proposal of copper trimers as viable structures of active sites.*
Due to the presence of mixed valence Cu(u)/Cu(m) oxidation states
of at least two copper atoms in such trimers, two oxygen atoms
exhibit a radical oxyl character and are expected to activate the
C-H bond of methane. This suggestion is in line with a similar
radical mechanism widely assumed for the iron-exchanged
zeolites.'”” However, even for iron-exchanged zeolites there have
been alternative mechanisms proposed,'”® while for copper-
exchanged zeolites recent experimental evidence has come
down squarely in favour of a mechanism based on Cu(1)/Cu(u)
pairs,31‘32’142

Similar difficulties hinder the attempts to identify a certain
structure of an active site. While theoretical investigations often
focus on the feasibility of individual configurations,>**® many
experimental methods appear to suggest the co-existence of
multiple active sites.*®®

Moreover, if we consider the structures derived from DFT
presented in Fig. 4 more closely we find that in all cases, the first
shell of oxygen coordination is predicted to be split into pairs of
longer (ca. >1.9 A) and shorter (ca. <1.8 A) Cu-O bonds. Whilst
such a situation is no doubt plausible, techniques such as
EXAFS have not reported such a partitioning of bond distances
in the first coordination shell. Whilst we have seen that EXAFS
does have severe limitations to it in its ability to determine
copper-site structures in these materials, the first shell of
coordination, that very much dominates the extracted EXAFS
in these cases, should still give a reliable average view of this
aspect of the structures present. As such, any partitioning of
bond distances of this type should be resolvable.

An apparent discontinuity therefore seems to exist between
the expectations of theory and the result of available experiment
in these rather fundamental aspects of structure. It is, however,
at present unclear as to why this may be the case. It is entirely
possible that this could result simply from the mismatch that
exists between the accuracy with which DFT might be able to
specify bond distances (+0.1 A) compared to the resolving
power of EXAFS, where bond distances can be as precise as
ca. +1.5% (i.e. ~0.05 A). However, this does not fully account
for why DFT partitions the first shell oxygen coordination as it
does. As such, and though it might be very tempting to directly
fit the DFT-derived geometries of the copper oxide active species
in zeolites to the experimentally derived EXAFS, it may not
currently be appropriate to do so.
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We have also noted (vide supra Section 4.5) that, in general,
the average coordination numbers returned from EXAFS for the
first Cu-O shell of coordination in activated Cu(u) species are
always significantly closer to 3 than to 4. Such a situation is
only compatible with monomers (see for example the site
structures derived from XRD and EPR for copper in the 6 MR
of CHA and Fig. 4), mono-yi-oxo species, or mixtures thereof.
Both bis-p-oxo di-copper and trimeric copper oxo species are
four coordinate and can only therefore be compatible with the
experimental data if present as only minority species from this
point of view.

However, although there do appear to be some apparent
differences between experiment and theory that should be
further examined, theoretical investigations are taking a leading
role in certain areas. One of the big roles played by theory is
understanding the role of water for stabilising certain reaction
intermediates and aiding the reaction mechanism.*>**'”® Another
theoretical breakthrough is associated with the dynamic behaviour
of copper monomers to form multinuclear sites.** In both cases,
theory has been fundamental for the creation of the proposed
ideas, and has inspired the corresponding experimental efforts.

Computational spectroscopy has generally become a widely
used tool in zeolite chemistry research. For instance, such
methods as IR, NMR, and UV-vis spectroscopies are implemented
in majority of popular modelling suites, and have proven to
provide reliable results in agreement with experimental evidence.
We refer an interested reader to an excellent review of the recent
developments of these methods by Van Speybroeck et al.,"®° and
only touch upon the body of literature relevant to the methane to
methanol process.

One of the popular IR techniques experimentally is the use
of probe molecules, such as for instance CO and NO to reveal
information on the geometry of active sites present in the
material. As CO will mostly probe Cu(i) sites, while NO will
probe both Cu(r) and Cu(n) centers, the combination of theory
and experiment can yield a very detailed structural information
and even allow following the transformations of the adsorbates
and/or active sites during the reaction. This field has recently
seen a rapid growth and the reader is referred to extensive
reviews on this topic.*?*5?

Nachtigall et al. demonstrated the applicability of theoretical
infrared calculations to determine the configurations of the
active sites based on CO adsorption,'®*™'®* Hafner et al. have
also contributed to a deeper theoretical understanding of CO
adsorption in zeolites, for instance in MOR**>*%¢ and CHA.*®’
Their simulations allowed distinguishing between high- and
low-frequency bands in experimental spectra. The adsorption
of NO has also been studied, mostly in the context of the NO
decomposition processes, and important insights into metal
cation coordination to the framework has been established."®®

Computation of optical spectra is becoming increasingly
more computationally accessible thanks to developments in
theoretical algorithms, most importantly in time-dependent
density functional theory (TD-DFT),"® as well as availability
of extensive computational resources. Interestingly, already the
seminal papers by Rice et al.’®® and Woertink et al.** made use
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of theory to identify the mono-p-oxo di-copper active site in
Cu-ZSM-5 zeolite. Furthermore, early investigations of the similar
centres in enzymes, that later inspired extensive research of iron and
copper sites in zeolites, also relied on theoretical methods.'**'*>

It therefore would not be an exaggeration to say that theoretical
methods play a very important role both in the historical and
recent developments of the zeolite catalysis. Specifically, both
infrared and optical spectroscopies benefit greatly from theoretical
collaborations. We hope that the remaining disparity of XAS and
DFT results is therefore going to be solved soon as more groups
turn their attention to the topic.

7. Conclusions

In this review, we have discussed various experimental and
theoretical techniques that have been employed to understand
the direct conversion of methane to methanol by copper
containing zeolites; in doing so we have emphasized both the
strengths and limitations of respective methods, and sought to
clarify future routes to be explored. It is clear that the develop-
ment of an efficient direct methane to methanol conversion
process is a multi-faceted challenge, calling for extensive
collaborations between fundamental chemistry, spectroscopy,
process engineering and optimisation, and modelling, to name
a few. Moreover, even a seemingly well-defined and isolated
sub-problem of the geometrical configuration of active sites,
and the reaction mechanisms compatible with them, is decidedly
complex.

Having said that, there has been a tremendous progress in
the development and application of a range of powerful techniques
over the years. High-resolution X-ray diffraction (XRD) has been
successfully applied to identify the occupancy and location of
copper ions in the pores of chabasite. UV-vis spectroscopy, having
breathed life into the discussion of active site configurations in
the first place, remains a powerful high throughput tool to study
the copper-exchanged zeolites under iz situ conditions. Resonant
Raman has lent a specificity to UV-vis that has enabled the
attribution of the vibrational bands to specific species as well
as ruling out of other species by the same means. IR spectroscopy
provides an almost unique opportunity to differentiate between
various species of similar character, such as multiple Cu(i) and
Cu(u) centers, and potentially also quantify the observed difference.
X-ray absorption spectroscopy studies complete a tool set of
necessary experimental techniques by providing means of obser-
ving the elemental specific structural and electronic changes the
copper atoms undergo during the reaction and quantify these in
time resolved fashion.

Theoretical methods serve a double duty, providing both the
fundamental understanding of the experimentally observed
phenomena by providing a refined structural model capturing
essential chemistry of the system, and a means of potentially
guiding the experimental efforts by screening the plethora of
possible compositions, configurations, and reaction conditions
before they enter the laboratory. However, they still suffer from
the low level of accuracy and quantitative correlation with
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experiment and showing strong dependencies of the structural
geometry and thermodynamic parameters that result from
calculation on the initial guess and method used. Therefore,
in an ideal case, a dynamical feedback system between theory
and experiment should be built, where experimental evidence
is initially used to build an appropriate theoretical model.
Moreover, most of the theoretical investigations are limited to
the use of DFT-based methods, while the redox chemistry of
copper-exchanged zeolites is associated with the transfer of
electrons, hence requiring the utilisation of high level theory.
Strong demand of such studies should induce the new wave of
interest to the development of fast and accurate theoretical
methods for the modelling of redox sites and reactions in general.

Ultimately, two conclusions are apparent. Firstly, the necessity to
employ a wide range of techniques concurrently, preferably in situ in
the case of experimental methods, and incorporating state-of-the-art
statistical thermodynamics and kinetic modelling to reach the
relevant conditions in the case of theory, enabling comprehensive
analysis of these systems under realistic conditions. Secondly, the
goal of the characterisation is not only to understand the underlying
chemistry, but also to enable rational design of the systems and
processes relevant to real life applications.

On this front, accepting that a plurality of structures can
react with methane, enables focusing on how to maximise their
performance. Although the only definitive experimental derivation
is that for the mono-p-oxo di-copper center,” there is also strong
evidence for the formation of proximal monomers, that can become
active through association.>® At the same time, clusters containing
more than two copper atoms cannot be excluded, as one of the
possible reactive configurations that may be present in the copper
zeolites, while their sole formation in a form of single sites is
doubtful.

The roles of the Si/Al and Cu/Al ratios in determining which
species are present and with what fraction are starting to be
unraveled, potentially opening an avenue to controlling and
engineering of the properties of copper zeolites. What further
complicates the issue is the fact that many experimental
techniques used so far are inherently “bulk methods”, and
thus yield a certain average measure of the active sites’ collective
characteristics, whereas even within the same zeolite a multitude
of active sites might co-exist and be responsible for the observed
chemical behaviour. In this respect, the application and deep
development of other methods, like EPR, PDF, and NMR becomes
highly desirable and foreseen as an obvious step forward.

In combination with a multitude of reaction protocols, such
a manifold of active structures could be translated into a range
of available reaction mechanisms. This includes both the
questions of the underlying redox properties and the activation/
recovery procedures. The Cu(1)/Cu(u) redox mechanism, that
requires the participation of two copper atoms per methane
molecule activated, is now well founded experimentally,>’31:3275:142
and more so than a mechanism involving Cu-O® oxyl radicals.

Most importantly, alternative reaction protocols, such as the
ones employing water as oxidant®* and eliminating temperature
swings by making the process isothermal,*®*>'** should be
further analysed and understood.

29,67
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Notwithstanding extensive progress outlined in this review,
a multitude of open questions relating to the structure of active
sites and possible reaction mechanisms still remain, including
but not limited to:

e What is the influence of water on the structure of active
sites and the reaction mechanism?

e What is the dynamic behaviour of sites, and do active sites
(inter)transform into various forms under the reaction conditions?

e Influence of the various zeolite frameworks and synthesis
procedures on the configuration of copper oxide active sites.

e Influence of aluminium and copper loadings and aluminium
distribution over T-sites on the configuration and chemical nature
and reactivity of active sites.

We thus propose that the community should embrace the
underlying structural and mechanistic complexity and work
together towards understanding the ways this complexity yields
relevant chemistry and with this find materials and process
conditions, which give higher methanol yields.
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