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X-ray absorption spectroscopy (XAS) is a powerful technique for investigating the active sites
of nanoporous catalysts by following their structural and electronic changes under in situ and
operando conditions. This review summarizes the recent XAS studies that focus on the
speciation and reducibility of Cu centers in Cu-exchanged zeolites, providing mechanistic

insights for the direct conversion of methane to methanol.



Abstract

An industrial process for direct conversion of methane to methanol (DMTM) would
revolutionize methane as feedstock for the chemical industry and it would be a cherished
contribution to climate change mitigation. At the present stage, it is a rather remote
perspective, but the search for the materials that would make it possible and economically
viable, is very active. Cu-exchanged zeolites have been shown to cleave the C-H bond of
methane at low temperatures (< 200 °C), and has been extensively studied for the stepwise
DMTM conversion over the last decades. The determination of the speciation of CuxOy-species
in zeolites and understanding their role in the reaction mechanism has been heavily debated.
Lately, advanced X-ray absorption spectroscopy (XAS) analysis has been standing out as a
powerful technique for investigating the behavior of Cu in the zeolite. In this review we focus
on the in situ and operando studies of the changes in the electronic and structural properties
of Cu during the different steps of the DMTM conversion uncovered by XAS, which have led
to new and insightful information about the complex behavior of Cu-zeolites in the DMTM

process.
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1. Direct CH4 to CH30OH Conversion over Zeolites

Over the last decades, methane has become more available through the production of natural
gas. As a direct consequence of that, more and more literature is found on the direct methane
to methanol (DMTM) conversion. Methane is a potent greenhouse gas, and since it also is an
abundant energy source, there is an increasing interest in finding good solutions for
converting CH4 to more high-value products. The industrial method for converting CHs today
is the production of synthesis gas (CO, Hz), which is then converted further into other
products, such as olefins, alcohols and ethers.!! This process requires large production
facilities, since the economic benefits directly correlate with the capacity of the production
site. At remote areas, such as oilrigs, natural gas extracted with the oil is usually flared,
releasing more than 300 million tons of CO, to the atmosphere annually.”! The direct
conversion of CHs to a liquid product, such as CH3OH, has therefore received an increasing
interest in academia and industry as a step further on our route to a more sustainable
environment. Since CHg is a very stable molecule, one of the most pressing tasks is to find a
reaction process that prevents over-oxidation. Cu-exchanged zeolites have proven to be
possible candidates for such process.!3! Nevertheless, determining the nature and mechanism
of the active CuxOy species has proven to be difficult, and numerous techniques have been
employed in order to understand more about the active sites. This review will summarize the
recent results on the use of X-ray absorption spectroscopy (XAS) on Cu-zeolites for the DMTM.
We will illustrate the versatility and the potential of this technique, which is likely to become
one of the most important tools for completely unraveling the nature of the active sites in

DMTM.

1.1. CHas Activation over TM-Exchanged Zeolites

Zeolites are microporous aluminosilicates with defined structures built from tetrahedral TO4
units (T = Al, Si). Zeolites are open microporous structures consisting of channels and cavities.
They are classified based on the pore size (small, medium and large), the dimensionality of
their channel system (0D, 1D, 2D and 3D) as well as other structural features.!*! Zeolites are

used as commercial catalysts in fluid catalytic cracking (FCC) and hydro cracking (HC) while



other applications include alkylation, isomerization, cumene production, selective catalytic
reduction of NOx and reforming. The ion exchange properties of zeolites, their well-defined
structure, high internal surface area and microporosity make them attractive materials for
catalysis. The fact that zeolites have channel sizes of molecular dimensions introduces shape
selectivity in the framework, which combined with Brgnsted acidity, has led to the
commercialization of zeolites as catalysts in the methanol-to-hydrocarbons (MTH) reaction for
the production of olefins, gasoline and aromatics.”! Negative charge of the framework can be
compensated by different metal cations like alkaline metals, transition metals or cationic
metal complexes hosted in the zeolitic cavities, which gives rise to active metal centers and

thus enhances the functionality of the material.

Different TMs, besides Cu, have been employed for DMTM conversion including: Fe,® Co,!!
Ni,’8 Rh,1® Zn.[20 The DMTM conversion over TM-exchanged and especially Cu-exchanged
zeolites deviates from a steady state catalytic process, since it is frequently carried out in a
stepwise fashion avoiding mixing CHa4 with O; in order to prevent overoxidation and maintain

high CH3O0H selectivity.

In the early 1990s, Panov and coworkers identified a-oxygen species formed upon
decomposition of N2O over alpha-Ilron (a-Fe) in Fe-ZSM-5, which constitutes part of the site
active for DMTM conversion at room temperature with 80 % selectivity.[®" 1) Based on
combined spectroscopic and computational findings, the Fe active site in ZSM-5 as well as in
BEA has been proposed to be high-spin Fe' center located in beta-type 6-membered ring (MR)
with a square planar geometry.[*?l Panov et al. studied the reaction in a quasicatalytic fashion
initially co-feeding CH4 and N>O at 160 °C over the O;-activated sample at 550 °C ultimately
yielding 160 pmol/g of CH3OH and 49 umol/g of CH3OCHjs.[68!

Hammond et al. studied the efficiency of a stronger oxidant (i.e. H,03) to activate the Fe-ZMS-
5 establishing the DMTM conversion in liquid phase.[®*d The CH,4 activation energy for this
system was calculated to be 14.6 kcal/mol, while promoters such as Cu were utilized to
improve the selectivity towards oxygenates.[®*dl The active sites after activation by H,0; in

species and their structure was confirmed

liguid phase have been shown to be binuclear Fe
to be [Fez(u-OH)2(OH)2(H20)2]%* based on density functional theory (DFT) calculations

complemented by extended X-ray absorption fine structure (EXAFS) fitting.[®®) The Cu-



promoted Fe-ZSM-5 tested in batch[®®! and flow[!3 reactors exhibited 0.7 and 0.5 CH4
conversion (%) as well as 85 and 92 CH3OH selectivity (%) respectively. However, the price of

H,0> as well as the CH3OH extraction pose limitations to such systems.[14

Co-ZSM-5 (MFI framework topology) has also been reported to possess activity for the DMTM
conversion at 150 °C, after O activation at 550 °C, obtaining 0.4 umol/gca: of CH3OH following
a stepwise reaction mode.l’?l Co'" populates three different exchange sites in the MFI
framework, although the exact location, geometric and electronic structure of the Co active
site is not yet fully resolved.[*®! Likewise, Ni-exchanged zeolites (Ni-ZSM-5) require high-
temperature O; activation (600 °C) in order to obtain active Ni moieties, identified as [Nix(p-

0)]?* using ultraviolet-visible spectroscopy (UV-vis) and EXAFS fitting.(®!

Zn-modified zeolites were initially studied for CHs aromatization; later Stepanov and co-
workers discovered their ability to activate the C-H bond in CHs4 at low temperatures.[10 10b,
16] The active Zn site has been shown by Gabrienko et al. to consist of isolated Zn" species,
opposed to ZnO for benzene alkylation with CH4.[2%! Very recently, Oda et al. combined
spectroscopic and theoretical results to identify Zn-oxyl species (Zn"-0®) in MFI as the active
species for CHy activation at RT; while Zn-OCHs was observed by Infrared spectroscopy (IR) as

the reaction intermediate.[10¢

Cu-exchanged zeolites are probably the most studied zeolites in the field of DMTM conversion,
because they are considered the most promising for industrial application.!3 17! Just as Fe, Cu
is believed to form the active sites in methane monooxygenase (MMO), which is an enzyme
able to convert CHs to CH3OH at ambient conditions with a high selectivity. Cu forms the active
sites in the particulate form (pMMO) and Fe in the soluble form (sMMO).*8 However, unlike
Fe, both Oz and N,O can be used to activate Cu, making Cu-zeolites much more preferable for
industrial applications. The use of Cu-zeolites for DMTM has provided the highest yields thus

far and will therefore be the sole focus of this review.

1.2. Cu-Exchanged Zeolites

From the early 1980s Cu-Y and later Cu-ZSM-5 among other zeolites were investigated by

Iwamoto et al. for the decomposition of NO, exhibiting stable and high activities.!'®) After this



discovery, Cu-exchanged zeolites were an object of continuous research as catalysts for NO
decomposition!?®! as well as for the hydrocarbon- and NHs-assisted selective catalytic
reduction of nitrogen oxides (HC- or NH3-SCR of NOy).?Y) However, the application of medium-
and large-pore Cu-exchanged zeolites in NH3-SCR was inhibited by the lack of low temperature
activity, fast deactivation and excessive NHs storage.?1 22l Cu-exchanged small pore zeolites
and zeotypes, with CHA topology (Cu-SSZ-13 and Cu-SAPO-34 respectively), assisted in
resolving the aforementioned issues and were commercialized as NH3-SCR of NOy catalysts in
2009.121¢ A substantial amount of research has been devoted into studying Cu-CHA catalysts,
focusing on the SCR reaction mechanism, Cu speciation, their low temperature SCR activity as
well as their hydrothermal stability.[?3] Beyond NH3-SCR, Cu-exchanged zeolites are active for
the oxidation/hydroxylation of benzene to phenol,?* and last, the activation of CHs and its

subsequent transformation to CHzOH, which is the focus of this review.

The most common method to exchange Cu ions in the zeolitic framework is liquid ion
exchange (LIE), where the cations in the zeolite (H*, Na* and NH4*) are exchanged in solution
with Cu; the most common Cu' complex in solution is [Cu(H20)e]%*. Different parameters affect
the synthesis, such as the zeolite structure, the Cu precursor and the pH, which has been
identified to be very important and must be adjusted below six (pH < 6) to avoid Cu
precipitation.!3® 251 The exchange can also be achieved by solid state ion exchange (SSIE) or
incipient wetness impregnation. This involves heating of the zeolite along with a Cu precursor
(usually CuCl,). Depending on whether the parent zeolite is in the H- or Na-from, HCI or NaCl
are produced during heating. After the synthesis, the sample is activated/calcinated to remove
H,0 as well as organic/inorganic residues from the synthesis. Successively Cu coordinates to
lattice oxygen of the framework.[?®d The location, electronic state and geometrical
configuration of Cu ions in the zeolite depends on the framework topology. Currently among
the most studied zeolites for DMTM process are Cu-exchanged CHA, FER, MOR, FAU and MAZ
materials. The frameworks of these zeolites are presented in Figure 1.1, whereas the overview

of their structural units is given in the Table 1.1.
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Figure 1.1 lllustration of the zeolite frameworks presented in this review; (a) CHA, (b) FER, (c) MAZ, (d) MOR and (e) FAU.

Table 1.1 Structural characteristics of selected zeolite framework types

FRAMEWORK RING SIZES CHANNEL CHANNEL UNIQUE NO. OF
DIMENSIONS (A) GEOMETRY T-SITES PROPOSED Cu
EXCHANGE SITES

CHA 8MR/6MR/4MR 8MR channel (3.8x3.8) 3D 1 4

FER 10MR/8MR/6MR/ | 10MR channel (4.2x5.4) 20 4 3
5MR 8MR channel (3.5x4.8)

MOR 12MR/8MR/5MR/ | 12MR channel (6.5x7.0) 1D 4 35
4MR 8MR channel (2.6x5.7)

FAU 12MR/6MR/4MR 12MR channel (7.4x7.4) 3D 1 6
12MR/8MR/6MR/ | 12MR channel (7.4x7.4)

MAZ 5MR/4MR 8MR channel, distorted (3.1x3.1) 1D 2 12

* d = diameter

8MR channel (3.9x3.9)

The habazite (CHA) topology is a symmetric framework of cages constructed from two 6MR,

six 8MR and twelve 4MR, with the latter interconnecting the rest; the entrance to the cages is

through the 3.8 x 3.8 A opening of the 8MR. Cu-55Z-13 was initially proposed to have a sole

Cu configuration placing the cation in the 6MR.[23¢ 26 Conversely, later reports present a more

complex picture, concluding the existence of multiple docking sites for Cu in the 6MR and

8MR.[232.230,271 The resulting nature of Cu species is a combination of multiple factors including

the composition (Si/Al and Cu/Al ratios) as well as the temperature and the gaseous

environment (oxidative and reductive) under which the material is investigated.[3h 232 230, 23u,
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272, 28] The aforementioned factors influencing the speciation can be considered relevant for

most Cu-zeolites.

The Ferrierite (FER) structure is a 2D channel structure. The framework is composed of 10MR
channels (5.4 x 4.2 A, along the [001] direction) intersected by 8MR channels (4.8 x 3.5 A,
running along the [010] direction) and 6MR channels in the [001] direction; the FER contains
4 different T-sites accessible from the 10MR. Similar to CHA, FER has been proposed to possess
multiple cationic sites defined as a-, B- and y-sites by Wichterlova and coworkers.[*>® 29 This
expands the initial proposal of a single site at the channel intersection of the 10MR and
8MR.B% The a-site is a planar 6MR along the straight channel with an O-T-O bridge while, the
B-site is a planar 6MR in the perpendicular channel. These sites have also been identified in
the MFI framework.3 The y-site is boat-shaped with one O-T-O bridge and is found in the
intersection of the straight and perpendicular channels. Cu' species have been identified to
populate all three sites,[2°° 321 3nd the binding energy of these species in the walls of the
channels (a- and B-site) has been found to be lower compared to the one at the intersection
(y-site).[2?d] The location of Cu" ions on the other hand, was studied experimentally by
synchrotron XRD, electron spin resonance spectroscopy (ESR)3% as well as DFT calculations.3?
Initially, the intersection of the two channels (y-site) has been proposed as a site for weakly
coordinated Cu?* ions highly accessible to reactants.!3% [Cu(H,0)s]?* species observed by ESR,
in the main channel or at the center of the cage, were suggested to be the precursors to the
framework-interacting Cu" species upon full dehydration at 360 °C.13% Later Sklenak et al.
located Cu' ions in the 6MR in the wall of the main 10MR channel as well as in the deformed
6MR in the perpendicular 8MR channel.32 Depending on the Al siting, the 8MR channel site
was reported to be preferentially populated due to a higher Cu" binding energy, compared to

the one in the main channel, making the latter more reactive.3%

The mordenite (MOR) topology consists of straight 12MR channels with a diameter of 7.0 x
6.5 A and perpendicular 8MR side pockets with a diameter of 5.7 x 2.6 A (Figure 1.1). The
research on Cu speciation in MOR started in 1992 with Kuroda et al. reporting Cu divalent ions
in the MOR with tetragonal symmetry, which form dimeric species based on different
spectroscopies (EPR, IR, EXAFS and XANES).[33] Later, three distinct Cu" locations have been

identified by Attfield et al., based on XRD and ESR. These include the elliptical 8MR, the 6MR

12



adjacent to the 8MR channel and the 8MR adjacent to the 12MR (later referred as the 8MR
side pocket) with the last two being more accessible to reactants. Vanelderen et al. also
identified three Cu" species for Oz-activated Cu-MOR; two of them were isolated ions while
the third was tentatively assigned to a binuclear copper site. The latter species were reported
to be reduced upon heating in hydrogen at 180 °C.3% Subsequently, the same group suggested
two sites in the 8MR (inside the 8MR channel and 8MR window adjacent to the 12MR main
channel), which can host the [Cu(p-O)Cu]?* with different reactivity.® Snyder et al. studied
the second sphere effects on the reactivity of the two [Cu(p-O)Cu]?* found in the 8MR using
Raman and DFT.[3¢ Despite similar geometric and electronic structures, the reactivity towards

CH4 was found to be higher for the more constricted site (inside the 8MR).[3¢!

The FAU zeolite has a diamond like array and is built up of sodalite cages interconnected with
double 6MR. 10 sodalite cages make up the inner cavity, a supercage, which has a diameter
of 12 A.B"] The pores of the FAU zeolite are made up of 12MR and are 7.4 A in diameter.
Depending on the Si/Al ratio, FAU is also known as zeolite-X (Si/Al ~ 1.0 - 1.4) or =Y (Si/Al~ 1.5
— 3.0).B381 Six Cu exchange sites have been shown by crystallography to exist inside the FAU
framework. One is inside the double 6MR (l), one at the interface between the double 6 MR
and sodalite cage(l’), then three are connected with the 6MR of the sodalite cage facing
towards the supercage (Il, IlI’ and I1*), and last one near the center of a 12MR (lll), between
two supercages.39140 |n 1959, Zeolite Y was used as the first industrial catalyst and functioned
as an isomerization catalyst for Union Carbide.[*!! Since then, FAU zeolites have been heavily
investigated as catalyst for various industrial processes, such as oxidation, cracking and
isomerization reactions.[?) The nature of the cation and Cu ion sites in FAU zeolites have been
extensively studied over the years. Cu ions situated inside the double 6MR or in the sodalite
cage are less likely to function as active sites. This is due to the 6MR entrance of the sodalite
cage being too narrow for molecules to diffuse through (free diameter ~0.23 nm).*3! On this
basis, it is believed that the active Cu-sites are situated inside the supercage (site II* and Ill).
Although, it should be noted that Cu situated inside the sodalite cage have been observed to

migrate towards the supercage in certain atmospheres, such as in the presence of CO.[*4

The mazzite (MAZ) topology is made up of columns of gmelinite cages (structural units typical

also for gmelinite zeolite with GME topology), with its 6MR windows facing the [001] direction.
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The cages are interconnected with an O-bridge, forming 12MR channels through the zeolite
with a diameter of about 8 A. 8MR pores are formed from interconnected gmelinite cages and
forms a third set of channels parallel to the 12MR pore.*>! These channels have a free
diameter of 3.4 x 5.6 A. Last, there is a somewhat distorted channel moving perpendicular to
the [001] direction formed from the 8MR window of the gmelinite cages. This channel system
is inaccessible from the 12MR channel.[*®! It is also showed that the access to the column of
gmelinite cages is very restricted due to complicated diffusion paths.l*”! It has been shown
that MAZ has two non-equivalent crystallographic sites (T1 and T2).[8] The T2 site, suggested
to be a very strong Brgnsted acidic sites (BAS), is situated in the 12MR, and the T1 site is in the
intersection between the 8MR and 6MR of the gmelinite.[**] T1 has, however, been shown by
29Sj and 2’Al MAS NMR to be the preferred location for Al atoms.5 In an early study based on
ESR, it was suggested that hydrated Cu'" exists in the 12MR main channel coordinated to three
water molecules and framework O. Upon dehydration, the Cu migrates to the 6MR window
of the gmelinite cage. Further, it is implied that the back migration of Cu" to the main channel
is restricted, leading to the observation that only small molecules, able to diffuse into the

gmelinite cages, are able to coordinate to the Cu ions.[4®!
1.3. DMTM Conversion Over Cu-Exchanged Zeolites

Groothaert et al. in 2005 demonstrated the ability of Cu-oxo centers in Cu-containing zeolites
(Cu-MOR and Cu-ZSM-5) to activate the C-H bond of CH4 and transform it to oxygenates via
dissolution.* The active site, identified at that time as a bis(u-oxo)dicopper ([Cu(u-0)2Cu]?),
was able to cleave the C-H bond and stabilize the intermediate at 175 °C, which was then
extracted as CH3OH in a 1:1 water/acetonitrile solution (98 % selectivity).3! These early
findings suggested a stepwise conversion of CHs to CH3sOH over Cu-exchanged zeolites. The
process consists of three steps, as shown in Scheme 1.1. The material is first activated at high
temperature (450 °C) in presence of an oxidant (usually Oz). Then, the material is reacted with
CH4 at lower temperatures from 60 to 200 °C and finally CH3OH is extracted using solvents,
with ethanol and acetonitrile/water being the most efficient,®l or by online extraction passing

steam through the reactor (Scheme 1.1).34
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Scheme 1.1. Pictorial representation of the sequential steps involved in the DMTM conversion over Cu-exchanged zeolites.
In one of the first studies (2005), Smeets et al. screened a wide set of Cu-exchanged zeolite
structures including MFI, MOR, EMT, FER, BEA, FAU as well as SiO, and Al,O3 for the DMTM
conversion.>? Up to date, numerous zeolites have been shown experimentally to be active
for the DMTM conversion. Among them, Cu-MOR,13b-¢ 38 255, 35,53] Cy.ZSM-5, 132, 3b, 3, 51-52, 54] ¢
SSZ-13,[3h. 3i, 28, 53¢, 53f, 54e, 551 CyMAZ, 3¢ 361 gnd Cu-FER.[>% 53¢ 53h, 54e] Besides Cu-exchanged
zeolites, CuO/SBA-15,71 Cu-SiO,® and Cu-Al,03° have also been investigated for DMTM
process. After the provided overview on the process conditions and on the different zeolites
active for DMTM, a more detailed look into the individual steps constituting the DMTM

conversion follows.
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Scheme 1.1. First demonstration in literature of online CH;OH extraction with steam by Alayon et al.[39] Mass spectrometer-
detected signals of H,O(m/z = 18), CO, (m/z = 44) and CH30H (m/z = 31) during the treatment with wet He at 200 °C after
CH, interaction, and the subsequent heating in dry He at 5 °C/min. Adapted from Alayon et al. [3d]

1.3.1. Activation

High temperature oxidative treatment is the first step of the cyclic DMTM conversion. The Cu-
exchanged zeolites are activated at high temperatures, 400 — 500 °C, usually in an O3-
containing atmosphere. Thermal treatment at high temperature removes H.O and organic
residues from the synthesis, while it results in Cu ions coordinating to the framework to

compensate for the negative charge.3®

The O; activation temperature has been suggested in several studies as a parameter that can
affect the CH3OH yield.[3! 28 52, 53¢,53h, 531, 60] Ag 3 general trend, low temperature below 300 °C
does not enable the population of active sites, subsequently resulting in lower activity. On the
other hand, temperatures above 550 °C have shown to result in Cu aggregates, which have
been reported to be inactive or unselective.l>®¢ Park et al. studied the effect of activation
temperature from 200 to 550 °C and its impact on CH3OH productivity over a variety of Cu-
exchanged zeolites (MOR, ECR, MAZ, PST, UZM). Most materials exhibited a volcano like
behavior with a peak at 450 °C.[53¢l Non-zeolite materials, such as Cu-SiO; and Cu-Al,Os require
higher temperatures in the 700 — 800 °C range to obtain yields comparable to Cu-zeolite

systems.[>3-59]

On the other hand, He activation of Cu-SSZ-13 has been reported by Oord et al.>>® to decrease
the CHsOH yield. This is in contrast to results from Ipek et al.[?8 for Cu-SSZ-13 and Brezicki et
al.?°P for Cu-MOR, both reporting substantial CHsOH yields, even in the absence of an oxidant.
Ipek et al. attributed this activity to self-reduction resistant multimeric Cu-oxo species,?®
while Brezicki et al. attributed it to ppm levels of 0O, impurities.?*®! Decoupling
dehydration/self-reduction from 0,/N,O activation, Ikuno et al. signified the importance of
He activation temperature, with 500 °C being more efficient than 350 °C, prior to reoxidation
of Cu-MOR with respect to the CH3OH yield.[*3! Different reoxidation temperatures (50 - 200
°C) of a pre-reduced Cu-MOR at 500 °C, with either O, or N0, yielded comparable CH3OH

amounts. 31!
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It is evident that O, and air are the preferred oxidants, because they are more industrially
pertinent. Albeit, NO,[>%] N,0[%% 60611 3nd even H,0B% 3¢l have been demonstrated to
generate Cu-oxo species. N2O activation of Cu-MOR and Cu-ZSM-5 has been reported to be
effective only for low Cu-Cu (<4.2 A) distances allowing O bridging.s! Kim et al. compared N,O
and O3 activation of Cu-MOR showing that N,O is more efficient at low (300 — 350 °C) and high
(500 — 600 °C) temperatures .[®% Conversely, Ikuno et al. did not observe differences when
comparing the two oxidants for Cu-MOR zeolites in the 200 — 500 °C temperature range, even
when decoupling dehydration and reoxidation.!>3 However, in the case of Cu-SSZ-13, Ipek et

al. also suggested that N2O is a more efficient oxidant at low temperatures.>>?

Sushkevich et al. have investigated the anaerobic DMTM conversion over Cu-MOR; the
samples were initially activated in He at 400 °C, followed by 7 bar CH4 loading at 200 °C and
finally the products were extracted online with steam yielding 0.142 molCH3OH/molCu.B The
authors suggested that H,0, during extraction, assists product desorption, while at the same
time acting as a “soft” oxidant regenerating the active sites, and after the first cycle the sample
yields 0.202 molCH3OH/molCu with a selectivity of 97 %.13 However, for low Al-content (Si/Al
= 46), the CH3OH vyield was very low, and it was suggested that H;O is not able to activate
monomeric Cu-sites.!>3? In addition, it is important to take into consideration the results from
Brezicki et al. regarding the O, impurities in He feed reacting with a He-activated sample
forming active sites. This is especially important at CHs reaction temperatures, where

thermodynamics favor the adsorption of O, by Cu' sites.[2>]

1.3.2. CH4 Loading

Following activation, the temperature is lowered (100 — 300 °C) and CH4 loading takes place.
The cleavage of the C-H bond occurs over [CuxOy]?* species, most likely through a radical
rebound mechanism. Activation of CHs has been proposed, in early reports, as the rate limiting
step of the cyclic process.[3 3% 541 A hypothetical reaction mechanism would involve the
adsorption of CHs on the active site, followed by the homolytic bond cleavage via a radical-
like transition state to form a methyl that later recombines with the OH in order to form
CH3O0H bound on the site,[®? as presented in Scheme 1.2 together with other proposed radical

and non-radical reaction pathways. The presence of BAS is suggested to be beneficial for the

17



yield and selectivity, since they can stabilize the reaction intermediate and prevent
overoxidation.!®3d On the other hand, the presence of Na* or other alkali and alkaline earth
cations results in the decreased activity, because they compete for the exchange positions

preferred by Cu?*.38! As 3 result, H-form zeolites outperform their Na-form analogues.(38 53¢l

It is evident in the literature that prolonged contact time,'>3 as well as high CHs partial
pressure, 13 250631 555ist the CH3OH yield. In general, CH4 activation occurs around 200 °C. This
temperature has been reported to enhance the CHsOH yield for Cui-MOR®?! and Cu-FER[P?

compared to 150 °C, while in the case of Cu-ZSM-5 no effect was observed.[®4
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Scheme 1.2. Possible reaction pathways for CH, hydroxylation over [Cu(u-O)Cu]?* active site in zeolites, adapted from
Mahyuddin et al. [6°]

The zeolite framework has been theoretically suggested to assist the CHa dissociation through
confinement. This can be attributed to the confinement of free space for interaction, between
CH4 and Cu-oxo species or by just assisting the stability and reactivity of the active sites.[>* 66
As mentioned in Section 1.2 for Cu-MOR two locations for [Cu(p-O)Cu]?* have been proposed

with different reactivity due to confinement effect.[3>36)

CHg pressure is shown to affect the CH3OH yield.[3" 255,63, 671 Tomkins et al. studied the effect
of O and CH4 pressure on the isothermal DMTM conversion at 200 °C. High pressure of CHa
increases the CH3OH yield for Cu-MOR, reaching 56.2 umol/g at 37 bar, while increasing O;
pressure during the activation step has only a weak effect on performance, even leading to its
marginal decrease.B Similar results were also obtained for Cu-Y and Cu-ZSM-5.[67) Small

dehydrated Cu clusters, less reactive than the well-defined dicopper sites, are suggested to
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participate in the reaction at elevated CH4 pressures.31 Recently Brezicki et al. compared the
effect of CHa pressure after high temperature activation of Cu-MOR, showing ~30 % increase
in the C; yield when CHs is loaded at 35 bar for 20 h, compared to 1 bar for the same time.[2>b!
For Cu-FAU it was shown that in the isothermal DMTM conversion at 360 °C a pressure
increase from 1 to 15 bars results in a fourfold increment of the yield, leading to 360 umol/g,
the highest yield reported to date. [®8 From a yield perspective, with the exception of Cu-FAU,
the isothermal route at high CH4 pressures compared to the high temperature activation route
produces similar amounts of CH3OH.[®3] However, an isothermal operation would assist in
eliminating large temperature swings associated to high operation costs, making it more

attractive for industrialization.[6°!

1.3.3. CH3OH Extraction

After the stabilization of the intermediate, from the reaction between CH4 and Cu-oxo species,
the extraction of CH3OH follows. In the early reports, CHsOH was extracted by using solvents,
resulting in very dilute CH3OH solutions. Alayon et al. demonstrated that being introduced as
a form of steam online (Scheme 1.1), H,O is able to react with the adsorbed species and form
CH30H, possibly by displacement via competitive adsorption.d Different steam-assisted
CH3OH extraction temperatures can be observed in the literature. High temperature (around
200 °C) assists the yield3" 31 by reducing the CH3OH free energy desorption barrier(®? while
slightly sacrificing the CH3OH selectivity (%) due to overoxidation (COy). Lange et al. studied
the effect of H,0 content in steam; their results show that high H,O contents (18 %) facilitate
a faster desorption, reducing the desorption time by ~2 h, compared to 2.8 % H,0.[%°l. On the
other hand, excessive steam also leads to a very dilute CH3;OH stream, necessitating separation

as well as restoration of the hydrolyzed CuxOy.["?!

CH3OH desorption is challenging, since the intermediates are strongly bound to the active site.
Overoxidation products are easily formed and desorption leads to unstable bare Cu' species.
All of the above dictate the addition of H>0 for product desorption.[®? According to theoretical
calculations, the addition of one H,0 molecule to a hypothetical intermediate [Cuz(CH30H)]**
assists the product desorption by the coordination of H,0 on the Cu sites dislocating CH3OH,

reducing that way the desorption energy.[62 660.66cl |n the case of anaerobic DMTM conversion
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over Cu-MOR, the addition of H,O is suggested to relax the system leading to the release of
CH30OH leaving behind a [CuOH,Cul?** species which are restored to [Cu(u-O)Cu]?** by H>
release.l*d The presence of BAS has been reported to slow down the desorption, attributed to
the interaction of CH3OH with the BAS, suggesting that a high Al content inhibits fast

desorption.3d

Interestingly Cu-exchanged materials subjected to multiple reaction cycles have exhibited to
have a stable performancel3® 37 53 601 or even increasing their yield.[3 3 330 71 55 well as the
selectivity. These results suggest that thermal treatment of rehydrated samples favors the
formation of active sites capable for CHs activation and that hydration is expected to assist,
cycle after cycle, the dispersion of inert Cu ions in the framework leading them into active
configurations.l3" 331 71721 Bozbag et al. discussing the yield increment over multiple cycles
suggested that subsequent activation of a hydrated sample after a reaction cycle assists the
reorganization of Cu species and their electronic and geometrical environment.l’!l These
evidences corroborate the stability as well as reusability of Cu-exchanged zeolites for the

DMTM conversion.

1.3.4. Steady State DMTM Conversion

A step beyond the stepwise DMTM conversion over Cu-exchanged zeolites is the continuous
process where formation of active site, CH4 activation and CH3zOH desorption take place at the
same time.” Narsimhan et al. demonstrated the catalytic steady state operation of the
process over numerous structures (MFI, BEA, MOR, FER, FAU and CHA).>%l After the
completion of a DMTM cycle, the materials are subjected to a feed containing Pcra = 98.1 kPa,
Pu2o = 3.2 kPa, Po, = 0.0025 kPa exhibiting a catalytic reaction at WHSV of 2,400 mL/(h-gcat)
where CHjz is converted to CH3OH.P*! Therein, Cu-Na-SSZ-13 (Cu/Al = 0.50) exhibits the
highest specific activity of 3.12 pumolcuzon/(h-gcat) at 210 °C and a Eapp of 100 + 2.1 kJ/mol;
tuning the reaction temperature a STY of 31.6:10~3 molCH3OH/(molCu-h) at 260 °C was
achieved. Ipek et al. similarly demonstrated the catalytic low-temperature DMTM conversion
with N2O as the oxidant over Cu-SSZ-13, obtaining a CH3sOH production rate of 55 umol/(g-h)
at 300 °C for WHSV of 19,650 greed/(8cat-h) with 2.3 % CH3OH selectivity at 0.75 % CHa

conversion. 5% Among different frameworks, also their Cu-SSZ-13 showed the higher
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production rates.>%? Despite the fact that catalytic DMTM process is in principle more
appealing than the stepwise one because of the absence of temperature swings and constant

gas feed, the very low CHs conversion reached so far makes it hardly applicable for industrial

implementations.7% 731
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2.  Advanced X-ray absorption spectroscopy analysis to characterize

Cu-zeolites in the DMTM process

Due to specific fingerprints from Cu and functional groups, spectroscopic techniques such as
e.g. XAS, Raman, and Fourier-Transform Infrared (FTIR) spectroscopy [12 53¢ 741 have proven
to be extremely useful in investigating the active sites in Cu-zeolites. When these techniques
are used in situ and operando, they also provide information about spectroscopic changes
during the reaction, which can be crucial to understand the reaction mechanism. A peculiarity
of XAS is its element-selectivity, and for hard X-ray XAS, its ability to probe the bulk of the
material and not only the surface. Since XAS also can also be used under realistic pressure and
temperature conditions, it emerges as an incredibly versatile and informative technique. In
this section, we discuss different applications of XAS to illustrate how this technique can be
used to understand more about the nature of the Cu-sites in various zeolites for the direct

conversion of CHs to CH3OH.

2.1. Cu-speciation

As mentioned above, XAS is both an element specific and bulk probing technique, which
makes it a highly suitable to investigate Cu-zeolites. However, it also provide an average view
on all the absorber-containing species/sites in the sample portion illuminated by X-rays, thus
leading to complications with the analysis of the data. Especially in the extended X-ray
absorption fine structure (EXAFS), it can be difficult to separate between the contributions of
different species. Conversely, the higher effective signal and the presence of well-defined
fingerprint peaks in the Cu K-edge X-ray absorption near edge structure (XANES) region, can
be advantageous to tackle this inherent limitation of the technique. This section will highlight
some recent examples that combine XANES measurements with analysis techniques such as
linear combination fitting, principal component analysis and multivariate curve resolution
coupled with alternating least squares algorithm, with the aim to determine the structure of

the Cu-sites within the zeolite framework.

Itis important to stress that XAS is an element selective but average technique. It implies that,

in the case of Cu K-edge XAS experiments relevant in this work, the signal exclusively derives
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from the Cu-species in the system, but it is averaged over all the Cu-species present, weighted
for their relative abundance. The XAS spectrum u(E) in a system containing i different Cu-
species can be thus expressed as the linear combination of the individual spectra ui(E) for each
pure species, weighted for their respective fractions wi: u(E) = Z wi ui(E). Once a series of
appropriate reference XANES spectra ui(E) is obtained, it is possible to isolate the different
contributions by the so-called XANES linear combination fit (LCF) analysis, by evaluating the

wi values providing the best-fit to the experimental spectrum p(E).[230: 530 75]

When considering Cu-speciation in dehydrated Cu-zeolites, different Cu' and/or Cu" species
coordinated to zeolite lattice oxygens are expected to simultaneously occur, depending on the
specific compositional parameters and pre-treatment conditions. Coordination geometry and
local environment for such framework-coordinated Cu moieties are quite peculiar and often

difficult to reproduce in synthetic model compounds, hence complicating LCF analysis.

If a large enough dataset is available (e.g. from in situ/operando experiments, where the XAS
signal is monitored as a function of temperature/time) these difficulties can be overcome by
applying a factorial procedure referred to as Multivariate Curve Resolution (MCR), in
combination with Principal Component Analysis (PCA). Once the number of Principal
Components (PCs) required to explain the variance of the dataset is determined by PCA by
means of various statistical indicators, the MCR method enables the decomposition of the
original spectral dataset into chemically/physically meaning ‘pure’ spectra and their
concentration profiles along the experiment.l’®! To this purpose, the MCR-Alternating Least
Squares (MCR-ALS) algorithm is commonly used, where concentration profiles and pure

spectra are iteratively optimized in an alternating least squares routine under constraints.[’”]

In synergy with the continuous instrumental progresses at synchrotron sources, these
statistical/chemometric methods are imposing as essential tools in the interpretation of large
XAS datasets.l”®! However, an important point to be taken into account during spectroscopic
experiments with X-rays is the possibility of radiation-induced alteration of the sample and
therefore of the pathways of chemical reactions studied in situ. This problem is particularly
relevant for modern beamlines based on insertion devices (wigglers and undulators).
Therefore, for each particular sample it is advisable to determine the maximum exposure time

that does not lead to significant beam damage. It can be done, for example, by monitoring the
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evolution of the spectra collected sequentially under static conditions, or comparing the data
collected with and without beam attenuators. If the maximum exposure time it is too low to
obtain data of acceptable quality, measures aimed to minimize the radiation-induced effects
must be taken, such as increasing the spot size on the sample defocusing the beam or
combining measurements in different regions of the sample. Another commonly adopted
strategy is cooling down the sample to cryogenic temperatures, but this approach is hardly

applicable to in situ catalytic studies.

In the following, we will discuss recent studies highlighting the potential of the advanced data
analysis approaches presented above to access a quantitative understanding of Cu-speciation

in zeolites, as well as correlation between speciation and DMTM activity.

The Cu-speciation in the DMTM process has been investigated for several years, and already
in 2015, Alayon et al. studied Cu-MOR (Si/Al = 11 and Cu/Al = 0.38) using XAS during high
temperature activation in He and O,. It was shown that in the case of O; activation, two Cu
neighbors with 2.29 A distance are bridged by one oxygen, which is not the case for He
activation.® To complement the EXAFS results, the authors employed DFT calculations
showing that for MOR, the mono(u-oxo)dicopper is the more energetically favored compared
to bis(p-oxo)dicopper.32 This is in line with evidences from Raman.B 7% Their results were
confirmed by Brezicki et al., reporting a first shell coordination number of 2.9 + 0.2 consistent

with [Cu(p-0)Cu]?* or [Cu(trans-u-1,2-0,)Cu]?*.125b]

Grundner et al. suggested trinuclear Cu-oxo clusters [Cus(u-0)3]?* in the side pocket of MOR,
as the active site for DMTM conversion. The normalized product yield for the samples in that
study (accounting for CO, CH3OH, CO; and (CH3)20) was 0.33 mol(C1)/mol(Cu), suggesting a
uniform dominant active site configuration involving three Cu atoms.[2¢! EXAFS fitting based
on a DFT derived model indicated that such structure would be compatible with experimental

data.e The same structure was also suggested to possibly exist in Cu-ZSM-5.[>4d]

Both for Cu-S5Z-13 and MOR, the composition (Si/Al and Cu/Al ratios) has been reported to
affect the speciation, since Al distribution can alter the concentration and nature of the
different Cu docking sites. Sushkevich et al. studied MOR samples by varying the Si/Al ratio
from 6.5 to 46, suggesting that it controls the speciation of Cu.>3¢! |t was demonstrated, that

monomeric Cu species are favored at low Al contents, while upon increasing the Al amount
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oligomeric species become more abundant. In addition, monomeric Cu species and Cu species
with higher nuclearity (binuclear and trinuclear) have been reported to possess different
redox activity, as observed from CHs-TPR coupled with XAS studies, which correlates with their
activity towards the DMTM conversion.[2°® 33¢ 801 The speciation in MOR-zeolites will be

discussed in more detail below.

The complex speciation in Cu-SSZ-13, deviating from the single-site model, was initially
challenged with H,-TPR experiments by Kwak et al.,[?3 where depending on Cu loading the
authors identified two different reduction peaks attributed to redox active and redox resistant
Cu" species.!?f In 2016 Paolucci et al. combining DFT calculations with experimental work
rationalized the composition derived speciation; reporting a compositional phase diagram
(Figure 2.1) where Cu speciation is illustrated as a function of Cu/Al and Si/Al ratios for O»-
activated Cu-S5Z-13.1233 The identification of 1Al 8MR [CuOH]* and 2Al 6MR Cu" species in Cu-
SSZ-13 as the redox-active and redox-resistant species respectively, is a major contribution to
the overall understanding of the Cu-SSZ-13 speciation.[?32 23f 230, 2701 |0 detail, Figure 2.1
illustrates how the Cu and Al content dictates the speciation. Low Si/Al and Cu/Al ratios lead
to solely redox inert 2Al Z,Cu'" in the 6MR species. Increasing both ratios, redox active species
(i.e. 1Al 8MR [CuOH]*) form progressively, and at high Si/Al (45) and Cu/Al (0.5) these species

are proposed to account for 100 % of Cu.[?32]

Martini et al. took a step forward into understanding this complex issue by employing in situ
XAS coupled MCR-ALS method, providing insights into the effect of composition, temperature
and gas atmosphere (02 and He flow) on the dynamic nature of Cu ions in the framework.?7
811 The work was focused on a large compositional series of Cu-CHA zeolites followed by
conventional Cu K-edge XAS during He-activation.?’2 From PCA and MCR-ALS analysis of the
global composition- and temperature-dependent dataset, five principal Cu-species were
highlighted to form along the process. These species were mobile, fully-hydrated Cu'" ions that
form four-coordinated Cu'" intermediates upon heating, before converting into framework-
coordinated [CuOH]* and bare Cu' species, at 1Al and 2Al sites, respectively. It was proposed
that the [CuOH]* species self-reduce after 200 °C while at 400 °C Cu exists as species in 1Al
sites in their oxidized [CuOH]* or reduced ZCu' forms as well as reduction resistant Cu" species

in 2Al 6MR.[273] |n addition, intermediate Si/Al ratios were discovered to contribute to the
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reducibility of Cu-CHA, whereas at higher Si/Al ratios the 8MR [Cu?*OH]* species were much
more resistant to reduction.
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Figure 2.1. Predicted Cu site compositional phase diagram versus Si/Al and Cu/Al ratios. The color scale indicates the

predicted fraction of CuOH. The line on the plot demarcates the transition from [Z,Cu?*]-only region to mixed
[Z,Cu?*]/[ZCuOH] region. Figure adapted from Paolucci et al.[232]

Later, Martini et al. continued their work of coupling MCR-ALS analysis with in situ XAS for the
DMTM conversion over Cu-CHA.!8 They elaborate on how the use of MCR-ALS analysis helps
getting one step closer to unravel the Cu-speciation in Cu-zeolites. The authors collected high
energy resolution fluorescence-detected (HERFD) XANES on a Cu-CHA with Cu/Al = 0.5 and
Si/Al =15 during activation in both O, and He, to obtain better energy resolution of the spectra
and therefore higher precision in determining the independent components. For a satisfactory
reconstruction of the dataset, six components were necessary, in contrast to five described in
the previous study of He activation. The successful identification of an additional component
shows the importance of taking all possible measures to obtain the best signal to noise ratio
and energy resolution when collecting XAS spectra, as well as to obtain large enough datasets
suitable for statistical analysis. In this respect, the use of HERFD XANES at an undulator
beamline could represent an important advantage. The principal components were linked in
this case to hydrated Cu' (PC1), ZCu' (PC2), ZoCu" (PC3), ZCu"OH (PC5) and under-coordinated
Cu" dehydration intermediate (PC6). The extra component not found previously is an O»-
derived Cu'" species (PC4). The authors suggest that the extra component observed is crucial
for the activation of CHa. This is based on this component being the dominant Cu-species after
O-activation (70 % of the Cu at the end of the protocol) and almost undetectable after He-

activation. The component PC5 (ZCu'(OH)) is present in a large abundance before it undergoes
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self-reduction to ZCu'. The XANES spectra and the fraction of the different components are

presented in Figure 2.2.
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Figure 2.2. (a) Pure XANES spectra obtained from combining MCR-ALS analysis of in situ HERFD XANES data collected during
0>- and He-activation of Cu-CHA (Cu/Al = 0.5, Si/Al = 15). The concentration profiles during (b) O,-activation and (c) He-
activation obtained from the pure spectra reported in (a) are given as a function of the correspondent data collection
temperature. The color code given for the principal components (PC1-PC6) is the same throughout the figures. Adapted
from Martini et al. 81

PC5 is the same species that is suggested as a precursor for the active sites in Cu-CHA.3! This
will be discussed further in section 2.2. PC4 and PC5 have very similar spectral features, and it
was hardly possible to separate these two components with MCR analysis of the conventional
transmission-mode XANES spectra as reported previously by Martini et al.[272] Collecting the
XANES data in HERFD mode proved therefore to be crucial in order to disentangle these two
structural components. The difference was observed by a slightly sharper and more intense
main maximum (so-called white line) as well as a 1 eV red-shift of the energy position of the
rising edge peak compared to PC5. The authors do assign the PC4 component to a three-fold
coordinated species due to the similarities of the XANES spectra compared to ZCu'"(OH),
however, they have only suggestions as to what species the PC4 component is. Several
candidates fit the criteria, and among them: monomeric end-on Z[Cu'(0,)] superoxo species
or dimeric trans-(p-1,2-peroxo) and mono(p-oxo) Cu' moieties. This is in good agreement with

results obtained by Pappas et al.,1 which will be discussed in more detail in section 2.2.

MCR-ALS analysis coupled with XANES was also used by Pappas et al.,[>*8 who did a thorough
study on the speciation in MOR zeolites. With the use of two H-MOR materials (Si/Al = 7 and
Si/Al = 11), they prepared six samples containing a low, medium and a high loading of Cu from

each parent. One material (Cu-MOR with Cu/Al = 0.18 and Si/Al = 7) was outperforming the
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others, with a productivity of 0.47 molCH30OH/molCu, giving a yield as high as 170 umol/g at 1
bar methane loading. The high productivity of this material indicates an almost perfect two-
to-one ratio of Cu atoms per CH3OH, indicating that this material has a performance close to
maximum, assuming that the active sites consists of dicopper species. To understand more
about the outlying high performance of the medium-loaded material (Cu/Al = 0.18, Si/Al = 7),
the authors attempted to rationalize the trends observed by operando XAS at the Cu K-edge
on four of the samples. XANES and EXAFS spectra collected for the four samples during
different treatments (Oz-activation, He-flushing and reaction with CH4 and steam) exhibited
similar features, suggesting similar geometry and coordination environment for the Cu ions.
Nonetheless, differences were observed in the intensities of the features. During Oz-activation
at 500 °C a higher white line intensity is observed for materials with lower Cu/Al and Si/Al
ratio, leading to the trend: Cu-MOR (Cu/Al = 0.18, Si/Al = 7) > Cu-MOR (Cu/Al = 0.24, Si/Al = 7)
> Cu-MOR (Cu/Al = 0.28, Si/Al = 11) > Cu-MOR (Cu/Al = 0.36, Si/Al = 11). The same trend is
observed in the first and second shell peak of the FT-EXAFS spectra. The first shell was
previously assigned to the scattering coming from framework (Osw) and extra-framework (Oef)
oxygen atoms.[239) 3¢ 533l The higher intensity of the first shell and the white line is usually
identified with the Cu ion having a higher coordination number (CN), in addition to a more

uniform distribution of the interatomic distances.

The second shell intensity, on the other hand, was found to directly correlate with the
normalized productivity of the materials. The reason for this is that the second shell peak is
associated with Cu-Try and Cu-Cu scattering (Trw being Si or Al atom of the zeolitic framework).
Cu-Tsw scattering should be equally present in monomeric and multimeric Cu" moieities since
each Cu atom attached to the framework in any case sees only one Trw atom in its nearest
vicinity, regardless of the nuclearity of Cu site. The Cu-Ts contribution should therefore be
the same for all MOR materials. So, if a higher intensity is observed for the second shell peak,
it is due to Cu — Cu scattering, which is a direct indication of multimeric CuxOy species in the
materials. Due to this, authors suggest that a higher intensity of the second shell peak can be

directly correlated with a higher fraction of active Cu.

As also mentioned previously, since XANES is an averaging technique, and some of the

different framework-coordinated Cu species exhibit similar spectral features, collection of
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XANES spectra with high energy resolution is beneficial for successful discrimination between
such Cu-species. Therefore Pappas et al.>38] collected HERFD XANES spectra of the two most
outlying Cu-MOR materials (with Cu/Al = 0.18 and Si/Al = 7 and Cu/Al = 0.36 and Si/Al = 11) in
order to increase the contrasts between the different contributions from active and inactive
species in the XANES region. With MCR-ALS analysis, they separated the different
contributions, quantifying the speciation after activation in both O, and He flow (500 °C). It
was found that the Cu speciation during He- and O»-activation can be described by linear
combination of five Cu-species. Among these species, two were found to be framework-
coordinated Cu' species (fw-Cu' species), where one was prone to self-reduce in He to Cu'
already at 250 °C (PC3), while the other component is stable all the way to 400 °C (PC5). Using
the obtained components, the spectra of all samples collected after O, activation were
analysed to determine and correlate the fraction of active Cu species formed to the
productivity per Cu. The authors linked PC5 to multimeric Cu-oxo cores, due to the enhanced
stability predicted for these species compared to monomeric Cu' species such as [Z-Cu"OH].[82
Further, they observed that the PC5 component was much more abundant in the highly
performing Cu-MOR (Cu/Al = 0.18, Si/Al = 7) after O-activation, as can be seen Figure 2.3 (b).
In the HERFD XANES spectra, the PC5 component gives rise to more intense and narrow rising-
edge and white-line peaks. Since the PC5 component is present in some of the studied
materials also in inert environment it does not exclude the alternative of having an anaerobic
reaction process as suggested previously by Sushkevich, van Bokhoven and coworkers.[3
However, under the standard conditions, replacing the oxidizing atmosphere with inert gas
does lead to a huge reduction in productivity, suggesting that a prolonged exposure to O3 is
necessary for transforming inactive Cu (or precursors) into active species. The geometric
insights obtained from operando EXAFS as well as the pure HERFD XANES signature of PC5
both indicate that the active sites are dimeric Cu-species, such as a mono-(p-oxo) dicopper(ll)
core or a trans-(u-1,2-peroxo) dicopper(ll) core. These findings corroborate the results
obtained previously by Alayon et al., who utilized DFT and proposed [Cu'O-CH3Cu'] and
[Cu'OHCU"] as possible intermediates for the CH4 activation over Cu-MOR. This pathway
requires two active sites per CHsOH atom produced.®®! The interaction of Oef (extra-

framework oxygen atoms), bound on Cu with CHs was also shown using in situ ambient-
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pressure X-ray photoelectron spectroscopy, suggesting the CHa activation occurs on the

activated Oef rather than the Osy (framework oxygen atoms).183!
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Figure 2.3. (a) Pure HERFD XANES components obtained from MCR-ALS analysis of data collected from O,- and He-
activation of Cu-MOR (Cu/Al = 0.18, Si/Al = 7) and Cu-MOR (Cu/Al = 0.36, Si/Al = 11). (b) Temperature-dependent
concentration profiles of species PC1-PC5 during He-activation and O,-activation obtained from the pure spectra reported
in (a). The color code for the principal components (PC1-PC5) is the same throughout the figure. Adapted from Pappas et
al. [538]

In a later publication, Borfecchia et al.[>3 reported a detailed comparison of two different Cu-
zeolite materials namely CHA and MOR, monitored at consistent conditions throughout all the
steps of the DMTM conversion. A low (LL) and a high (HL) Cu-loaded CHA and MOR (Si/Al =12
and 11, respectively), denominated LL Cu-CHA, HL Cu-CHA, LL Cu-MOR and HL Cu-MOR, were
investigated. The Cu-MOR materials outperformed the Cu-CHA. This is linked with the
possibility that a significant fraction of the Cu-species in Cu-CHA are present as inactive 2Al
Z,Cu'" sites hosted in the 6MR of the CHA framework as discussed above and illustrated in
Figure 2.2. XANES and EXAFS spectra of Cu-zeolites after O-activation, He-flushing, CHa-
loading and CH3OH-extraction were collected and compared meticulously with an attempt to
find changes that could be assigned to specific structural changes in the active sites. In general,
Borfecchia et al. observed a similar shape and behavior of all the collected spectra, indicating
that the Cu-sites are likely to have similar structural environment. During O;-activation,
however, differences in the shape and intensity of the white line were observed, with the LL
Cu-CHA having the highest intensity, in agreement with this material having a higher fraction
of Z2Cu" species in the 6r 2Al sites. This is further supported by a higher coordination number
in both the first and second shell of the FT-EXAFS as well as a longer Cu-Tsy distance of the LL
Cu-CHA compared to the HL Cu-CHA. Cooling to 200 °C with subsequent flushing with He leads

to anincrease in white line intensity as well as the first shell peak of all materials. This feature
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is correlated to thermally induced modifications to the Cu-coordination, which the authors
suggest to stem from the Cu-coordination changing from Cu-superoxo end-on to a side-on
configuration.®31  This corroborates evidence previously obtained from Raman
spectroscopy.! Based on spectroscopic development observed during the CH4 loading, the
authors conclude that the active Cu-sites have to be part of the Cu' component that is formed
during CHs-loading. When investigating the CH30H extraction step, they observe an intense
white line and a flat rising-edge region in the XANES spectra, which they attribute to the
formation of hydrated Cu'" species. These XANES results suggests that a redox reaction occurs
at the metal centers when steam is passed through the reactor, which also indicates that it is
possible to make an anaerobic process as already discussed above.[>3¢ A summary of proposed

Cu-species at each step of the conversion is thus illustrated in Scheme 2.1.
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Scheme 2.1. Representation of proposed Cu-speciation for the different stages of the DMTM process. The structures are
based on literature and the XAS data presented by Borfecchia et al.[53f]
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2.2. Reducibility — activity relationships

It is clear from the literature examined so far that the redox properties of the material are
important when comparing Cu-zeolites for the direct conversion of CHs to CH30H. As we will
exemplify in more detail below, XAS is a highly sensitive technique to obtain information about

the reducibility of the material and to correlate it to the productivity.

In 2017, Pappas et al.,[31 based on an investigation of Cu-CHA materials, optimized the process
conditions and material composition that provided the highest yields reported to date for Cu-
CHA. After observing that the change of process parameters had a huge impact on the CHsOH
yield, they followed up with an investigation of the activation conditions with XAS. In situ and
operando XAS was employed to investigate the changes after each step of the reaction.
Pappas et al. analyzed the XANES features observed by comparing with previous Cu K-edge
studies on Cu-zeolites, also aided by the vast literature available for Cu-containing metallo-
enzymes.[123 The O-activated material appeared to be in a pure Cu'" state, as determined also
by several other groups.[23 231 2301 Dyring CH4 loading, the characteristic Cu' peak at ~8983 eV
starts appearing, together with a small intensity decrease of the dipole-forbidden 1s — 3d
transition in Cu" ions. This indicates the partial reduction of Cu" to Cu' (~27 %). The authors
find that 13 % of the Cu' species are reoxidized to Cu' during the CH3OH-extraction on accord
with the productivity per Cu of 0.1 molCH30H/molCu. The operando XANES and EXAFS spectra
as well as the fractions of different types of Cu-species, estimated by XANES LCA analysis, are

presented in Figure 2.4.
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Figure 2.4. Operando XANES and EXAFS collected after each step of the DMTM conversion on Cu-CHA (Cu/Al = 0.5, Si/Al =
12). Cu K-edge XANES spectra are shown in (a), and the corresponding FT-EXAFS spectra are shown in (b). Panel (c) shows
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After performing LCF analysis on the in situ XANES data of different activation conditions (02
and He), the authors find a linear correlation between three samples with different Si/Al ratio
(Cu/Al =0.5, Si/Al =5, 15 and 29), when they compare the productivity (molCH3sOH/molCu) to
the relative fraction of Cu' at 500 °C in He (Figure 2.5).

0.20
0.18-
0.16-
0.141
0.12-
0.10-
' 0.08-
0.06-
0.04-
0.02-
0.00 e
0.0 01 02 03 04 05 06 07 0.8 09 1.0
Rel. frac. ZCu' in He Act. 500°C

OH/molCu
29
=15

5
Si:Al

molCH
Si:Al =
Si:Al

Figure 2.5. Correlation of the normalized productivity of three different CHA materials to the relative fraction of Cu'
obtained from LCF of XANES collected during He activation at 500 °C. Adapted from Pappas et al.[3l

With the use of previously reported MCR-ALS data (the same principal components as
reported by Martini et al. in the work discussed abovel?73), the authors suggest the presence
of 2Al ZCu" species and 1AI[ZCu""OH] after activation. The material with the lowest Si/Al ratio
has the highest fraction of the inactive 2Al ZCu" species, rationalizing the lower DMTM
reactivity, and falling perfectly in line with the diagram from Paolucci et al.?%! (Figure 2.1).
1AI[ZCu"OH] species are suggested to be precursors for the active sites because of their ability
to self-reduce. The self-reduction reaches an optimum at intermediate Si/Al ratios. The
1AI[ZCu"OH] species thus evolve into mono- and multimeric CuxOy-species during the O»-
activation, among which the active species for CHas activation are present. The latter are

expected to be similar to those reported for Cu-MOR and discussed in the section 2.1.

Later, the reducibility in various Cu-zeolites (MOR, MFI, BEA and FAU) was also investigated in
the context of the DMTM reaction. Sushkevich et al.l8 report that the transition from Cu' to
Cu', when heating in He, occurs gradually over the materials. All the materials showed similar
behavior, with the exception of one extra peak appearing at elevated temperatures for Cu-

FAU. At T= 577 °C, a peak appeared at 8989 eV, indicating that Cu-FAU has another Cu'species

33



with different electronic and local properties. This indication is later corroborated with the
use of IR-spectroscopy of adsorbed NO.[®8! With the use of linear combination fitting of the Cu
K-edge XANES spectra (LCF-XANES), Sushkevich et al. took it a step further, and were able to
access the fraction of Cu' species obtained when heating the O-activated spectra in He.&%
Interestingly, after heating to 677 °C, there were still a fraction of Cu" left in the materials.
Depending on the zeolite material, the self-reduction of Cu in the materials reached around
60 — 80 % of Cu', when heated in He. Another interesting finding by Sushkevich et al. was the
modification of the redox properties of Cu-MOR zeolites as a function of Si/Al ratios. A higher
Si/Al ratio leads to an increase in the temperature required for Cu reduction. The temperature
varies from 333 °C for the material with Si/Al ratio of 6, and up to 433 °C when the Si/Al ratio
is 46. Conversely, no differences were observed when the Cu loading was varied for one of the
MOR at fixed Si/Al = 6. The LCF analysis of the three cases is presented in Figure 2.6. A higher
Cu reduction temperature is likely related with a longer distance between the Cu ions and
second-nearest Al center, which might be required for efficient self-reduction.?’?! That would
explain the low reduction temperature for MOR (Si/Al = 6), where the Al centers are always in
a close proximity, likely leading to more dicopper species. Based on the results, combined also
with FTIR spectroscopy, the authors suggest that self-reduction is favored in materials that

form Cu-oxo oligomers, such as MOR and MFI zeolites.
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Sushkevich et al. continued to analyze these materials (MOR, MFI, BEA and FAU) by combining
XANES with CHs-TPR to obtain a deeper understanding about the redox properties of the Cu-
sites in the materials.l% They acquired XANES spectra during heating from 100 to 473 °C of
the four materials. LCF analysis of the XANES data shows that Cu-MFI and Cu-MOR have a
faster reduction time, while the reduction of FAU and BEA occurs more gradually from 177 to
477 °C. From comparing the LCF-XANES data to CHs-TPR, they observe that the temperature
corresponding to 50 % conversion of Cu ions in the probed sample to Cu' increases as follows
for both characterization methods: Cu-MFI (Si/Al = 12) < Cu-MOR (Si/Al = 10) < Cu-BEA (Si/Al
= 12) < Cu-FAU ( Si/Al = 15). Based on the results above, and previous findings, it evidences
that the Cu-oxo oligomers found to be present in Cu-MOR(Si/Al = 10) and Cu-MFI (Si/Al = 12)
undergo reduction with CHs at low temperatures. The Cu sites in Cu-BEA (Si/Al = 12) and Cu-
FAU (Si/Al = 15), however, appear to require much higher temperatures for complete
reduction. Since the reduction also occurs over a wider temperature range, these materials
are likely to have more than one Cu-site. It is in line with the change in temperature that was
observed for the series of Cu-MOR with different Si/Al ratios, where higher Si/Al ratio leads to

more isolated Cu-species.

The results presented by Sushkevich et al.[®® 89 show that the activity and selectivity of Cu-
exchanged zeolites are governed by their redox properties. Under the process conditions for
the stepwise conversion of CHs to CH3OH, where CHs is loaded at 473 K at 8 bar for 30 min, it
becomes apparent that materials with a higher reduction temperature has lower CHa
conversion. Concomitantly, high productivity has been obtained for Cu-MOR materials
working at a temperature at ~200 °C for CHs4 activation, whereas Cu-FAU has been almost
inactive at the same conditions.[®8 By increasing the CHs4 activation temperature to 360 °C to
maximize the reduction of Cu-FAU, Sushkevich et al. observed a five times increase in the
productivity of this material compared to 200 °C (25 umol/g). Moreover, after tuning Cu-
loading and CH4 activation pressure, they obtained for Cu-FAU a very high CH3OH yield of 360
umol/g.®8 This is an important advance in the context of process optimization, since the
methane loading temperature of 360 °C is close to the temperature at which the material is

activated in Oz (500 °C), which allows to decrease the associated temperature swing.
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An important technical point of the linear combination XANES analysis is the choice of the
reference compounds. The general rule of thumb would be that the structures of the
references for Cu' and Cu" has to be as close as possible to those of the actual samples. Thus,
in the studies of Sushkevich et al. (68 8% spectra collected after treatment of the samples in
oxygen at 673 K and in methane at 800 K were used as the standards for Cu'" and Cu',
respectively. Conversely, the use of, for example, Cu' and Cu" oxides as references would be
inappropriate for the zeolite samples where Cu sites remain isolated throughout the studied

process.

Reducibility of Cu species probed through self-reduction in inert atmosphere, or via
interaction with CHa4, appears to be influenced by the proximity of Cu species and adjacent
BAS, both depending on the Cu/Al, Si/Al ratio and Al distribution. Based on the above
considerations, it appears that for DMTM conversion an optimum Si/Al ratio is required in
order to form redox active sites existing in close proximity, while avoiding bare Cu" in small
rings, such as 6MR in CHA.[3" 28 72 |nterestingly, the recent reports from Dyballa et al.[8¥ and
Sushkevich et al., 8% present a combination of FTIR and NMR spectroscopy as a tool to
investigate the stabilized CH4 after activation. Intriguingly, the authors suggest that the
reaction generates stable methoxy groups attached to BAS, indicating the need for BAS in

combination with Cu-sites in the zeolite for a high DMTM performance.

2.3. Towards the understanding of the reaction mechanism for DMTM over Cu-

species

Here we will discuss how XAS, alone or combined with other techniques, can be used to
determine the nature of the redox mechanism taking place during the DMTM conversion over
Cu-zeolites, and thereafter correlating the Cu concentration in the materials to the yield of
CH3OH. Some possibilities are that the mechanism is based upon a Cu'/Cu" couple, 32 3\ 28, 53b,
66c, 861 Cy!l/Cu" couplel3® 38 33 66cl or yjg Cu"-Oe radicals.’”! However, from the XAS data
presented thus far, a mechanism based on Cu'/Cu" finds most support due to the clear
evidence of Cu' from the spectra of the samples after the interaction with methane. In

in the reaction conditions have

addition, no spectral features indicating the presence of Cu
been unambiguously identified so far.
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Van Bokhoven and coworkers have provided a great deal of insight into this topic over the last
years. Newton et al.,[®8 investigated four different Cu-exchanged zeolites (MOR, MAZ, CHA
and MFI) with in situ Cu K-edge XANES during activation in O, at 450 °C and isothermally by
activation in Oz at 200 °C, followed by high pressure CH4 loading (from 6 to 15 bar). As was
discussed previously, the O,-activated state at high temperature appear to be pure Cu'. After
exposure to CHg, a transition from Cu' to Cu' is observed. In Figure 2.7a, a calculated ratio of
Cu' per CH3OH is presented, produced by comparing the fraction of Cu' calculated from LCF
analysis of the collected XANES spectra of different sets of zeolites to their yield of CHsOH
(umol/g). Interestingly, the Cu'/CH3OH ratio seems to lie mostly in the range of 2-3, which
suggests a two-electron Cu'/Cu" redox couple that has a high selectivity towards CH3OH,

therefore excluding a mechanism based on a Cu'/Cu"' couple.
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correlation between productivity and the fraction of the presumed active site, PC5, is plotted for the data presented by
Pappas et al.[38] The experimentally determined values correlate with a trend line for a dicopper active site. Panel (a) is
adapted from Newton et al.l88Panel (b) is adapted from Pappas et al. [538]

This result fits well with evidence from the MCR-ALS analysis by Pappas et al., discussed
above.538 All the evidence collected from PCA and MCR-ALS of the HERFD XANES correlated
with the operando XAS data, lead the authors to identify the active species (designated PC5)
for the DMTM conversion over Cu-MOR. By comparing the productivity per Cu obtained from

activity tests, performed at the same reaction conditions as used under the HERFD XANES
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collection, to the fraction of PC5, which they obtained by XANES LCF, an interesting trend was
observed. The data points fell into a linear trend matching a dicopper(ll) active site,
compatible with a redox mechanism corresponding to a Cu'/Cu" couple (Figure 2.7b), in line

with the proposal by Newton et al.[28!

Another insightful study was recently reported by Knorpp et al.,[®3 who investigated the
reaction mechanism over Cu with XAS coupled with TGA. A comparison of a high temperature
activation and an isothermal (high CHa pressure) route at 200 °C was performed, in order to
observe possible variations in the structure and activity of the investigated Cu-MOR zeolite.
XANES-LCF analysis of hydrated materials shows that the Cu ions are not fully dehydrated until
they are heated at ~350 °C, as also previously observed with FTIR by Pappas et al.B1 Although
a large fraction of Cu centers is already dehydrated at 200 °C, the authors determine that at
that temperature there are still 1.6 water molecules per Cu left in the pores, and therefore
water-stable active sites that have previously been suggested!>3® 54 89 gre more likely to form
than conventional high temperature dimeric or trimeric structures. It appears that the yield
from these site increases with increasing CHa-pressure, along with the increase in reduction
of Cu" to Cu' as observed with XANES. Focusing on the isothermal procedure, the authors
investigate pressure-dependent changes in the XANES data and correlate them with the
CH3OH yield. This leads to a quantification of the number of electrons used per CH30H formed.
The authors observe a ratio of Cu'/CH3OH close to 2, in agreement with the abovementioned

two-electron redox mechanism involving a Cu'/Cu" redox couple.

The reaction mechanism was investigated also for Omega (MAZ) zeolites.[’®! MAZ has been
shown to have comparable CH30H yields to MOR, although the literature on this material for
the DMTM conversion is scarce.l3¢ |n situ XANES spectra on MAZ zeolites with varying Cu-
concentration (1.5 — 4.7 %) were collected during both activation in O, (450 °C) and
subsequent reaction with CHa (200 °C). The authors show with FTIR that MAZ has very distinct
Cu-sites, which are good for stabilizing methoxy species. This behavior leads to MAZ having a
very high selectivity towards CH3OH. In Figure 2.8, two methods for correlating the amount of
participating Cu and the amount of electrons involved to the CH3OH yield over Cu-MAZ are
shown. Both methods show a ratio that is close to 2 for the whole set of samples. The

Cu'/CHsOH ratio indicates that the DMTM reaction over the investigated Cu-MAZ zeolites is
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based on a two-electron mechanism for a Cu'/Cu' redox couple. The ratio of active Cu indicates

that around Cu-atoms are participating in the reaction on average.
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Figure 2.8. Comparison of the Cu'/CHs;OH ratio to the CH3OH yield (right axis) vs the ratio of active Cu/CH3OH to the CH;0H
yield (left axis) for a set of Cu-MAZ zeolites collected under both 1 and 30 bar of CH, loading. Adapted from Knorpp et al.[5¢]

In an attempt to shed light on the DMTM mechanism based on Cu-MOR materials,
Lomachenko et al.®9 recently followed the entire reaction process with operando XAS,
comprising 8-hour O3 activation. The authors performed a short (SP) and a long protocol (LP)
on two different Cu-MOR zeolites: the high-performance Cu-MOR (Cu/Al = 0.18 and Si/Al = 7)
and its much less performing Cu-MOR counterpart (Cu/Al =0.36 and Si/Al = 11). The difference
between LP and SP was in the duration of the activation in pure O; at 500 °C (8h for LP, 1.5h
for SP) and in the duration of the reaction with pure methane at 200 °C (6h for LP, 2h for SP).
During O3 activation, the materials behave as previously described, with the XAS features
pointing to a pure Cu'" state. When ramping down to 200 °C and subsequently flushing in He,
an intensity increase occurs in the XANES white line as well as the EXAFS first-shell peak. These
features have been linked to thermal-induced rearrangement of the structural components,
e.g. the change from a Cu'"-oxo end-on to a side-on configuration, as also discussed by Pappas
et al.B! During CH4 loading and CH3OH extraction, the authors observe more pronounced
changes in the features, such as reduction of Cu'" to Cu' and hydration phenomena, which
create a path for unraveling the behavior of the Cu-sites during the DMTM conversion. The
highly-performing Cu-MOR, with a productivity of 0.47 molCH3OH/molCu, is likely to possess

a very uniform distribution of active sites, where all the Cu ions contribute to the reactivity.
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This sample is therefore an optimal material to obtain information on the Cu' species formed
during CHa activation. With the use of LCF on the sequences of XANES spectra, presented in
Figure 2.9, the authors monitored the evolution of abundance of different Cu species with
time for the two different materials in the two different protocols. By plotting the CH3OH
productivity per Cu vs the fraction of Cu' detected during the CH4 loading step, the authors
observe a linear trend, with a slope close to unity (bottom panel of Figure 2.9). This trend
indicates that the production of one CH30OH molecule succeeds the reduction of one Cu(ll) ion
to Cu(l) upon exposure to CHs. It is proposed that the Cu' stems from a mono(u-oxo)

dicopper(ll) site, suggesting a mixed-valence configuration of Cu'//Cu' after exposure to CHa.
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Figure 2.9. The top panel (a-d) shows time-resolved operando XANES spectra collected for (a,c) Cu-MOR (Cu/Al = 0.36 and
Si/Al =11) and (b,d) Cu-MOR (Cu/Al = 0.18 and Si/Al = 7) during CH; loading and subsequent CHsOH extraction of the short
(a,b) and long protocol (c,d). The plot (e) at the bottom shows a correlation of the normalized productivity to the total
fraction of Cu' per Cu after methane loading for the four experiments presented in the top panel. Adapted from
Lomachenko et al.[%]
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The highest amount of Cu' observed after the CH4 loading is about 66 %. Having a fraction of
Cu' > 50 % total Cu (i.e. one reduced Cu per dicopper active site) could be connected with
unselective CHa conversion to byproducts different from CHsOH. Indeed, the trend line has an
offset with a negative intercept of — 0.14 molCH30OH/molCu, which the authors suggest comes
from COx species formed during CH3OH extraction that lowers the selectivity, as well as direct
oxidation of CHa to COx during CHa-loading. That might explain the seeming discrepancies with
other studies, where lower-performance materials are studied. Indeed, due to this important
offset, at low Cu' contents the observed molCu'/molCHsOH ratio is indeed between 2 and 3. It
is only when materials and process conditions resulting into very high performance are

included in the analysis that the linear trend with the slope close to 1 becomes appreciable.

3.  Summary and outlook

This review critically summarizes the most recent reports highlighting the potential of XAS,
together with advanced data collection and analysis approaches, in understanding more about
the reducibility, speciation and reaction mechanism involving the Cu-sites in the direct CHs to
CH30H conversion over Cu-zeolites. We have seen that, since XAS is a bulk averaging
technique, it can be challenging to separate the contributions coming from the different Cu-
species. The use of PCA and MCR-ALS, especially in combination with high-resolution HERFD
XANES, is truly opening the door to unravel the complex nature of Cu-zeolites as well as other
metal systems. It is also clear that the activity of Cu-zeolites is strongly correlated to the
reducibility of Cu" to Cu'. Presented examples show also how useful it is to combine XAS with
other techniques, such as TPR (reductants or oxidants), XRD or FTIR. The determination of the
reaction mechanism occurring over the Cu-sites in the DMTM conversion is still an ongoing
debate in the field. XAS data obtained by different groups indicate the reaction occurs over a
Cu'/Cu" redox couple, and that the active site is most probably a pair of neighbouring Cu
atoms. Conversely, the nature of intermediate species and the electron transfer occurring
during the process are still the object of vivid debate. With this respect, the synergy between

theory and advanced spectroscopic approaches, including XAS-based techniques, is expected
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to play a key role in further advancing the molecular-scale understanding of the reaction

mechanism.

As pointed out by van Bokhoven and coworkers,®® to approach the commercialization of the
DMTM process it will be important to increase the productivity and reduce the reaction time.
Basing on what we already know about the stepwise reaction mechanism, it is possible to
suggest that an isothermal approach would be the first step in reducing the reaction time. Ravi
et al. indicate that the search for and lack of understanding of the active site should not stand
in the way of finding the most optimized reaction process.[”?"! Even so, we would underline
that in the long run a fundamental and deep knowledge of what occurs at the active sites will
be a necessity for the future, as it will allow to choose more suitable materials and optimize
the synthesis strategies with respect to the reaction conditions. Due to its characteristics, X-
ray absorption spectroscopy coupled with the advanced data analysis strategies will therefore

continue to play an important role in the investigation of the active Cu sites in Cu-zeolites.
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