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Abstract 

 

Formation of Cu trimers hosted in mordenite, which oxidize methane selectively into 

methanol, occurs via thermally driven mobilization of Cu+ species, followed by their 

facile oxidation. Reactivity of Cu-oxo clusters is affected by their location in the zeolite 

micropore structure and by interaction with adjacent extra-framework Al species. 

Therefore, control of both extra-framework Al formation and Cu speciation is critical for 

synthesizing active Cu-zeolites. Supports suitable to host active Cu-oxo clusters 

provide structural confines, well-defined pore structure and anchoring sites as well as 

thermal stability and oxidation resistance. 

 

 

 

 

Zusammenfassung 

 

Die Bildung von Cu-oxo-Trimeren in Mordenit, die Methan selektiv zu Methanol 

oxidieren, erfolgt durch thermisch induzierte Mobilisierung von Cu+ Kationen, gefolgt 

von Oxidation zu mindestens Cu2+. Die Reaktivität der Cu-oxo-Trimere wird durch ihre 

Position im Zeolithen und durch die Wechselwirkung mit Aluminiumoxid Clustern in 

den Poren beeinflusst. Für Synthesewege zu definierten Katalysatoren sind daher 

sowohl die Anwesenheit der Aluminiumoxid Cluster als auch der Form und Nuklearität 

der Cu-Oxo-Cluster entscheidend. Trägermaterialien, die geeignet sind, aktive Cu-

Oxo-Cluster zu stabilisieren, müssen wohldefinierte Nanoporen besitzen, sowie 

Bindungszentren, die thermisch stabil und gegen Oxidation geschützt sind. 
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1. General Introduction 

1.1. Challenges in Utilization of Methane 

Natural gas is growing its abundancy as a primary energy source due to the surge of 

shale gas reserve.1 Many natural gas reserves are dispersed and located remotely 

from the existing infrastructure,2-3 thus the transport of the natural gas requires the 

construction of expensive gas pipelines or its liquefaction. However, due to very low 

boiling point of its primary component methane (-161.5 °C), liquefaction of the natural 

gas is highly energy intensive. As a consequence of these challenges in the 

transportation, more than 140 billion cubic meters of natural gas is estimated to be 

annually flared in addition to fugitive emission and routine venting and leaking of 

natural gas into the environment.4 Such emission of carbon dioxide and methane as 

greenhouse gases has greatly negative impact on the current situation of global 

warming. Therefore, to be integrated in the existing infrastructure for economical 

transportation of the natural gas, it has to be converted to easily condensable 

chemicals.   

Methane is the main component of natural gas, accounting for up to approximately 

90% of the gas volume.5 Hence, the conversion of methane plays a very important role 

in the utilization of natural gas as a feedstock. However, due to the high symmetry of 

methane molecule as well as its high C-H bond dissociation energy of 439 kJ/mol, 

severe reaction conditions are often applied to methane conversion processes, 

resulting in undesired energy intensive processes.  
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1.2. Conventional Route of Methane Conversion 

Production of synthesis gas (syngas) from methane is to date the most applied 

processes for methane utilization. This is achieved by steam or dry reforming of 

methane (equations 1.1, 1.2). Because of the endothermic character, conversion of 

methane is favored at high temperature. 

 

Dry reforming produces CO rich syngas typically on Ni or noble metal based catalysts 

6, and it is suitable for the further production of higher hydrocarbons and chemicals. 

However, the catalysts tend to suffer deactivation due to coke deposition and sintering 

of catalyst caused at high reaction temperatures (550-1000 °C).7-8 

On the other hand, steam reforming produces more H2 utilizing Ni-based catalysts at 

high temperatures (outlet temperature of 800-950 °C). While coke formation is 

suppressed by adjusting the reaction gas compositions and catalysts9, sintering of 

catalyst particles at high reactions temperatures as well as sulfur poisoning of the 

catalysts are the major cause of catalyst deactivation.10  

Produced syngas can be further converted to higher hydrocarbons via Fischer-Tropsch 

synthesis at relatively mild temperatures (200-300 °C) and moderate pressures (10-40 

bar) using Fe or Co catalysts.11 Formation of hydrocarbons from syngas is exothermic 

(~165 kJ/molCO). Alternatively, syngas can be also converted to methanol via methanol 

synthesis and subsequently to higher hydrocarbons by methanol-to-hydrocarbon 

(MTH) processes. Methanol synthesis is carried out typically on Cu/ZnO/Al2O3 

catalysts at moderate temperatures and pressures of 200-300 °C and 50-150 bar.12 

Methanol synthesis proceeds as the sequence of water-gas shift reaction (equation 

1.3) and hydrogenation of CO2 (equation 1.4).  

 

Cu/ZnO/Al2O3 catalysts suffer from deactivation in the presence of sulfur by the 

formation of inactive Cu surface sulfide. Additionally, sintering of Cu particles is the 
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major cause of deactivation, and the presence of chorine accelerates this process, 

possibly by the formation of volatile Cu and Zn chloride phases.12  

As shown, conventional methods of converting methane into other value-added 

chemicals include energy intensive methane reforming processes. Endothermic 

processes make it uneconomical to downscale the reactor, despite dispersed natural 

gas reserves. To tackle the current situation, selective oxidation of methane into 

methanol is a promising. Since the reaction is exothermic (equation 1.5), the process 

is suitable to be run at smaller scales.   

 

However, due to the higher reactivity of methanol than methane, it is challenging to 

maintain a high selectivity to methanol.  
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1.3. Selective Oxidation of Methane to Methanol 

Various homogeneous as well as heterogeneous catalysts have been investigated to 

achieve selective oxidation of methane to methanol.  

Periana et al. discovered Hg(II) to be able to catalyze the selective oxidation of 

methane at a moderate temperature of 180 °C.13 H2SO4 was found to be able to 

function as oxygen transfer-agent in the presence of Hg(II)-based catalysts, and the 

following reactions were proposed to take place during catalytic reaction cycles. 

 

Pt(II) amine complexes were found to be more active compared to Hg(II) salt in 

catalyzing selective oxidation of methane, using concentrated H2SO4 as an oxidant.14 

The obtained methyl bisulfate can be hydrolyzed to obtain methanol as the final 

product. Activation of C-H bond occurs at Pt(II), while Pt(IV) species formed via 

oxidation in concentrated H2SO4 was found to be inactive for reaction with methane. 

Further mechanistic study on such “Periana Catalytica” system has found out that 

stable catalytic systems with higher TOF can be obtained by increasing the rate of 

oxidation of Pt(II) to Pt(IV).15 Reaction of over-oxidized Pt(IV) species with Pt(II)-CH3 

species results in the formation of methyl bisulfate and the regeneration of catalytically 

active Pt(II) species. Similar behavior was observed in the system found by Shilov et 

al., where Pt(IV) functions as stoichiometric oxidant while the overall reaction is 

catalytic in Pt(II).16-17 Despite remarkable progress in the activation of methane in the 

Periana-Catalytica system, the use of noble metal as well as the harsh reaction 

conditions, such as the use of concentrated H2SO4, make the process difficult to be 

run at a large scale. 

In nature, bacteria known as methanotrophs are able to convert methane into methanol 

under ambient temperature and pressure using environmental O2 by employing 

enzymes called methane monooxygenases (MMOs).18 Two different forms of MMOs 

are known: one is soluble MMO (sMMO) which contains diiron centers as an active 

site, and the other one is membrane-bound particulate MMO (pMMO) which contains 
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copper in its active center and is able to activate methane at a turnover frequency 

(TOF) = 1 s-1.19  

Structure and mechanism of CH4 reaction on sMMO are well established due to its 

high stability after purification.20 sMMO consists of hydroxylase (MMOH), reductase 

(MMOR) and a regulatory protein (MMOB), and MMOH, where hydroxylation of 

methane is carried out, contains diiron center (Figure 1-1).20-21 Catalytic oxidation of 

methane occurs as a series of reaction steps, which consists of (i) the reduction of 

diiron(III) center with the aid of MMOR, (ii) activation of diiron(III) center with O2, (iii) 

structural transformation of peroxo intermediate into the key intermediate which 

oxidizes methane into methanol, and (iv) regeneration of diiron(II) center upon release 

of methanol and H2O.18 

The structure of pMMO, on the other hand, is under debate due to its low stability in 

the purification process.22-23 As a result, the structure of pMMO is still under debate, 

while copper center is known to play a key role in the oxidation of methane.18, 22-24 

Dicopper24-25 as well as tricopper18, 23, 26 centers are proposed to be the active sites, 

however, reaction mechanism of methane in pMMO remains unclear.  

 

 

Figure 1-1. Three structural levels of hydroxylase (MMOH) in sMMO (adapted with permission 

from ref 20). 
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Based on the existing knowledge on pMMO, synthesis of trinuclear copper catalysts27-

28 as well as the fabrication of printable biocatalytic polymer by embedding pMMO in 

polyethylene glycol diacrylate hydrogel29 were carried out. Even though selective 

oxidation of methane into methanol was successfully observed at ambient 

temperature, catalyst longevity as well as the usage of expensive reagents in the 

preparation of catalysts or reaction remain as challenges. 

Excellent activity and methanol selectivity of MMOs inspired scientists to investigate 

Cu- and Fe-catalysts supported on zeolites as well as other transition metal-exchanged 

zeolites.30-34 While Fe-zeolite catalysts requires activation in N2O,31 Cu- and other 

transition metal-exchanged zeolites can be activated using O2 as an oxidant.35-36 

Moreover, methanol yield on Cu-zeolite catalysts have drastically improved in the last 

decade among different transition metal-exchanged catalysts.37 These facts make Cu-

zeolite catalysts promising candidates for industrial applications. 

Methane oxidation on Cu-zeolite catalysts are often carried out in three-step, where 

activation of the catalyst at high temperatures, reaction of methane on the activated 

catalyst, and product desorption are carried out separately, resulting in a single 

turnover at an active site. Continuous catalytic reaction in gas phase only yields low 

TOF or selectivity to methanol,38-39 while in aqueous phase, the usage of expensive 

H2O2 is required.34, 40 These challenges keep Cu-zeolite catalysts from application to 

selective oxidation of methane to methanol. However, despite these drawbacks, Cu-

zeolites remain attractive due to the high thermal stability and low production cost of 

these materials. In addition to zeolites, active Cu can be hosted in other porous 

materials, such as mesoporous silica and metal-organic framework (MOF).  

 

  



Chapter 1 – General Introduction 

7 

 

1.4. Zeolites 

  Structure of Zeolites 

Zeolites are a series of crystalline microporous aluminosilicate materials, which consist 

of TO4 (T denotes tetrahedrally coordinated Si and Al) tetrahedra as elementary 

building unit (Figure 1-2). Different arrangement of the TO4 tetrahedra results in 

different topologies. Structures of the zeolites are often classified according to their 

framework topology as Framework Type Code (FTC), assigned by Structure 

Commission of the International Zeolite Association (IZA-SC). 245 structures have 

been assigned to date.41 Zeolites can also be classified according to their pore size, 

which is denoted as the number of T-atoms consisting the pore. 8 membered-ring 

(MR), 10 MR and 12 MR can be typically found in zeolites, and they are called small-

pore, medium-pore and large-pore zeolites, respectively.  

 

 

Figure 1-2. Structure of MOR-type zeolite consisting of TO4 elementary building unit. 

 

Due to high thermal stability, microporosity and highly organized unique structures, 

zeolites are suitable for heterogeneous catalysts. Among various zeolites, structures 

of MOR, MFI, MEL, FER and CHA are described in detail below due to their relevance 

to this study.  

MOR is a large-pore zeolite which possesses 1-dimensional 12 MR straight channels 

(6.5 x 7.0 Å) with 8 MR side pockets perpendicular to the 12 MR main channel, 

consisting of 4 and 5 MR wall (Figure 1-3). Entrance of the 8 MR side pockets are sized 

3.9 x 5.7 Å, and they are interconnected with a restricting 8 MR. Since the size of the 

T

O
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interconnecting 8 MR is small, MOR is regarded as a zeolite with 1-dimensional 

channel structure. 8 MR channels (2.6 x 5.7 Å) are also present along the 12 MR main 

channel. 

 

 

Figure 1-3. Channel structure of MOR consisting of 12 MR main channel and 8 MR side 

pockets. 

 

MFI (also ZSM-5) is a medium-pore pentasil zeolite possessing interconnected 10 MR 

straight channels (5.3 x 5.6 Å) and sinusoidal channels (5.1 x 5.5 Å), resulting in 3-

dimensional pore structure (Figure 1-4). Intersection of two 10 MR channels is large 

enough to include a sphere with 6.36 Å diameter. MFI plays an important role in 

petrochemical industry due to its shape selective effect in cracking and methylation of 

aromatics.42-45 

MEL (also ZSM-11) possesses interconnected straight 10 MR channels (5.3 x 5.4 Å), 

creating 3-dimensional pore structure, and the walls of the 10 MR channels have 

shallow dents of 8 MR. Since its pore size is similar to MFI, MEL is often used as a 

reference to study the effect of pore structure on the shape selectivity in catalysis.46 

 

8 MR side pockets

12 MR main channel
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Figure 1-4. Framework and pore structure of MFI viewed along [010] (a) and [001] (b), 

representative of straight and sinusoidal 10 MR channels, respectively.41 

 

FER has straight 10 MR channels (4.5 x 5.4 Å) along [001], that are connected with 

cages with 8 MR openings (3.5 x 4.8 Å) to the direction of [010], resulting in 2-

dimensional pore structure (Figure 1-5 (a), (b)). FER is an important catalyst in skeletal 

isomerization of olefins.47-48  

CHA is a small-pore zeolite, constructed by stacking of cha-cage and double-6-ring 

(d6r), resulting in a highly symmetric structure (Figure 1-5 (c)). Though cha-cage can 

include a sphere with a diameter of 7.37 Å, diffusion is limited by 8 MR (3.8 x 3.8 Å). 

Cu ion-exchanged CHA catalysts, such as Cu-SSZ-13 (aluminosilicate framework) and 

Cu-SAPO-34 (silicoaluminophosphate framework), attract great interests due to the 

superior performance in selective catalytic reduction (SCR) of NOx for automotive 

exhaust gas purification.49-50 

 

 

Figure 1-5. Framework structure of FER viewed along [010] (a) and [001] (b), and the structure 

of CHA viewed normal to [001] (c). 

a b

a b c
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  Ion exchange of Zeolites 

Substitution of Si4+ in tetrahedron with Al3+ introduces a negative charge at a 

neighboring O atom. Isomorphous substitution of T-sites is governed by Löwenstein’s 

rule, which indicates that Al-O-Al bond cannot be formed in zeolite framework. This 

results in the minimum framework Si/Al ratio of 1. Brønsted acid sites (BAS) can be 

created by balancing the negatively charged framework Al sites with protons, resulting 

in a bridging OH group51 (Figure 1-6), and it is able to catalyze various reactions. Other 

cations, such as alkaline and alkaline earth metal cations as well as different transition 

metal cations, can also balance the negative charge (Figure 1-6). This results in the 

formation of Lewis acid sites (LAS), and it is the basis of ion-exchangeability of zeolite. 

Transition metal exchanged in zeolites can also act as active sites for catalysis, such 

as olefin dimerization on Ni-exchanged zeolites52 and selective catalytic reduction of 

NOx on Fe- and Cu-exchanged zeolites.49-50, 53  

 

 

Figure 1-6. Structure of BAS and its ion-exchange by a metal cation (denoted as M+) resulting 

in the formation of LAS. 

 

Distribution of BAS and LAS are known to play a crucial role in catalysis. For instance, 

Na+ cations selectively exchange BAS in 8 MR side pockets of H-MOR, resulting in a 

significant decrease in TOF of m-xylene isomerization, suggesting that BAS with 

stronger acidity are present in 8 MR side pockets, rather than in 12 MR main channel.54 

It is also reported that BAS location in H-MFI catalysts affects not only the activity and 

selectivity in paraffin cracking and disproportionation of aromatic compounds, but also 

lifetime of the catalysts.55  

Dedecek et al. have reported that the concentration of “paired” Al sites can be 

determined by Co2+-exchange of Na-form of the zeolites in aqueous phase.56 Under 

well-controlled conditions, exclusive presence of [Co(H2O)6]2+ can be guaranteed both 

M+ H+

Ion-exchange

BAS LAS
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in aqueous phase and in hydrated zeolites.57-58 While such cobalt hexaaquocomplex 

can compensate a paired Al sites which is described as Al-O-(Si-O)n-Al with n = 1, 2, 

it cannot compensate an isolated Al sites (n > 2). When Co2+-exchanged MOR is 

dehydrated, several different sites can be occupied by Co2+. By X-ray diffraction (XRD) 

study, five different sites are determined to be occupied by different cations such as 

K+, Cs+, Ca2+ and Ba2+ (Figure 1-7).59 

 

 

Figure 1-7. Cationic sites in dehydrated MOR (adapted with permission from ref 60). 

 

Among five different cationic sites, sites A, C and E are plausible to be occupied by 

Co2+, since sites B and D are too large to coordinate dehydrated Co2+.60 While site C 

can be only occupied at high Co2+ loading due to the lowest stabilization energy of 

Co2+, occupation of sites A and E depends on the conditions of ion-exchange and 

dehydration procedure.   

It is often reported that transition metal cations exchanged in Si-rich zeolites form 

metal-oxo clusters when dehydrated in oxidative conditions. For instance, oxidative 

activation of Co- and Cu-exchanged zeolites form Co-oxo and Cu-oxo clusters, which 

can be active in the oxidation of light alkanes.36, 61 As a consequence of the formation 

of larger metal-oxo clusters, the locations of such species are strongly affected by 

conditions of activation and sample preparation, as well as by local arrangement of Al 

in zeolite framework. Dedecek et al. have shown that the different distribution of Al in 

MOR results in different locations of exchanged Cu cations, which strongly affects the 

reducibility of Cu2+ into Cu+.62  
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Infrared (IR) spectroscopy with the aid of probe molecules is suitable to determine the 

location of BAS in zeolites. In the case of H-MOR, adsorption of n-hexane covers BAS 

in 12 MR main channel, while it is not able to access 8 MR side pockets.63 It was 

observed during stepwise dosing of n-hexane that the position of the band 

corresponding to BAS red-shifted upon adsorption of n-hexane, suggesting that the 

band has contribution from two distinguishable bands at 3612 cm-1 and 3590 cm-1, 

attributed to BAS located in 12 MR main channel and 8 MR side pockets, respectively 

(Figure 1-8). On the other hand, pyridine, which is commonly used as a probe molecule 

to quantify BAS and LAS in zeolites, cannot access acid sites located at the bottom of 

8 MR side pockets in MOR.54  

 

 

Figure 1-8. IR spectra of H-MOR in O-H vibration region during adsorption of n-hexane 

(adapted with permission from ref 63). 
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1.5. Application of Cu-Exchanged Zeolites in Catalysis 

  Selective Catalytic Reduction of NOx  

Besides noble metal and metal oxide catalysts, Cu-exchanged Y zeolites have been 

first found to be able to carry out catalytic decomposition of NO into N2 and O2.64 

Activity of the catalyst in such systems was improved by excessive Cu-exchange of 

MFI.65 It was proposed that Cu+ species take part in the reduction of NO and 

transformed into [Cu-O-Cu]2+ and CuO clusters.66 Formation of such multinuclear Cu 

clusters suggests that the closely located Cu species are responsible for NO 

decomposition.67 [Cu-O-Cu]2+ species can be reduced to a pair of Cu+ at elevated 

temperature in inert atmosphere.68  

In the standard SCR reaction, decomposition of NO in the presence of NH3 and O2 

forms N2 and H2O as products. It is known that different reactions mechanisms govern 

in different temperature regimes.69 While Cu ions are fully solvated by NH3 at 

temperatures below 350 °C as mobile monomeric Cu species, at temperatures above 

350 °C, Cu cations are anchored at Al sites in zeolites.70 Decrement of SCR activity at 

temperature lower than 250 °C is proposed to be due to the limitation in the activation 

of O2 to regenerate Cu2+ species which is able to activate NO. It is reported that Si/Al 

ratio and Cu/Al ratio of the catalysts affect the location and redox properties of 

exchanged Cu2+.71 Increase of Cu/Al ratio results in the increasing reducibility of Cu2+ 

possibly due to the formation of oxo-bridged Cu dimer species. BAS in the zeolite also 

takes part in the reaction, functioning as a reservoir to provide active NH3 molecules 

to Cu sites.  

 

  Selective Oxidation of Methane to Methanol 

Methane oxidation on Cu-zeolites is typically carried out in three-step reaction 

conditions, consisting of (i) thermal activation of the catalyst in strongly oxidizing 

atmosphere (e.g. O2, N2O) at high temperature (450-600 °C), (ii) reaction of methane 

on the activated catalyst at moderate temperatures (150-200 °C) and (iii) H2O steam-

assisted product desorption in gas phase or liquid phase extraction in polar solvents. 

After desorption of the products, activation of the catalyst at high temperature has to 

be carried out again to achieve the second turnover of methane. Regeneration of the 

catalyst in inert atmosphere is also reported.72-73 Sufficiently long reaction time of 
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methane enables the quantification of the active Cu species in the catalyst, and the 

activity of the catalyst can be formulated as Cu efficiency, which is defined as [activated 

CH4]/[Cu]. 

Selective oxidation of methane to methanol on Cu-zeolites was first reported in 2005 

on Cu-exchanged MFI and MOR.30 Na-type of zeolites were used as starting materials 

for Cu-exchange. The catalysts were activated in O2 flow at 450 °C, followed by 

reaction with CH4 at 125-225 °C. During the reaction of the catalyst with methane, 

decrement of a ultraviolet-visible (UV-Vis) band at 22700 cm-1 was observed, and it 

was assigned to bis(µ-oxo)dicopper center (Figure 1-9 (a)) which is able to activate 

methane. Further studies on Cu-MFI and Cu-MOR catalysts with the aid of different 

techniques such as Raman spectroscopy and extended X-ray absorption fine structure 

(EXAFS) study combined with density-functional theory (DFT) calculation proposed 

that mono(µ-oxo)dicopper cluster (Figure 1-9 (b)) is responsible for methane oxidation, 

while bis(µ-oxo)dicopper species was ruled out.74-76  

 

 

Figure 1-9. Structures of bis(µ-oxo)dicopper center (a) and mono(µ-oxo)dicopper center (b). 

 

On the other hand, a tricopper-oxo cluster is also reported as an active species in 

methane activation. High homogeneity of the tricopper-oxo cluster formation was 

achieved at various Si/Al ratios and Cu loadings of Cu-MOR catalysts by Grundner et 

al., resulting in a high yield of methane oxidation.77 Based on IR spectroscopy 

characterization, it was proposed that three Cu atoms are anchored to two framework 

Al sites at the pore mouths of 8 MR side pockets of MOR. EXAFS analysis of the 

catalyst, combined with DFT calculation of stable structure for Cu-oxo clusters, 

revealed that [Cu3(µ-O)3]2+ (Figure 1-10) is a single-site active species in such Cu-

MOR catalysts.77  

Even though structural characterization of the dimeric Cu species is extensively carried 

out, studied Cu-zeolite catalysts typically possess spectator species, which is not 

active in CH4 activation. This indicates that the spectroscopic characterization of Cu 

centers gives convoluted information on both active and inactive Cu species. 

a b
2+ 2+
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Therefore, the nature of active Cu species is still under debate. Recently, it was found 

that the properties of parent H-MOR (synthesis protocols and Si/Al ratio) affects the 

Cu speciation in the catalyst. For instance,  pH during Cu-exchange has to be 

controlled below 5.7 in order to avoid unselective precipitation of CuO and Cu(OH)2 

nanoparticles, which results in the activity drop.78 Presence of alkaline or alkaline-earth 

cations, such as Na+, K+ and Ca2+, in the parent MOR also depletes the activity of Cu-

MOR catalysts.78 

Cu-exchanged small-pore zeolites, such as CHA, AEI and AFX, have also been 

reported to oxidize methane into methanol, however, relatively low Cu efficiency of the 

catalysts suggests the formation of important concentrations of inactive Cu species in 

such catalysts.79-80  

 

Figure 1-10. DFT-optimized structure of [Cu3(µ-O)3]2+ stabilized by two framework Al sites and 

located at the pore mouth of 8 MR side pocket in MOR (adapted with permission from ref 77) 

 

In addition to the catalyst properties, reaction conditions also strongly affect the yield 

of CH4 oxidation on Cu-zeolite catalysts. Sheppard et al. have demonstrated 

isothermal CH4 oxidation on Cu-MFI catalyst with NO and N2O as oxidants.81 By using 

NO as an oxidant, activation temperature was reduced to 150 °C while retaining 

methanol yield, though it is lower compared to thermal activation in O2. Increasing 

methanol yield with increasing activation temperature was also observed on Cu-MOR 

and Cu-CHA catalysts.79, 82 Positive effect of CH4 loading pressure on methanol yield 

was observed during isothermal reaction on Cu-MOR catalyst at 200 °C under high 

pressure up to 36 bar, while O2 pressure during activation did not show a dramatic 
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effect on methanol yield.83 Increasing methanol yield with increasing CH4 partial 

pressure was also observed on Cu-CHA catalysts under atmospheric pressure.79 

These observations on different catalysts strongly suggest the importance of activation 

as well as CH4 reaction conditions in order to achieve high methanol yield.  

Oxidation of methane to methanol in catalytic mode was also achieved by feeding CH4 

in presence of H2O with trace amounts of O2.38 It was suggested that Cu species 

formed by rearrangement of mobile, hydrated Cu species are responsible for the 

methane oxidation activity in continuous catalytic conditions. 70% methanol selectivity 

was achieved on a CuNa-MFI catalyst, while observed TOF normalized to Cu 

concentration was as low as 10-3 h-1.38 Higher TOF up to 4.8 h-1 was achieved on Cu-

CHA catalyst with using N2O as an oxidant, however, tradeoff of methanol selectivity 

at higher CH4 conversion was clearly observed.39  
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1.6. Metal-Organic Frameworks 

 Properties of Metal-Organic Frameworks 

Metal-Organic Frameworks (MOFs) are microporous and/or mesoporous crystalline 

organic-inorganic composites, consisting of linking organic molecules and metal 

cations as nodes. Variety of selection for organic linkers and metal nodes enables the 

synthesis of huge variety of MOFs, resulting in more than 20000 different materials 

with different physicochemical properties.84 Surface area of MOFs is typically much 

higher than conventional porous materials such as zeolites due to their high porosity, 

ranging from 1000 to 10000 m2/g.84 However, MOFs with high thermal and chemical 

stability are very limited despite wide variety of materials with different properties. Zr6-

based MOFs with carboxylate-terminated linkers, such as UiO-6685 and NU-100086, 

are reported to show high thermal and chemical stability, due to highly oxophilic nature 

of Zr6 nodes and their strong Coulomb interaction with negative charges of linkers.87 

Remarkable thermal stability up to 500 °C85 as well as chemical stability in the range 

of pH 1-1188 makes this family of materials promising for the application as catalysts. 

In the following, properties of NU-1000 are described in detail due to its relevance for 

this study.  

 

 

Figure 1-11. Structure of the TBAPy4- linker (a) and the [Zr6(µ3-O)8(O)8]8- node (b) of NU-1000 

(c, d). Hydrogen atoms are not shown for simplicity (adapted with permission from ref 86). 
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NU-1000 consists of 1,3,6,8-tetrakis(p-benzoic acid)pyrene (TBAPy4-) linkers 

interconnecting [Zr6(µ3-O)8(O)8]8- nodes (Figure 1-11), and it possesses triangular 

microchannels (8 Å) and larger cylindrical mesopores (34 Å).86 NU-1000 shows 

remarkable thermal stability up to 500 °C.89 Though it is not resistant to capillary force-

driven channel collapse, solvent exchange by acetone was found out to prevent the 

structural collapse during thermal activation.87  

 

 Catalytic Reactions on Metal-Loaded NU-1000 

High thermal stability of NU-1000 as well as high accessibility of terminal –OH ligands 

on Zr6 nodes through large mesopores enabled the post-synthetic introduction of 

metals and small metal oxide clusters by atomic layer deposition (ALD).89 Zn- and Al-

loaded NU-1000 successfully catalyzed Knoevenagel condensation between ethyl 

cyanoacetate and benzaldehyde, where Lewis acids are required to carry out the 

reaction.89 Following the same strategy, single site Ni catalyst supported on NU-1000 

was prepared for ethylene oligomerization.90 While strong interaction between Ni 

cations with Zr6 nodes enabled the formation of a single site, the organic linkers of NU-

1000 prevented Ni from sintering, resulting in excellent activity, long-term stability and 

regenerability.90 
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1.7. Scope of This Study 

Cu-based catalysts supported on microporous materials have been recently found to 

be able to selectively oxidize methane to methanol at moderate temperatures. 

Especially on Cu-MOR catalysts, high concentration of sites able to activate methane 

activation has been achieved, indicating the formation of tricopper- or dicopper-oxo 

clusters as single sites. However, activity of Cu-zeolites has shown to strongly depend 

on various factors in catalyst preparation and reaction conditions. As a result, essential 

factors and elementary steps governing the formation of such species under reaction 

conditions still need to be investigated.  

In the first part, elementary steps of the formation of active Cu-oxo clusters, such as 

dehydration, oxidation and thermally-driven migration of Cu species, are investigated 

on a well-established Cu-MOR catalysts where the formation of single-site tricopper-

oxo clusters has been proved by spectroscopy characterization.77 Although it is known 

that activation has to be carried out at high temperature (450-500 °C), little is known 

on what is limiting the formation of active Cu-oxo clusters.  Concentration of the active 

sites is quantified by three-stage oxidation of methane to methanol, where long enough 

time of CH4 reaction assures the full coverage of active Cu species. In-situ X-ray 

absorption spectroscopy is employed to follow the structural change of coordination 

structure around Cu during activation step and to characterize the structure of Cu-oxo 

clusters formed. In-situ UV-Vis spectroscopy during activation of the catalyst and CH4 

reaction complement the structural information obtained by X-ray absorption 

spectroscopy.  

In the second part, effect of Al sites in Cu-MOR on the formation of Cu-oxo clusters is 

studied. Although strong effect of framework Al site distribution in zeolites on the 

properties of ion-exchanged species has been reported, more understanding of this 

interaction and on the effect in the activity of ion-exchanged metals is necessary. Cu-

MOR catalysts with different Cu concentrations and extra-framework Al distributions 

are prepared by ion-exchange of H- and NH4-MOR under controlled conditions to avoid 

uncontrolled precipitation of CuO and Cu(OH)2 clusters. Distribution of framework and 

extra-framework Al in H-MOR samples as well as Cu distribution in Cu-MOR catalysts 

are studied by infrared spectroscopy. Adsorption of probe molecules such as n-hexane 

and pyridine during infrared spectroscopy enables the quantification of Al sites at 
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different locations. Structural information of Al sites are obtained by X-ray absorption 

spectroscopies and solid-state nuclear magnetic resonance.  

Finally, in the last chapter it is discussed the effect of the support on the properties of 

Cu species. Zeolites with different framework structures, i.e. MOR, FER, MFI, CHA 

and MEL, are employed to study the effect of zeolite pore structure on the activity of 

methane oxidation on Cu-exchanged zeolite catalysts. Presence of certain ring 

structure as well as pore dimension can affect the formation of Cu-oxo clusters upon 

Cu ion-exchange and thermal activation of the catalysts. In addition, NU-1000 metal-

organic framework is also selected as a new class of support material for selective 

oxidation of methane to methanol. Stability of Cu-NU-1000 catalyst is studied by X-ray 

diffraction and thermogravimetric analysis combined with mass spectrometry. 
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2. Formation of Cu-Oxo Clusters Active for Methane 

Oxidation in Cu-Exchanged Mordenite 

 

 

 

 

Abstract 

Cu-exchanged zeolites are known to be active in the selective oxidation of methane to 

methanol at moderate temperatures. Among them, Cu-exchanged MOR is the system that has 

shown so far the highest methanol yield per Cu atom. This high efficiency is attributed to the 

ability of MOR to selectively stabilize an active tricopper cluster with structure [Cu3(µ-O)3]2+ 

when activated in the presence of O2 at high temperatures. In this chapter,1,2 we investigate 

the elementary steps in the formation of [Cu3(µ-O)3]2+ by  in-situ spectroscopies such as X-ray 

absorption spectroscopy (XAS) and ultraviolet-visible (UV-Vis) spectroscopy. We demonstrate 

that the Cu cations undergo a series of thermally driven steps during activation that precede 

the formation of active oxidizing species. We hypothesize that the thermal formation of highly 

mobile Cu+ species by auto-reduction of Cu2+ in inert gas is essential to enable the 

reorganization of Cu ions in MOR, necessary for the formation of a reduced precursor of 

[Cu3(µ-O)3]2+. Such precursor can be oxidized in the presence of strong oxidants - such as O2 

and N2O - to form active [Cu3(µ-O)3]2+ at temperatures as low as 50 °C.  

 

 

  

 
1 This chapter is adapted with permission from the publication of the same title as appeared in the 
Journal of Physical Chemistry C: Ikuno, T.; Grundner, S.; Jentys, A.; Li, G.; Pidko, E. A.; Fulton, J. L.; 
Sanchez-Sanchez, M.; Lercher, J. A. J. Phys. Chem. C 2019, 123, 8759. Copyright 2019 American 
Chemical Society. 
2 All results on density functional theory calculation were provided by Guanna Li and Evgeny A. Pidko 
from Delft University of Technology. 
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2.1. Introduction 

In nature, methane monooxygenases (MMOs) enzymes in methanotrophic bacteria 

are able to convert methane to methanol under aerobic conditions at Cu and Fe active 

centers.1-3 Inspired by these enzymes, Cu-4-8 and Fe-exchanged zeolites4, 9-11 have 

been studied extensively as inorganic biomimetic catalysts. Studies on Fe-zeolites 

have shown that the active site precursor in the catalyst has to be oxidized using N2O 

in order to form Fe(III)–O•− species, which are concluded to be able to activate methane 

via highly active radical oxygen species.9, 11 However, methane oxidation with 

molecular O2, which is more economical than N2O, has not been achieved on Fe-

zeolites. Conversely, Cu-exchanged zeolites have shown activity in the partial 

oxidation of methane to methanol with small concentrations of O2
5, 7-8, 12-17 as well as 

with N2O13, 15 or NO17.  

Selective oxidation of methane to methanol on Cu-zeolites has to be carried out in 

three separated stages. First, the catalyst has to be activated at high temperatures 

(450-600 °C) to form active Cu-oxo species. Then, at lower temperatures, typically 

150-250 °C, CH4 reacts on the activated material via hydrogen abstraction, resulting 

in an intermediate that is strongly adsorbed on the active sites.18 In order to desorb the 

oxidized product as methanol, it is necessary to aid desorption by adding H2O or by 

extraction in polar solvents. Once methanol is extracted, the catalyst must undergo 

thermal activation again at 450-600 °C in order to regenerate the active Cu species. 

The highest temperature of the three-stage methane oxidation process is typically 

needed for the oxidative activation of the catalysts, rather than for methane reaction or 

methanol extraction steps. In general, activation temperatures lower than 450 °C seem 

to lead consistently to a significant reduction of the activity of the catalysts.7, 13, 15, 17, 19 

Therefore, it seems highly important to understand the formation and regeneration of 

Cu active species in zeolite frameworks in order to achieve higher methanol yields. 

The chemical processes during the synthesis of Cu-zeolite catalysts, ranging from the 

Cu ion exchange step to the thermal activation, determine the final speciation of Cu 

species in a particular framework.6, 13, 15, 20-26 Water ligands coordinated to Cu2+ ions -

located in the zeolite cavities after the ion exchange step- are removed during thermal 

treatment. During this process, Cu2+ ions move towards their final exchange positions 

in the zeolite, which are closer to the negative charges at Al-substituted T-sites.22, 24, 27 

The generation of monovalent [Cu-OH]+ species attached to framework Al sites has 
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also been proposed to occur in this step.13, 25-26, 28 Such species have the potential to 

generate multinuclear Cu-oxo clusters via condensation with adjacent [Cu-OH]+ and 

formation of a µ-oxo bridge between Cu2+ cations.29-31 The activation of methane at 

low temperatures is attributed to this µ-oxo species bridging two Cu2+.6, 12, 32-34 

Therefore, the processes of formation and decomposition of this moiety are relevant to 

the synthesis of efficient Cu-zeolite catalysts. Aside of the removal of water ligands 

during the thermal treatment performed at temperatures above 350 °C in inert 

atmosphere, auto-reduction of Cu2+ to Cu+ has been observed.12, 24, 30, 35 This auto-

reduction process is supposed to occur via recombination and desorption of the 

bridging O of µ-oxo bridged Cu species as O2.26, 31, 36-37 

Pappas et al. studied the dehydration and oxidation of Cu species in CHA framework 

and their effect on Cu speciation and activity in methane oxidation.13 They attributed 

the lower activity of Cu-SSZ-13 oxidized at mild temperatures to differences in the Cu-

O coordination structure formed during the activation at different conditions. 

Differences in the activity of O2- and N2O-activated Cu-MOR catalysts were reported 

by Kim et al.15 They attributed the higher activity obtained with N2O to the lower 

negative change in entropy during activation in N2O compared to O2 and, in addition, 

to the necessary O-O cleavage of an intermediate species when O2 is used as oxidant. 

Recent theoretical studies have also tackled both the generation and activity of 

[CuOCu]2+ and [Cu3(µ-O)3]2+ species in MOR.38-39 

Despite all these studies, it is still unclear why is it necessary to activate the catalyst at 

temperatures above 400 °C to achieve the full activity. A better understanding of the 

formation of active Cu-oxo clusters and its kinetically or thermodynamically limiting 

steps is required in order to develop more efficient methane oxidation catalysts.  

In this chapter, we investigate the formation of Cu-oxo species in a highly active Cu-

MOR catalyst that was developed in our laboratories.7 This material has been shown 

to contain only a tricopper-oxo cluster as active species when activated in O2 at 450-

500 °C.7 The processes of dehydration, auto-reduction and oxidation of Cu species in 

MOR were monitored in detail by in situ spectroscopies and the activity in methane 

oxidation was correspondingly tested under various conditions. The mobility of auto-

reduced Cu+ species at high temperature was found to be crucial factor in the formation 

of active Cu-oxo clusters. 
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2.2. Experimental Methods 

 Preparation of the Cu-MOR Catalyst 

Parent H-MOR was obtained by the calcination of a commercial NH4-MOR (Clariant, 

Si/Al = 11) in synthetic air (100 mL/min) at 550 °C for 6 hours. The Cu-MOR catalyst 

was prepared by ion-exchange of H-MOR in an aqueous solution of Cu(CH3COO)2 at 

ambient temperature using 60mL/gzeolite of the 0.01 M  precursor solution. The pH of 

the solution was adjusted to 5.7 by adding HNO3 prior to the addition of H-MOR. After 

the exchange, the solid phase was collected by centrifugation, rinsed by re-dispersion 

in water (50 mL/gzeolite) and subsequent centrifugation. The rinsing step was repeated 

four times, and the sample was dried at 100 °C for 24 h. Under these well-controlled 

Cu-exchange conditions, formation of CuO and Cu(OH)2 nanoparticles can be 

excluded.40 Concentrations of Cu, Al and Si of the catalysts were measured by atomic 

absorption spectroscopy (AAS) on a UNICAM 939 AA spectrometer after dissolution 

of the samples in boiling hydrofluoric acid. 

 

 Selective Oxidation of Methane to Methanol 

CH4 oxidation activity of the Cu-MOR catalyst (50 mg) was tested under ambient 

pressure in a stainless steel plug flow reactor with 4 mm inner diameter. The catalyst 

was pressed and sieved to the particle size of 250-400 µm. In the typical reaction 

testing, the catalyst was first activated in pure O2 (16 mL/min) at 500 °C for 1 h. After 

cooling down to 200 °C in O2, the catalyst was purged in He and CH4 loading was 

performed for 4 h in 90% CH4 in He (16 mL/min). The catalyst was subsequently cooled 

down to 135 °C in He, and H2O steam-assisted product desorption was performed for 

30 min in 50% H2O in He (20 mL/min). The reaction products were identified and 

quantified by online mass spectrometry (m/z 31, 44 and 46 for CH3OH, CO2 and 

(CH3)2O, respectively). (CH3)2O was regarded as a product that stems from the 

condensation of two CH3OH molecules, therefore considered as a CH3OH equivalent. 

The sum of all detected product was defined as the total yield of methane oxidation 

products. 
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 In-Situ X-Ray Absorption Spectroscopy 

X-ray absorption spectra were recorded on beamline P65 at PETRA III of DESY in 

Hamburg, Germany. The electron energy was 6 GeV with a beam current of 100 mA. 

The beam size at the sample was 200 × 300 µm. Around 10 mg of the sample was 

sandwiched between quartz wools and packed in a quartz capillary reactor (1 mm outer 

diameter, 0.02 mm wall thickness), and placed on top of a gas-blower for controlled 

heating. Double-crystal Si(111) monochromator was used to control the incident 

photon energy and the spectra were recorded with ionization chamber detectors in a 

transmission mode. To suppress higher harmonics in the incident beam the 

monochromator was detuned to 70 % of the maximum peak intensity. Thermal 

activation of the samples was performed in a flow of 10% O2 in He as well as in He at 

5 mL/min at 450 °C for 1 h with the 10 °C/min heating rate. After the thermal activation 

of the sample in He at 450 °C, the sample was cooled down to 200 °C in He flow, and 

treated in a flow of 10%O2 in He for 30 min. The gas flows over the samples was 

controlled by mass-flow controllers. A moisture/oxygen trap and a moisture trap were 

employed on He and O2 gases respectively to avoid unwanted contamination of the 

gas stream on the catalyst. XANES and EXAFS data processing and EXAFS fitting 

were performed on Athena and Artemis softwares from the Demeter package.41  

 

 In-Situ Ultraviolet-Visible Spectroscopy 

Measurements of Ultraviolet-Visible (UV-vis) spectra of the Cu-MOR catalyst were 

carried out on an Avantes Avaspec 2048 spectrometer equipped with high temperature 

optical fiber (Avantes FCR-7UV400-2ME-HTX). The sample (250-400 µm particle size) 

was placed in a quartz flow reactor with square optical-grade quartz windows. The 

intensity of the diffuse reflectance UV-vis is shown as the Kubelka-Munk function, 

defined as F(R) = (1-R)2/2R, where R = Rs/Rr. Rs and Rr refer to the signal intensity of 

the sample and reference, respectively. Parent H-MOR was used as a reference. The 

catalyst was first treated in N2 flow (16 mL/min) at 450 °C for 1 h, and then cooled 

down to 200 °C. Then the catalyst was contacted with O2 flow (16 mL/min) for 30 min 

at 200 °C, followed by flushing in N2 and subsequent contact with CH4 flow (16 mL/min) 

for 1 h. 
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 In-Situ Infrared Spectroscopy 

Infrared (IR) spectra of the Cu-MOR catalyst were recorded on a Nicolet iS50 FT-IR 

spectrometer equipped with auxilary experiment module detector (Thermo Scientific). 

The sample was first pressed to a self-standing wafer with a denstiy of ca. 10 mg/cm2. 

The sample was heated up to a target temperature (100, 200 and 500 °C) at a heating 

rate of 10 °C in a flow of synthetic air (20 mL/min) and equilibrated for 1 h prior to 

measurements of the spectra.  

 

 Density Functional Theory Calculation 

Spin- polarized density functional theory (DFT) calculations were performed using 

VASP 5.3.5.42-43 The Perdew−Burke−Ernzerhof functional based on the generalized 

gradient approximation was chosen to account for the exchange−correlation energy.44 

A plane-wave basis set in combination with the projected augmented wave method 

was used to describe the valence electrons and the valence−core interactions, 

respectively.42 The kinetic energy cutoff of the plane-wave basis set was 400 eV. 

Gaussian smearing of the population of partial occupancies with a width of 0.05 eV 

was used. The threshold for energy convergence for each iteration was set to 10−5 

eV. Geometries were assumed to be converged when forces on each atom were less 

than 0.05 eV/Å. Considering the large unit cell, Brillouin zone-sampling was restricted 

to the gamma point. The supercell of the all-silica MOR framework was constructed by 

doubling the monoclinic primary unit cell along the c-axis.45 The positive charge of the 

extra framework Cu-containing clusters is compensated by the Al pair located in the 

12-membered ring at the mouth of the side pocket. 
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2.3. Results and Discussion 

 Effect of Activation Temperature and Oxidant on the Selective 

Oxidation of Methane on the Cu-MOR Catalyst 

Methane oxidation activity of the Cu-MOR catalyst (Table 2-1) after activation under 

different conditions were performed in a typical three-stage reaction, as described 

elsewhere6 and in the methods section. Methane is allowed to react for 4 h in all 

experiments performed in this work. The long reaction time allows for a complete 

titration of all sites active for methane activation. In this way, quantification of the 

methane oxidation products yields quantitative information of the active site 

concentration in Cu-MOR.6 

 

Table 2-1. Compositions of the parent H-MOR and the Cu-MOR catalyst. 

Cu conc. (µmol/g) Si/Al (-) Brønsted acid sites conc. (µmol/g) 

0 11 1090 

420 11 840 

 

To study the impact of activation temperature on methane oxidation activity, the freshly 

prepared sample was activated in pure O2 for 1 h at different temperatures, 

subsequently cooled to 200 °C in O2 and then flushed with He at the reaction 

temperature, before it was contacted with methane. A significant increase in activity 

with increasing temperature of activation was observed from 200 to 450 °C before it 

leveled off at 450-500 °C (Figure 2-1 (a)). The structure of Cu active sites for the 

sample treated at 450-500 °C is a tricopper-oxo cluster (Cu3O3).6 We would like to 

mention that Cu spectators did not exist when activation was performed at 450-

500 °C.6 Thus, the high activity of Cu-MOR activated at 450-500 °C is attributed to the 

high concentration of Cu species forming active sites. It should be noted, however, that 

for activation temperatures as low as 200 °C, about 30 % of the maximum methane 

yield is reached. This lower activity is hypothesized to result from an incomplete 

formation of (Cu3O3)2+ active sites or from the formation of different active species such 

as water-stable CuII-oxide species.20 However, the constant selectivity over the whole 

temperature range strongly points to a gradual increase of the concentration of one 

structurally well-defined type of active Cu species with activation temperature. Ab initio 

calculations have shown that [Cu3(µ-O)3]2+ is thermodynamically the most  stable 
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species at low H2O partial pressures.6 IR spectra of the Cu-MOR sample were 

recorded at different temperatures in O2 flow (Figure 2-2). The spectra show a band at 

3610 cm-1, attributed to Brønsted acid sites of the zeolite, already at 200 °C. This 

indicates that, although dehydration of zeolite is not complete, local H2O concentration 

in at least some regions is low enough to allow the formation of [Cu3(µ-O)3]2+ species. 

Hence, it is hypothesized that the formation of active sites is either kinetically or 

thermodynamically limited at temperatures below 450 °C and only a fraction of Cu 

reaches the configuration able to activate methane. 

 

 

Figure 2-1. Comparison of activity and selectivity of Cu-MOR with a Cu loading of 420 µmol/g 
after activation in (a) pure O2 and (b) N2O at various temperatures. 

 

Prolonging the duration of the activation step in pure O2 from 1 h to 3 h at 350 °C and 

500 °C resulted in the increment of the activity of only 6.5% and 3.3%, respectively, 

while the selectivity to methanol was maintained in the range 70-77% (Figure A 2-1 

(a)). Thus, we conclude that the formation of active Cu species is mostly 

thermodynamically controlled in the temperature range of 350-500 °C, and the 

increase in the activity observed in Figure 2-1 is mainly due to increasing 

concentrations of the active sites, with the maximum concentration achieved at 450 °C. 

It should be noted that in the case of Cu-CHA catalyst, it has been reported that 

prolonging the activation time from 1 h to 2 h and 8 h at 450 °C increased the activity 

of the catalyst by ca. 25% and ca. 100%, respectively.13 This different behavior is a 

first indication of the strong impact of the zeolite framework structure on the processes 

leading to Cu speciation in the micropores. 
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Figure 2-2. In-situ IR spectra of Cu-MOR measured during heating in O2 flow. 

 

In the next step, oxidative activation of Cu-MOR was studied using two different types 

of oxidants: O2 and N2O. It is widely accepted that µ-oxo bridges connecting Cu ions 

activate methane.6, 34 In O2, the formation of µ-oxo bridges (as well as the subsequent 

insertion of an O atom in methane to produced methanol) requires O-O bond cleavage. 

This implies the migration of the second O atom in the zeolite pores and its subsequent 

recombination to O2 or, alternatively, the formation of another µ-oxo bridge between 

available Cu ions. Conversely, N2O can readily provide one oxygen atom to a Cu site, 

releasing N2. Thus, differences between activity after O2 and N2O activation would 

allow to detect if the oxidative activation is a limiting process for Cu-MOR. 

Methane activation was performed on the same Cu-MOR catalyst activated at different 

temperatures in O2 and N2O (Figure 2-1). Both activity and selectivity of Cu-MOR after 

activation at 200-500 °C in O2 and N2O were similar, even though small differences 

can be noticed in the activation temperature range of 300-400 °C. The identical 

maximum yield of ca. 140 μmol/g of converted methane was achieved with both 

oxidants at temperatures of activation of 450-500 °C. This maximum yield corresponds 

to a stoichiometry of approximately 1 CH4 molecule activated per 3 Cu atoms. Thus, 

we conclude that the formation of active Cu-oxo species - in particular tricopper oxo 

clusters - is complete after activation at 450-500 °C both in O2 and in N2O. The nearly 

identical activity and selectivity when activated either in O2 or N2O (Figure 2-1), shows 
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also that the O-O bond cleavage in the oxidation by O2 is not limiting the formation of 

active Cu species in the zeolite under the conditions studied here.  

It should be noted that a similar study by Kim et al. reported significantly higher 

activities (2-3 times higher) for Cu-MOR activated at 300-350 °C in N2O in comparison 

to activation in O2.15 They attributed this behavior to the higher enthalpy release of the 

formation of Cu(II) oxide with N2O (82 kJ/mol more exothermic than with O2 under 

standard conditions). However, the oxidation of Cu+ to Cu2+ in N2O and O2 are both 

thermodynamically favored under the conditions studied here, therefore, we do not 

expect that this enthalpy difference would have an remarkable impact on the formation 

of active Cu-oxo species. Kim et al.15 also suggested that the lower activity of O2-

activated catalyst when treated at 500-600 °C is because the formation of an 

intermediate species is hampered at high temperatures.46 On the contrary, we did not 

observe difference in CH4 oxidation activity between N2O- and O2-activated catalysts. 

 

 Elementary Steps in the Activation of Cu-MOR Catalysts 

To obtain deeper insight in the elementary steps involved in the oxidative activation of 

Cu species in MOR, it is necessary to decouple the (re-)oxidation of Cu from other 

thermally driven processes taking place during the high temperature activation, such 

as dehydration of the zeolite. Thus, we activated Cu-MOR, first in a He flow at 500 °C 

for 1 h, and then in 5% O2/He for 10 min at temperatures ranging from 50 to 200 °C. 

Even though oxidation conditions in terms of oxidant concentration and temperature 

were much milder than in the standard procedure, Cu-MOR converted a similar amount 

of CH4 (Figure 2-3). Thermal activation of Cu-MOR in He and subsequent low 

temperature oxidation in N2O also led to similar conversion and selectivity (Figure A 

2-1 (b)). As a reference, a Cu-MOR was activated in He at 500 °C without subsequent 

O2/N2O step and this catalyst showed only 10% of the full activity. This indicates that 

(re-)oxidation of the Cu species is required for developing activity in methane 

conversion to methanol. On the other hand, when the Cu-MOR catalyst was activated 

in He at moderate temperatures (350 °C) and subsequently oxidized in O2 at 200 °C, 

it showed only 23% of the full activity obtained by thermal activation in O2 at 500 °C 

(Figure 2-3). Therefore, we conclude that the maximum concentration of active sites in 

Cu-MOR are produced upon contact with O2 (or N2O) as long as the material has been 

previously thermally treated at 450-500 °C.  
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Figure 2-3. Yield of CH4 oxidation on the Cu-MOR catalyst after activation in O2 at 500 °C and 
after activation in He for 1 h followed by oxidation in 5% O2 for 10 min at lower temperatures. 

 

It should be noted that similar experiments performed on Cu-SSZ-13 catalysts (i.e., 

oxidation in O2 at 200 °C after thermal activation in He at 500 °C) resulted in 45% lower 

activity compared to thermal activation in O2 at 500 °C.13 This was attributed to a 

different speciation of Cu. The difference between zeolites convincingly shows that the 

nature of the framework plays an important role in the type of active Cu species 

stabilized at different conditions.  

Our activity results suggest that the temperature dependence of the activation step is 

related to the formation of a Cu cluster precursor, which requires the high 

temperatures. Such precursor can be easily oxidized (even at low temperatures) by 

both N2O and O2 and it rapidly forms the active species responsible for methane 

activation. 

 

 In-Situ Spectroscopic Study of Cu-MOR Activation 

The redox chemistry of Cu embedded in zeolites during activation was monitored by 

in situ XAS and UV-vis spectroscopy. 

First, oxidative activation under standard conditions (pure O2 atmosphere, 450 °C, 1 

h) was studied by in situ XAS. Figure 2-4 shows the Cu K-edge X-ray absorption near 

edge structure (XANES) of Cu-MOR during the heating stage and after the activation 

treatment. The presence of a weak pre-edge feature at 8978 eV, due to 1s → 3d 
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transition of Cu2+, indicates the dominant Cu2+ character of all spectra taken along the 

activation process. The rising edge feature at 8987 eV, assigned to 1s → 4p transition 

of Cu2+, is attributed to a change of the coordination geometry of Cu2+ due to the loss 

of ligated water and an increasing interaction with the zeolite framework during thermal 

treatment.33 The loss in intensity of the maximum absorption feature at 8997 eV with 

increasing temperature is indicative of the removal of water ligands,20 and indicates 

that the dehydration of the octahedral Cu2+ complexes in the pores leads to framework-

coordinated Cu2+ species. The white line intensity at 8997 eV did not change at 

temperatures above 350 °C, revealing that dehydration of the Cu2+ centers is already 

complete at this temperature.  

 

 

Figure 2-4. Cu K-edge XANES of Cu-MOR during thermal activation in O2 flow and comparison 
of the Cu(I) feature at 8983-8984 eV at 350 and 450 °C. 

 

Comparison of the XANES recorded during activation at 350 °C with the spectra after 

activation at 450 °C for 1 h  (Figure 2-4 (b)) showed a feature at 8983 eV attributed to 

a 1s → 4p transition of Cu+ at 350 °C, which disappears with increasing temperature 

to 450 °C. Hence, we hypothesize that a small fraction of Cu (ca. 5%) is reduced to 

Cu+ during the heating ramp even in the presence of O2. 
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The state of Cu during thermal activation of Cu-MOR in inert atmosphere was followed 

by XANES. Figure 2-5 shows XANES recorded during heating the fresh sample in He 

to 450 °C. Similar to activation in O2, the intensity of the peak at 8997 eV decreased 

with increasing temperature and reached an almost constant intensity at 350 °C, 

indicating that dehydration of Cu2+ species is largely complete at 350 °C. The most 

characteristic change during activation in He was the emergence of a pronounced 

absorption at 8984 eV, which is attributed to a 1s → 4p transition of Cu+. At 350 °C, 

this feature corresponded to approximately 60% of the total reducible Cu, i.e., the Cu 

population that underwent auto-reduction in He at 450 °C. Since dehydration was 

completed at 350 °C, the Cu2+ → Cu+ reduction was the dominant reaction in the range 

350-450 °C.  

 

 

Figure 2-5. Cu K-edge XANES of Cu-MOR during thermal activation in He flow. 

 

The auto-reduction of Cu2+ to Cu+ during thermal treatment in inert atmosphere has 

been widely reported.21, 25-26, 30, 36, 47-51 The most widely proposed mechanism is the 

desorption of an O radical from µ-oxo bridged Cu2+ followed by subsequent 

recombination to O2.21, 28-29, 31 It has been also suggested that Cu+ is formed via the 

loss of a -OH ligand from [CuOH]+ exchanged species, resulting in a Cu+ species 
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coordinated to an Al-site.25, 30 The different pathways are hypothesized to be caused 

by different Cu species, i.e., a single Cu2+ coordinated to two Al tetrahedra cannot be 

auto-reduced by oxygen desorption under the described conditions.13  

The auto-reduction of exchanged Cu2+ appears to be favored52, because even in the 

presence of O2, reduction of a fraction of Cu2+ to Cu+ was detected by XANES (Figure 

2-4), which is in good agreement with the literature.15, 52  

The radial distribution function (rdf) of the coordination structure around Cu during 

activation probed by EXAFS is compiled in Figure 2-6 (a). The most prominent peak 

was observed below 2 Å in R-space and is associated with backscattering from oxygen 

directly linked to Cu. The features above 2.0 Å are assigned to Cu-Cu and second shell 

Cu-O single-scattering paths.53 The appearance of these features is attributed to the 

formation of the active tricopper-oxo cluster.6 EXAFS fitting analysis of the Cu-MOR 

sample after activation in O2 at 450 °C including Cu-Al scattering showed that the 

intensity of the Cu-Al path is lower compared to that of Cu-Cu (see details in section 

2.6.4 in Appendix). Therefore, although we cannot rule out a small contribution of Cu-

Al scattering to the feature at ca. 2.3 Å, we attribute the observed intensity to Cu-Cu 

single scattering. The decrease of the first shell intensity with increasing temperature 

is attributed to a decrement of the number of O atoms coordinated to Cu2+. These 

results indicate a change in the coordination structure of Cu with increasing 

temperature, in good agreement with XANES (Figure 2-4) that is attributed to the 

dehydration of the Cu2+-aquo complex and the formation of tricopper-oxo clusters. 

The radial distribution functions of Cu-MOR (Figure 2-6 (b)) measured in situ during 

thermal activation in He shows the most prominent peak to be caused by Cu-O back 

scattering, observed below 2 Å in R-space. With increasing temperature, a distinct 

peak appears at large interatomic distances (R ~ 2.3 Å - not phase corrected), 

corresponding to the second coordination shell of Cu, which is assigned to a Cu-Cu 

path.6, 54 This feature can be observed at 100 °C and is attributed to the formation of 

µ-oxo bridges between Cu2+ species. We conclude that it is the result of condensation 

of two adjacent [CuOH]+ species. This feature remains largely unchanged in intensity 

up to 300 °C. The intensity of the first shell feature decreased with increasing 

temperature, indicating a decrease in the number of O atoms coordinated to Cu2+. Both 

observations are attributed to the dehydration of Cu2+ exchanged species. However, 

above 300 °C, the intensity of the Cu-Cu path decreased, and it disappeared 
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completely at 400 °C. In the temperature range 300-450 °C, further decrease of the 

Cu-O first shell intensity is observed, leading to a final Cu-O coordination number of 

approximately 2. 

 

 

Figure 2-6. k2-weighted Fourier-transformed (FT)-EXAFS of the Cu-MOR during thermal 
activation in O2 flow (a) and in He flow (b). FT was performed in the range of 1.9-2.2 to 10.0 Å-

1 and 1.9-2.2 to 7.9 Å-1 in the case of O2 and He, respectively. 

 

In situ XANES showed that dehydration of Cu-MOR is largely complete at 350 °C 

(Figure 2-4). Taking into account that significant fraction of Cu2+ is still present at this 

temperature, it is reasonable to assume the presence of [Cu-O-Cu]2+ species formed 

via condensation of two [CuOH]+ species. It is reported that the auto-reduction of such 

O-bridged Cu species proceeds by desorption and recombination of the bridging 

oxygen atoms.21, 28-29, 31 Therefore, the further decrease in O coordination in the range 

of 300-450 °C together with complete reduction of Cu2+ to Cu+ as observed in XANES 

is attributed to auto-reduction via elimination of O2 from µ-oxo bridges. Thus, the lower 

intensity of the Cu-Cu path at temperatures above 300 °C (Figure 2-6 (b)) is likely due 

to the formation of Cu+  Cu+ species that is either stabilized by an Al pair or re-

dispersed across the framework.22 

Finally, the XANES and EXAFS of Cu-MOR activated in O2 (1 h) are compared with 

Cu-MOR activated in He at 450 °C (1 h) followed by oxidation at 200 °C for 15 min 

(Figure 2-7 and Figure A 2-10). Both activation treatments have yielded equally active 
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catalysts, as seen in Figure 2. The Cu+ feature at 8984 eV emerged after activation in 

He and disappeared completely after exposure to O2 at 200 °C as well as 450°C. The 

XANES obtained after treatment of Cu-MOR at 200 °C for 15 min in O2 was identical 

to the one obtained for a sample activated in O2 at 450 °C for 1 h. Overlapping EXAFS 

of the Cu-MOR also indicate that the structure of Cu species obtained by both 

activation treatments can be regarded as identical. Thus, we conclude that a precursor 

of the trinuclear copper-oxo cluster is formed during treatment at high temperatures 

(450-500 °C). Given the auto-reduction process observed in thermal treatment under 

inert atmosphere, such precursor seems to consist of Cu+ or a mixture of Cu+/Cu2+ 

species. The identical structure (Figure 2-7) and activity in methane oxidation (Figure 

2-3) of Cu species in Cu-MOR samples oxidized at 200 °C and 450 °C indicate that 

the trimer precursor is fully re-oxidized when contacted with O2, regardless of the 

oxidation temperature applied. 

 

 

Figure 2-7. Comparison of Cu K-edge XANES (a) and k2-weighted FT-EXAFS (b) of Cu-MOR 
treated at 450 °C in O2 and Cu-MOR oxidized at 200 °C in O2 after treatment in He at 450 °C. 

 

The formation of active trinuclear copper-oxo clusters upon contacting the cluster 

precursor with O2 has been associated with specific bands in the UV-vis spectra.6 The 

in situ UV-vis spectra of Cu-MOR during oxidation of the cluster precursor at 200 °C 

after activation at 450 °C in N2 atmosphere are shown in Figure 2-8. The band 
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observed at ca. 13,000 cm-1 and the weak shoulder at ca. 16,500 cm-1 are attributed 

to the d-d transition of Cu2+ in square-pyramidal or pyramidal and square-planar 

coordination structure, respectively.55-56 Previously, we tentatively associated the 

trinuclear copper-oxo cluster in activated Cu-MOR with a contribution to a broad band 

at ca. 31,000 cm-1 in the UV-vis spectrum, because this band was the only one that 

decreased upon reaction with methane.6 We have observed that this characteristic 

band at ca. 30,000 cm-1 is weakly present in a N2 activated Cu-MOR sample and its 

intensity increased after contact with O2 at 200 °C. Inspection of the difference spectra 

showed a shoulder at 24,000 cm-1, which also increases upon contact with O2. The low 

resolution of the spectra, however, does not allow for an assignment of this shoulder 

to a particular electronic transition.  

 

 

Figure 2-8. In-situ UV-Vis spectra of Cu-MOR recorded during oxidation in O2 at 200 °C after 
thermal treatment in N2 at 450 °C (a) and the corresponding difference spectra obtained by 
subtracting the spectrum measured at 0 min (b). 

 

Upon reaction of CH4 on the oxidized catalyst, increase in the intensity of the bands at 

13,300 cm-1, 16,400 cm-1 and 19,600 cm-1 were observed. Increasing intensity of the 

bands in d-d transition regions of Cu2+ during CH4 reaction was also observed by 

Narshiman et al.5 Recent study on Cu-SSZ-13 has shown that dinuclear Cu clusters 

can show bands at these positions.57 Even though it is tempting to speculate the 

formation of dimeric Cu species upon reaction of [Cu3(µ-O)3]2+ with CH4, no further 

experimental proof was obtained. On the other hand, decreasing intensity of the UV-

vis absorption at ca. 30,000 cm-1 and 38,000 cm-1 (Figure A 2-11) are both assigned to 
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Cu2+ ← O2- charge transfer. While the band at 30,000 cm-1 is associated with [Cu3(µ-

O)3]2+, we hypothesize that the band at 38,000 cm-1 is also due to this Cu species, 

since the tricopper-oxo cluster contains Cu and O atoms with different electron spin 

densities.6, 39 This indicates an active species consistent with a Cu-oxo trimer6 is 

formed under oxidative activation of Cu-MOR at low temperatures (200 °C), as long as 

the material is subjected to a thermal pretreatment in inert at 500 °C. 

These results, together with the lack of dependence of the methanol selectivity with 

temperature or nature of the oxidant (Figure 2-3 and Figure A 2-1 (b)), support the 

conclusion that the cluster precursor formed at high temperatures can be oxidized in 

the presence of O2 or N2O at lower temperatures (at least 200 °C) to form the active 

tricopper-oxo cluster. 

 

 On the Formation of Active Tricopper-Oxo Cluster 

Having established that thermal activation of Cu-MOR is essential for the generation 

of copper-µ-oxo species active in methane oxidation to methanol, we address the 

pathway for this chemistry. Several mechanisms for the formation of active Cu species 

during the activation of Cu zeolites has been previously proposed for Cu-ZSM-521, Cu-

SSZ-1313 and Cu-MOR.15 Smeets et al. proposed that the active sites in Cu-ZSM-5 are 

[Cu(µ-O)Cu]2+ species, with fingerprint UV-vis band at 22,700 cm-1.21 According to 

these authors, a different formation mechanism of active [Cu(µ-O)Cu]2+ species is 

verified depending on the nature of the oxidant. 

In the present work, differences between oxidation in O2 and N2O were not observed 

neither in the yield of CH4 oxidation nor in the selectivity to methanol, as long as the 

oxidation is preceded by high temperature pretreatment (Figure 2-3 and Figure A 2-1 

(b)). Thus, we conclude that the cleavage of the O-O bond in molecular O2 is not 

kinetically or thermodynamically limiting and occurs close to ambient temperature to 

form active [Cu3(µ-O)3]2+ clusters in MOR. This conclusion, however, may not 

necessarily be transferable to other zeolite frameworks in view of the different behavior 

reported for Cu-ZSM-5 and Cu-SSZ-13 by other authors.13, 21 Differences in Cu 

speciation with zeolite framework have been widely reported before6, 13, 21 and it is 

therefore not surprising that the processes involved here in the formation of Cu-oxo 

species active in methane oxidation also follow different mechanisms. 
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Our results indicate that the necessity of high temperature treatment (in either inert or 

oxidant atmosphere) to achieve high catalytic activity in Cu-MOR must be related to 

steps preceding the (re-)oxidation of the precursor of the Cu active species. In situ XAS 

(Figure 2-4) showed that the transformation of the octahedral Cu2+ complexes in the 

zeolite pores into dehydrated and framework-coordinated Cu2+ was largely complete 

at 350 °C. However, when Cu-MOR was activated at 350 °C in O2 it only reached 54 % 

of the full activity (achieved at 500 °C in O2). Hence, we hypothesize that dehydration 

is not the sole reason for high temperature activation. Above 350 °C in inert 

atmosphere, the majority of Cu2+ was concluded to be reduced to Cu+ (Figure 2-5), 

partly even during activation in O2 (Figure 2-4). We hypothesize that the appearance 

of Cu+ in samples treated at high temperatures is due to the reversible emission of O 

from µ-oxo bridges between Cu2+. Such reaction equilibrium would be shifted towards 

the desorption of O as O2 at increasing temperatures. Small concentrations of Cu+ 

were observed during activation in O2, which indicates that the autoreduction reaction 

is feasible in presence of oxygen, even though the equilibrium is shifted towards higher 

concentrations of Cu2+ species. The stabilization of Cu+ species provided by the 

localized negative charges of the zeolite58-59 could explain the presence of Cu+ in spite 

of being thermodynamically not favored. 

Studies on Cu speciation in Cu-SSZ-13 have shown a higher mobility of Cu+ compared 

to Cu2+, due to the weaker ionic interactions of monovalent Cu+ with the negatively 

charged zeolite framework.27 In line with this conclusion, Li and Hall hypothesized that 

the reduction of Cu2+ to Cu+ facilitated redistribution of Cu and, therefore, enhanced 

the formation of active sites in Cu-ZSM-5.60 It was also recently observed for Cu-SSZ-

13 both the reduction of Cu2+ to Cu+ and the migration of Cu cations to 6R of CHA 

structure at temperatures above 375 °C.24 Thus, the formation of a mobile Cu+ species 

is hypothesized to facilitate the redistribution and the migration of Cu in MOR. The 

lower concentration of active sites in Cu-MOR activated in He at 350 °C and 

subsequently oxidized at 200 °C in O2 (Figure 2-3) is attributed to limited mobility or a 

limited concentration of Cu+. Conversely, activation at 450-500 °C provides the 

conditions for a larger concentration of Cu+ to form the precursor of active Cu-oxo 

clusters. 

Based on the results obtained here, we propose that formation of the active Cu-µ-oxo 

cluster occurs via the series of elementary steps shown in Scheme 2-1. The scheme 

is valid for the formation of the active cluster from fresh and spent Cu-MOR samples 
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in hydrated form. First, the exchange of Cu2+ species in aqueous solution can take 

place either in Al pairs or in one isolated Al T-site of the zeolite. At the moderate pH 

used in this study, partial dissociation of water ligands takes place and ion exchange 

occurs also via the Hirschler-Plank-Mechanism in the zeolite pores leading to (Cu-OH)+ 

(Reaction 2.1).47, 61 Then, as seen by XAS (Figure 4 and 6), Cu2+ species is dehydrated 

when the temperature is increased, resulting in a change of coordination from 

octahedral to framework-coordinated [CuIIOH]+ species  (Reaction 2.2). The formation 

of µ-oxo bridges occurs via condensation of 2 adjacent [CuIIOH]+ species (Reaction 

2.3)26 in the temperature range 50-300 °C (Figure 6). At 450 °C, significant 

concentrations of Cu2+ have been auto-reduced to Cu+ (although formation of first Cu+ 

species can be detected already at 200 °C). This auto-reduction is hypothesized to 

involve the emission of O2 from the Cu-O-Cu µ-oxo bridges (Reaction 2.4a).26  The 

auto-reduction of [CuIIOH]+ has been also proposed to take place by the formation of 

a OH radical from the OH ligand25, 30, leading to Cu+ species coordinated to isolated 

Al-sites (Reaction 2.4b). 

Larsen et al. proposed that the OH radical species generated in Reaction 2.4b 

decompose by reaction with a second [CuOH]+, releasing H2O and forming a Cu2+O- 

species.30  Such scheme implies the mobilization of OH radicals to a second Cu ion in 

the framework. However, if Cu+ formed in Reaction 4.4b is mobilized above 400 °C, 

the local negative charge of the zeolite framework left behind needs to be 

compensated. We speculate that OH radical species may decompose into a H+ - 

compensating a negative charge at the Al T-site - and an O- species. In the next step, 

Cu+ mobile species reacts with Cu pairs located at Al pairs, and are re-oxidized to Cu2+ 

by a combination of O2 (or N2O) and the generated O- species leading to the active 

[CuII
3(µ-O)3]2+ cluster. Taking into account the Al distribution for the present MOR under 

study, with high concentration of Al sites in 8-MR positions6, it is to be expected that 

Cu pairs are located in 8-MR while Cu+ mobile species originates in isolated exchanged 

sites in the 12-MR channels. 

Two possible pathways for the overall reaction of formation of the oxidized cluster are 

shown in Reactions 2.5 a and b. As mentioned above, previous characterization of Cu-

MOR has shown that Cu-oxo species are preferentially located at the pore mouth of 8 

MR side pockets of MOR, because such framework positions are often multiple Al-

substituted.6 Therefore, it is reasonable to expect the presence of species like those 
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proposed in reaction 2.5a, [CuII-O-CuII]2+-2AlF species, or in reaction 2.5b, Cu+  Cu+ 

(which is the reduced analog of [CuII-O-CuII]2+) at the 8 MR side pocket of MOR.  

 

Scheme 2-1. Proposed elementary steps for the formation of [Cu3(µ-O)3]2+ clusters in MOR. 
“Z-” stands for a negatively charged framework Al site in MOR. “AlF” refers to the cationic 
species anchored to the negatively charged framework Al site. “mig” indicates migrated 
cationic species. 

 

 

The experiments emphasize the necessity of a thermal treatment inducing the 

formation of mobile species via Reaction 2.4. Nearly full activity of Cu-MOR was 

reached after oxidation at low temperatures of a He-activated sample (Figure 2-3).  

Thus, the last step in the mechanism of formation of the active Cu-oxo cluster (any of 

the alternative Reactions 2.5) has a high driving force in presence of O2 or N2O and 

occurs to near completion already at 50 °C. This is confirmed by the observation that 

the radial distribution function and XANES (Figure 2-7) of Cu species after high-

temperature and low-temperature oxidation were identical. Conversely, we attribute 

the partial activity registered when Cu-MOR is treated at temperatures in the range of 

200 to 400 °C (Figure 2-1) to the formation of active clusters in locally Al-rich regions 

of the zeolite. In these regions, availability of Cu species is enough to ensure the 

formation of a trimer without the mobilization of distant Cu exchanged species. 
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2.4. Conclusions 

The formation of Cu-µ-oxo species in Cu2+ exchanged MOR was shown to occur 

through a combination of thermal activation of the cationic species followed by an 

oxidation step. XAS demonstrated that dehydration of the octahedral Cu2+ complexes 

leads to µ-oxo bridged Cu2+ species coordinated to framework Al sites in the 

temperature range 50-300 °C. Formation of Cu+ occurs by auto-reduction via thermally 

driven emission of the Cu-O-Cu bridging oxygen and/or by the generation of OH 

radicals from [CuOH]+. The auto-reduction starts at 200 °C in inert but only reached its 

maximum at 450-500 °C. It is unclear at present to which extent this reduction is 

required to induce cation mobility. We hypothesize that the high mobility of Cu+ is 

essential to enable the reorganization of Cu ions to form a precursor of the active multi-

copper cluster. The last step is the oxidation of this precursor to form the active 

(tri)nuclear copper-oxo cluster, which takes place under mild conditions (50-200 °C) in 

the presence of strong oxidants such as O2 or N2O. The fact that Cu speciation in MOR 

micropores seems to be significantly different from Cu in ZSM-5 or SSZ-13 highlights 

the critical role of a specific zeolite lattice. The high efficiency of MOR in forming active 

Cu-oxo clusters even at low oxidation temperatures is attributed to a high concentration 

of Al pairs at the pore mouth of 8MR side pocket of MOR, which is a position structurally 

accessible for the formation of Cu-oxo clusters. While the present study highlights the 

importance of individual steps in the formation of the active species, more work is 

needed to understand how aluminum siting and structural aspects of zeolite lattice can 

be used to direct and maximize the concentration of the active sites. 
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2.6. Appendix 

 Effect of Activation Conditions on the Formation of Active Cu-oxo 

Clusters 

 

Figure A 2-1. Yields of CH4 oxidation on the Cu-MOR catalyst after thermal activation in O2 at 

various temperatures and duration (a). CH4 oxidation yields and selectivities to methanol and 

DME on the Cu-MOR catalyst after thermal activation in He at 500 °C for 1 h and subsequent 

oxidation in 5% N2O at lower temperatures for 10 min (b). 

 

 XAS Analysis of Cu-MOR during Thermal Activation 

 

Figure A 2-2. k2-weighted EXAFS of Cu-MOR while heating up in O2 (a) and in He (b). FT was 

performed in the range from 1.9-2.2 to 10.0 Å-1 and from 1.9-2.2 to 7.9 Å-1 in the case of O2 

and He, respectively. 
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 EXAFS Fitting Analysis of Cu-MOR after Activation in O2 at 450 °C 

 

EXAFS fitting of the spectrum recorded after activation of the Cu-MOR sample in O2 

at 450 °C was performed to confirm if the feature seen at ca. 2.3 Å in FT-EXAFS 

actually stems from Cu-Cu single scattering. EXAFS fitting was performed in R-space 

in the range of ΔR = 1.0 – 4.0 Å on the FT of k2-weighted EXAFS in the k range of 2.2-

10.0 Å-1.  

First, the model structure of [Cu3(µ-O)3]2+ (Figure A 2-3 (a)) was used to perform 

EXAFS fitting with and without Cu-Al single scattering paths. Coordination numbers 

(CNs) were derived from the DFT-optimized structural model, and were averaged for 

the three Cu scatterers. Throughout the fitting procedure, CNs were fixed to the values 

obtained from the structural model to decrease the number of fitting variables. 

 

 

Figure A 2-3. DFT-optimized structures of [Cu3(µ-O)3]2+ (a), [Cu(µ-O)Cu]2+ (b) and [CuOH]+ (c) 

located at the pore mouth of 8MR side pocket in MOR. 

 

EXAFS fitting results obtained without including the Cu-Al scattering paths are reported 

in the Table A 2-1 and Figure A 2-4. Energy shift of 7.53 (± 3.69) eV and R-factor of 

0.011 were obtained. Scattering paths that appear at ca. 2.3 Å are plotted together 

with the experimental and fit RDF. It can be seen that the feature at ca. 2.3 Å is well 

reproduced by two single scattering paths of Cu-Cu. 
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Table A 2-1. EXAFS fitting results of Cu-MOR using DFT-optimized model structure of [Cu3(µ-

O)3]2+ without including Cu-Al single scattering paths. 

Path CN R (Å) Debye-Waller factor (Å2) 

Cu-OEF 2 1.84 (± 0.04) 0.004 (± 0.003) 

Cu-OFW (short) 1.66 1.97 (± 0.05) 0.002 (± 0.005) 

Cu-OFW (long) 0.33 2.36 (set) 0.003 (set) 

Cu-Cu (short) 0.66 2.86 (± 0.08) 0.009 (± 0.007) 

Cu-Cu (long) 1.33 2.94 (± 0.11) 0.021 (± 0.011) 

Cu-OEF 1 3.33 (± 0.13) 0.010 (set) 

 

 

Figure A 2-4. Magnitude (a) and imaginary part (b) of the fitting results of FT-EXAFS of Cu-

MOR after activation in O2 at 450 °C using [Cu3(µ-O)3]2+ model structure, without including Cu-

Al single scattering paths. 

 

Next, EXAFS fitting was performed with including Cu-Al single scattering paths. Again, 

since there are largely two different Cu-Al distances (2.7 Å and 3.2 Å in the DFT-

optimized structure model), Cu-Al coordination number for the each path was averaged 

among three Cu scatterers. Cu-Si single scattering was not included in the fit, since 

each Cu-Si single scattering paths have different distances and therefore they cancel 

out. As a result, obtained energy shift and R-factor were -8.77 (± 1.21) eV and 0.012, 

respectively. Fitting results are shown in Table A 2-2 and Figure A 2-5. The feature at 
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2.3 Å is well reproduced with including Cu-Al single scattering paths. However, it is 

reproduced as the convolution of Cu-Cu and Cu-Al single scattering paths, suggesting 

that the presence of Cu-Al single scattering cannot be excluded. 

 

Table A 2-2. EXAFS fitting results of Cu-MOR using DFT-optimized model structure of [Cu3(µ-

O)3]2+ with including Cu-Al single scattering paths. 

Path CN R (Å) DW factor 

Cu-OEF 2 1.83 (set) 0.005 (± 0.003) 

Cu-OFW (short) 1.66 1.94 (± 0.03) 0.003 (set) 

Cu-OFW (long) 0.33 3.12 (set) 0.003 (set) 

Cu-Cu (short) 0.66 2.80 (± 0.05) 0.009 (± 0.020) 

Cu-Cu (long) 1.33 3.11 (± 0.26) 0.018 (± 0.024) 

Cu-OEF 1 3.29 (± 0.20) 0.005 (set) 

Cu-Al (short) 0.33 2.75 (± 0.25) 0.003 (set) 

Cu-Al (long) 0.66 3.17 (± 0.16) 0.003 (set) 

 

 

Figure A 2-5. Magnitude (a) and imaginary part (b) of the fitting results of FT-EXAFS of Cu-

MOR after activation in O2 at 450 °C using [Cu3(µ-O)3]2+ model structure, with including Cu-Al 

single scattering paths. 

 

In order to see Cu-Al scattering alone better, EXAFS fitting of Cu-MOR was also 

performed using the DFT-optimized structural model of [Cu-OH]+ monomer (Figure A 
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2-3 (b)). Since the Cu-H scattering is very weak and invisible in the EXAFS, it was 

excluded from the fitting procedure. Energy shift and R-factor obtained from the fitting 

were -4.18 (± 3.00) eV and 0.044, respectively. Fitting results are presented in Table 

A 2-3 and Figure A 2-6. As rather high R-factor and the plot in Figure A2-6 show, Cu-

Al single scattering only cannot fully reproduce the feature at ca. 2.3 Å. It is also worth 

noting that Cu-Al single scattering alone shows rather weak scattering intensity, 

contrary to what is observed experimentally (Figure 2-5 and 2-6). Therefore, we 

conclude that, although the feature at 2.3 Å may indeed arise partially from Cu-Al 

scattering, Cu-Cu scattering is stronger. Therefore, the experimentally observed 

feature at the position is better attributed to Cu-Cu single scattering, without ruling out 

a small contribution of Cu-Al scattering. 

 

Table A 2-3. EXAFS fitting results of Cu-MOR using DFT-optimized model structure of [Cu-

OH]+ with including Cu-Al single scattering paths. 

Path CN R (Å) DW factor 

Cu-OEF 1 1.86 +/- 0.14 0.003 (set) 

Cu-OFW 2 1.94 +/- 0.03 0.005 +/- 0.007 

Cu-Al 1 2.68 +/- 0.06 0.013 +/- 0.010 

 

 

Figure A 2-6. Magnitude (a) and imaginary part (b) of the fitting results of FT-EXAFS of Cu-

MOR after activation in O2 at 450 °C using [Cu-OH]+ model structure, with including Cu-Al 

single scattering paths. 

0 1 2 3 4

0.0

0.5

1.0

1.5

F
T

(k
2

(k

))
 (

Å
-3
)

R (Å)

 Exp.

 Fit

 Al

0 1 2 3 4

-0.5

0.0

0.5

1.0

F
T

(k
2

(k

))
 (

Å
-3
)

R (Å)

 Exp.

 Fit

 Al

a b



Chapter 2 – Formation of Cu-Oxo Clusters Active for Methane Oxidation in Cu-Exchanged Mordenite 

 

56 
 

Additionally, fitting of the EXAFS of Cu-MOR using the model structure of Cu dimer 

[Cu-O-Cu]2+ (Figure A2-3 (c)) was also performed. Identical fitting procedure shown in 

SI was employed. 

EXAFS fitting was first performed with only Cu-O and Cu-Cu single scattering paths, 

excluding Cu-Al and Cu-Si scatterings. Fitting results are shown in Table A 2-4 and 

Figure A 2-7. An energy shift of -6.32 (± 2.57) eV and R-factor of 0.025 were obtained. 

As suggested by the high R-factor and as it can be seen in Figure A 2-7, experimentally 

obtained EXAFS, especially the feature at 2.3 Å, is poorly reproduced. 

 

Table A 2-4. EXAFS fitting results of Cu-MOR using DFT-optimized structure of [Cu(µ-O)Cu]2+ 

with Cu-O and Cu-Cu single scattering paths. 

Path CN R (Å) Debye-Waller factor (Å2) 

Cu-OEF 1 1.84 (± 0.09) 0.003 (set) 

Cu-OFW 2 1.93 (± 0.01) 0.004 (± 0.006) 

Cu-Cu 1 2.88 (± 0.03) 0.012 (± 0.004) 

 

 

Figure A 2-7. Magnitude (a) and imaginary part (b) of the fitting results of FT-EXAFS of Cu-

MOR after activation in O2 at 450 °C using [Cu(µ-O)Cu]2+ model structure with Cu-O and Cu-

Cu single scattering paths. 

 

Next, EXAFS fitting was performed with including Cu-Al single scattering, in addition 

to what was occluded in the former fitting. An energy shift of -9.90 (± 3.91) eV and R-
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factor of 0.019 were obtained, and the fitting results are shown in Table A 2-5 and 

Figure A 2-8. Again, the feature at 2.3 Å could not be well reproduced. Moreover, the 

Cu-Al distance obtained by fitting is far below reported value of 2.7-2.8 Å for Cu-CHA 

(ref.25, Pappas et al.), making those fitting results unreasonable. 

 

Table A 2-5. EXAFS fitting results of Cu-MOR using DFT-optimized structure of [Cu(µ-O)Cu]2+ 

with Cu-O, Cu-Al and Cu-Cu single scattering paths. 

Path CN R (Å) Debye-Waller factor (Å2) 

Cu-OEF 1 1.81 (± 0.09) 0.003 (set) 

Cu-OFW 2 1.91 (± 0.03) 0.003 (± 0.005) 

Cu-Al 1 2.29 (± 0.05) 0.020 (± 0.014) 

Cu-Cu 1 2.85 (± 0.04) 0.011 (± 0.004) 

 

 

Figure A 2-8. Magnitude (a) and imaginary part (b) of the fitting results of FT-EXAFS of Cu-

MOR after activation in O2 at 450 °C using [Cu(µ-O)Cu]2+ model structure with Cu-O, Cu-Al 

and Cu-Cu single scattering paths. 

 

At last, Cu-Si single scattering paths were included in the fitting. An energy shift of -

10.27 (± 1.88) eV and R-factor of 0.009 were obtained. The fitting results are shown in 

Table A 2-6 and Figure A 2-9. As seen from relatively low R-factor and the Figure A 2-

9, the fitted EXAFS reproduce the experimentally recorded data of Cu-MOR. However, 
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the very short Cu-Al distance of makes it unlikely that the obtained results are 

chemically reasonable. 

In summary, the best and most reasonable results during fitting the EXAFS were 

obtained with [Cu3(µ-O)3]2+ structure. These EXAFS fitting results are also in line with 

ref.6, underlining the reproducibility of EXAFS analysis of the Cu-MOR sample. 

 

Table A 2-6. EXAFS fitting results of Cu-MOR using DFT-optimized structure of [Cu(µ-O)Cu]2+ 

with Cu-O, Cu-Al, Cu-Cu and Cu-Si single scattering paths. 

Path CN R (Å) Debye-Waller factor (Å2) 

Cu-OEF 1 1.83 (± 0.13) 0.003 (set) 

Cu-OFW 2 1.91 (± 0.05) 0.007 (± 0.014) 

Cu-Al 1 2.23 (± 0.03) 0.010 (± 0.006) 

Cu-Cu 1 3.05 (± 0.23) 0.021 (± 0.041) 

Cu-Si 2 3.06 (± 0.06) 0.010 (± 0.010) 

 

 

Figure A 2-9. Magnitude (a) and imaginary part (b) of the fitting results of FT-EXAFS of Cu-

MOR after activation in O2 at 450 °C using [Cu(µ-O)Cu]2+ model structure with Cu-O, Cu-Al, 

Cu-Cu and Cu-Si single scattering paths. 
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 EXAFS Analysis of Cu-MOR after Activation under Different 

Conditions 

 

Figure A 2-10. k2-weighted EXAFS of Cu-MOR after activation in O2 at 500 °C and thermal 

treatment in He at 500 °C and subsequent oxidation in O2 at 200 °C. Fourier-Transformation 

was performed in the range from 2.2 to 8.0 Å-1. 

 

 In-Situ UV-Vis Study of Cu-MOR during Reaction with CH4  

 

Figure A 2-11. In-situ diffuse-reflectance UV-Vis spectra (a) and difference spectra (b) while 

contacting the Cu-MOR catalyst with CH4 flow after thermal treatment of the catalyst in N2 at 

450 °C and subsequent oxidation in O2 at 200 °C. 
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3. Effect of Extra-Framework Al on the Activity of Cu-

Oxo Clusters in Mordenite for the Selective Oxidation 

of Methane to Methanol 

 

 

 

 

Abstract  

Cu-exchanged zeolites are of great interest due to their ability to selectively oxidize methane 

into methanol at moderate temperatures. Among them, Cu-exchanged mordenite (MOR) 

catalysts have shown the highest yield of CH4 oxidation per Cu atom. The active sites of the 

Cu-MOR catalysts have been proposed to be trimeric and dimeric Cu-oxo clusters, which are 

able to oxidize one CH4 molecule per three and two Cu atoms, respectively. However, in this 

study, we have prepared a new series of Cu-MOR catalysts, which are able to oxidize CH4 

with the stoichiometry of up to two CH4 molecules per three Cu atoms. We used X-ray 

absorption spectroscopy, infrared spectroscopy and 27Al magic angle-spinning nuclear 

magnetic resonance to demonstrate that such high reactivity of the Cu species is due to their 

interaction with extra-framework Al species located inside the 8 MR side pockets of MOR. 

Interaction of Cu species with extra-framework Al induces the change in the electronic 

structures or geometric confinement of the Cu-oxo clusters located at the pore mouth of 8 MR 

side pockets. We hypothesize that this affects accessibility and/or electronic structure of the 

Cu-oxo active sites, allowing reaction of two CH4 molecules per cluster in one cycle. 
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3.1. Introduction 

Due to increasing abundance of methane and its local geographic dispersion as well 

as importance of methanol as energy source and chemical feedstock,1 direct 

conversion of methane to methanol is a desired pathway. However, it is challenging to 

selectively transform CH4 into CH3OH due to high symmetry and stability of CH4, as 

well as lower C-H bond dissociation energy of methanol.  

Methanotrophic bacteria are able to selectively oxidize methane into methanol utilizing 

enzymes called methane monooxygenases (MMOs) at Cu- and Fe-centers under 

ambient temperature and pressure using O2.2-4 Zeolites, possessing crystalline 

microporous structure and negatively-charged framework, are shown to be able to host 

small Cu- and Fe-oxo clusters, mimicking active centers in MMOs.5-15 While Fe-

exchanged zeolites need to be activated in N2O,5, 8 active centers for methane 

oxidation can be formed on Cu-zeolites using more economical O2 as an oxidant.9-10, 

14, 16-20 Selective oxidation of methane to methanol on Cu-zeolites is typically carried 

out under three-stage reaction conditions: (i) thermal activation (450-600 °C) in the 

presence of strong oxidant for the formation of active Cu-oxo clusters, (ii) reaction of 

CH4 on the activated catalyst, forming strongly adsorbed products and (iii) H2O steam-

assisted product desorption as methanol or liquid-phase extraction in polar solvents. 

Sufficient time of CH4 reaction enables the complete coverage of the active Cu-oxo 

clusters. Under these conditions, CH4 oxidation yield can be used to quantify the active 

species formed in the catalyst. Cu efficiency defined as [activated CH4]/[Cu] provides 

information on the nuclearity of Cu-oxo clusters and possible formation of spectator 

species in Cu-zeolite catalysts. 

While initial studies of Cu-zeolites gave modest Cu efficiencies, major improvements 

have been achieved especially on Cu-MOR catalysts.10, 17, 21 Grundner et al. have 

proposed that the formation of single-site [Cu3(µ-O)3]2+ without the presence of 

spectator species results in the average Cu efficiency of 0.31.10 Such Cu-oxo species 

have been shown to be located at the pore mouth of 8 membered-ring (MR) side pocket 

of MOR.10 While Cu-exchange of H-type of MOR resulted in Cu efficiency of 0.33, 

attributed to the formation of the tricopper-oxo clusters, presence of co-cations such 

as Na+, K+, Mg2+ and Ca2+ was found to lead to lower Cu-efficiency.22 More recently, 

Pappas et al. have reported a series of Cu-MOR catalysts where one Cu loading 

showed a Cu efficiency of 0.5, which is the highest value reported to date.21 H-MOR 
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was used as a parent sample for Cu-exchange. They proposed that dimeric Cu 

species, such as mono(µ-oxo) dicopper species and/or trans-(µ-1,2-peroxo) dicopper 

clusters, are responsible for the selective CH4 oxidation.21  

Cu efficiencies of Cu-zeolites are believed to strongly depend framework Al, which is 

determined by zeolite synthesis conditions and Si/Al ratio.14, 21, 23 Indeed, Dedecek et 

al. have shown that different Al distribution in zeolites leads to different reducibility of 

Cu2+ to Cu+ due to different locations and coordination environment around Cu2+.24-25 

The degree of Cu loading can also affect the siting of Cu species in the framework, 

thus affecting reactivity of Cu and overall efficiency of the catalyst.10, 13, 21, 23  

Structures and nature of Cu-oxo clusters supported on zeolites have been discussed 

in terms of interaction of exchanged Cu2+ with negatively charged framework Al (FAl) 

sites in zeolites. Effect of distribution of Lewis acid sites (LAS) or extra-framework Al 

(EFAl) in zeolites was not considered to date. However, recent study of Dyballa et al. 

has suggested a possible dependence of Cu efficiency of Cu-MOR catalysts on the 

concentration of octahedral EFAl,26 although it is still unclear if EFAl species actually 

affect the nature of Cu-oxo clusters supported on zeolites. The effect of EFAl species 

on the activity of Brønsted acid sites (BAS) in zeolites for acid catalyzed hydrocarbon 

conversions has been widely reported.27-29 Rate enhancement of catalytic reactions at 

BAS in the vicinity of EFAl is attributed to the stabilization of transition states by spatial 

constraints27-28 or perturbation of BAS by EFAl.29  

In this study, Cu-MOR catalysts are prepared via ion exchange of parent H-MOR 

samples with different EFAl distribution but similar Al siting in the framework. This 

subtle difference in the EFAl composition has doubled the Cu efficiency of Cu-MOR 

catalysts. Distribution of Cu and Al in MOR, as well as change in the coordination 

structures around Al upon Cu loading, are investigated by in-situ spectroscopies.  

Results point to the interaction of EFAl in the vicinity of the Cu-oxo clusters as origin 

for their high reactivity in some MOR samples. Location of EFAl species in the 8 MR 

side pockets of MOR is proposed to induce changes in electronic structures or 

geometric confinement of the Cu species.   
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3.2. Experimental Methods 

 Aqueous Ion-Exchange of H-MOR 

Parent H-MOR samples were obtained by the calcination of commercial NH4-MOR 

(Clariant, Si/Al = 10 and 11) in a flow of synthetic air (100 mL/min) at 550 °C for 6 h. 

For clarity, the H-MOR samples with Si/Al = 11 and 10 were named H-MOR-A and H-

MOR-B, respectively. 

Cu-exchange was performed under well-controlled conditions to exclude the formation 

of CuO and Cu(OH)2 nanoparticles. A parent H-MOR sample was exchanged in 

aqueous solution of Cu(CH3COO)2 (0.001-0.01 M, 60 mL/gzeolite) at ambient 

temperature for 20 h. The pH of the solution was adjusted to 5.7 by the addition of 

aqueous HNO3 before the addition of H-MOR. After the exchange, the solid phase was 

collected by centrifugation, rinsed by re-dispersion in water (50 mL/gzeolite) and 

subsequent centrifugation. The rinsing step was repeated four times, and the sample 

was dried at 100 °C for 24 h. NH4-MOR-B sample was also used as a parent zeolite 

instead of H-MOR-B, and the resulting catalysts were named Cu(NH4)-MOR-B-x, 

where x denotes the resulting Cu loading (µmol/g).  

Na-exchange of H-MOR was performed in an aqueous solution of NaNO3 (0.5 M, 100 

mL/gzeolite) at 60 °C for 24 h. Excess amount of Na+ in aqueous phase ensures the total 

exchange of H+ in H-MOR. Na back-exchange was performed under the same 

conditions on Cu-MOR catalysts after calcination in the flow of synthetic air (100 

mL/min) at 500 °C for 2 h. 

Co-exchange of Na-MOR was carried out in an aqueous solution of Co(NO3)2 (0.05 M, 

150 mL/gzeolite) at ambient temperature for 24 h, following the procedure reported by 

Dedecek et al.30 Under these conditions, controlled exchange of Co2+ cations at paired 

Al sites are achieved.  

Concentrations of framework Si and Al as well as exchanged cations were determined 

by atomic absorption spectroscopy (AAS) on a UNICAM 939 AA spectrometer after 

dissolution in boiling hydrofluoric acid. 
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 Selective Oxidation of Methane to Methanol 

CH4 oxidation activity of Cu-MOR catalysts were measured in a stainless steel plug-

flow reactor (4 mm inner diameter) using 50 mg of a catalyst (pressed and sieved into 

a particles size of 250-400 µm). The catalyst was first activated in the presence of O2 

(10-100% in He, 16 mL/min) at 500 °C for 1 h at a heating rate of 10 °C/min. After 

cooling down to 200 °C, the catalyst was purged in He (50 mL/min) for 30 min and CH4 

reaction was carried out in 100% CH4 (16 mL/min) for 4 h. The catalyst was 

subsequently cooled down to 135 °C in He to perform H2O steam-assisted product 

desorption in 10% H2O/90% He (20 mL/min) for 1 h. The reaction products were 

detected and analyzed by online mass spectrometry. CH3OH, (CH3)2O and CO2 were 

detected as the products, and signals of m/z 31, 44 and 46 were used for quantification, 

respectively. (CH3)2O was regarded as a product that stems from condensation of two 

CH3OH molecules, thus regarded as a methanol equivalent. The sum of all detected 

products was defined as total yield of CH4 oxidation. 

 

 Infrared Spectroscopy  

Samples were pressed into self-standing wafers of a density of ca. 10 mg/cm2, and 

activated in-situ in vacuum (10-7 mbar) at 450 °C for 1 h at a heating rate of 10 °C/min. 

Infrared spectra with the adsorption of n-hexane were recorded on a Vertex 70 

spectrometer (Bruker Optics) at a resolution of 4 cm-1. After the thermal activation, 

measurements were performed at 30 °C upon adsorption of n-hexane (0.1-5 mbar). 

After reaching a target pressure of n-hexane, the sample was equilibrated for at least 

15 min until no spectral change is observed. Infrared spectroscopy of adsorbed 

pyridine was carried out on a Nicolet 5700 FT-IR spectrometer (Thermo Scientific) with 

a resolution of 4 cm-1. Following the thermal activation of the sample, adsorption of 

pyridine was performed at 150 °C at 0.1 mbar for 1 h and subsequently evacuated for 

30 min to desorb any physisorbed pyridine. Measurements were performed before and 

after adsorption of pyridine at 150 °C. 
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 Nuclear Magnetic Resonance 

27Al magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectra were 

recorded on Bruker Avance 500 Ultrashield NMR spectrometer with a magnetic field 

of 11.75 T, corresponding to the Larmor frequency of 130.3 MHz. Samples were 

hydrated in 42 mbar H2O for at least 48 h before packed into ZrO2 rotors, and the rotor 

was spun at 12 kHz. For 1D single-pulse experiments, 2400 scans were accumulated 

with the pulse width of 1.16 µs and the relaxation delay of 2 s. 27Al 3QMAS NMR 

spectra were acquired using z-filtered split-t1 pulse sequence.31-32 1344 scans were 

measured with the relaxation delay of 0.25 s. The optimized pulse widths of 3Q 

excitation pulse p1 and 3Q–1Q conversion pulse p2 were 9 µs and 5.5 µs, respectively. 

The pulse width of the following 90 degree selective pulses p3 was 57.3 µs, and z-filter 

delay time was 20 µs. The acquired spectra were processed with Bruker Topspin. 

The ultrahigh field 27Al MAS NMR experiments were performed on a Varian-Agilent 

Inova 63 mm wide-bore 900 MHz NMR spectrometer. The main magnetic field was 

21.1 T, and the corresponding 27Al Larmor frequency was 234.56 MHz. Experiments 

were performed using a 3.2 mm pencil type MAS probe with a MAS rate of 20 kHz.  A 

single pulse sequence with a pulse length of 2.0 μs was selected for acquiring each 

spectrum with a recycle time of 1 s and total accumulation of 5000 scans. The spectra 

were referenced to 1.5 M Al(NO3)3 in H2O (0 ppm) using the center of the octahedral 

peak of solid γ-Al2O3 (at 13.8 ppm) as a secondary reference.  

 

 Al K-edge X-ray Absorption Spectroscopy 

X-ray absorption spectra at Al K-edge (1559.6 eV) were measured on PHOENIX II, an 

elliptical undulator beamline at the Swiss Light Source of Paul-Scherrer Institut 

(Villigen, Switzerland). The electron energy was 2.4 GeV with a beam current of 400 

mA. The PHOENIX II end station is located at the exit port of the X-Treme beamline. 

Photons were provided from an elliptical undulator and monochromatic light was 

generated using a planer grating monochromator. Energy calibration was performed 

by setting an inflection point of a measured spectrum of Al-foil to 1559.6 eV. 

Zeolite samples were pressed into self-standing pellets with ca. 0.5 mm thickness and 

placed into a pellet holder made from Cu, which can hold up to 8 pellets. The pellet 

holder was then mounted on a Cu heating block in a vacuum chamber. The samples 



Chapter 3 – Effect of Extra-Framework Al on the Activity of Cu-Oxo Clusters in Mordenite 

71 

 

were first activated in 1% O2 in Ar at 800 mbar at 450 °C for 1 h at a heating rate of 

10 °C/min, and then cooled down to 200 °C. After evacuation of O2 at 200 °C, the 

chamber was filled with 10% CH4/90% He up to 800 mbar and reacted for 1 h. 

Measurements were performed in vacuum (10-4 mbar) before thermal activation and 

after each treatment. 

Incoming photon I0 was measured as total electron yield signal taken from a 0.5 μm 

thin polyester foil, which was coated with 50 nm of Ni. This I0 detector was held about 

1 m upstream of the sample in the beamline vacuum (ca. 10-6 mbar). The X-ray 

fluorescence of the samples was detected using a single-element Ketec Si-drift diode 

detector. XANES and EXAFS data processing was performed on Athena software from 

the Demeter package. 

 

 High Energy Resolution Fluorescence Detected X-ray Absorption 

Near Edge Structure 

Measurements of High Energy Resolution Fluorescence Detected (HERFD) X-ray 

Absorption Near Edge Structure (XANES) at Cu K-edge (8979 eV) were performed at 

beamline P64 at PETRA III of DESY (Hamburg, Germany). The electron energy was 

6 GeV with a beam current of 100 mA. Around 10 mg of the sample was sandwiched 

between quartz wools and packed in a quartz capillary reactor (1 mm outer diameter, 

0.02 mm wall thickness), and placed on top of a gas-blower for controlled heating. 

Double-crystal Si(111) monochromator was used to control the incident photon energy 

and von Hamos-type x-ray emission spectrometer33-34 with eight Si(444) mirrors was 

used to record the spectra. Energy calibration was performed by recording elastic 

scattering at 8015, 8027, 8047, 8060 eV. Thermal activation of the samples was 

performed in a flow of 10% O2 in He at 5 mL/min at 450 °C for 1 h with the 10 °C/min 

heating rate. After the thermal activation of the sample, the sample was cooled down 

to 200 °C, and purged in He for 30 min, followed by reaction in 10% CH4 in He for 2 h 

at a flow rate of 5 mL/min. The gas flows over the samples was controlled by mass-

flow controllers. A moisture/oxygen trap and a moisture trap were employed on He and 

CH4, and O2 gases respectively to avoid unwanted contamination of the gas stream on 

the catalyst. 
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 In-situ Ultraviolet-Visible spectroscopy 

Ultraviolet–visible (UV-Vis) spectra of Cu-MOR samples were recorded in-situs on an 

Avaspec 2048 spectrometer (Avantes) with a light source AvaLight-DH-S-BAL 

(Avantes) in the diffuse reflectance mode. The samples were pressed and sieved into 

a size of 250-400 µm and placed in a quartz flow reactor (6 mm inner diameter) with 

square optical-grade quartz windows, sandwiched between quartz wool. The reactor 

was placed horizontally in a lab-made heating chamber with an 8-mm diameter hole at 

the bottom, where a high-temperature optical fiber (Avantes FCR-7UV400 2ME-HTX) 

can be vertically directed to the reactor. The sample was first activated in pure O2 flow 

(16 mL/min) at 450 °C for 1 h with a heating rate of 10 °C/min. After the thermal 

activation step, the catalyst was cooled down to 200 °C and purged with He for 30 min, 

and then CH4 reaction was performed for 30 min in pure CH4 (16 mL/min). Spectra 

were measured periodically throughout the experimental procedure (every 5 min 

during thermal activation, every minute during CH4 reaction). The spectra are 

presented as Kubelka-Munk function, defined as F(R) = (1-R)2/2R, where R = Rs/Rr. 

Rs and Rr refer to the signal intensity of the sample and reference, respectively. Parent 

H-MOR sample was used as reference. 
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3.3. Results and Discussion 

 Activity of Cu-MOR Catalysts 

In order to examine if the Cu-exchange was successful without undesired precipitation 

of CuO or Cu(OH)2 nanoparticles, Na+ back-exchange of Cu-MOR samples was 

performed. Prior to Na+ back-exchange, Cu-MOR samples were calcined in the 

presence of O2 at 500 °C for 2 h to re-distribute the exchanged Cu cations and to form 

active Cu-oxo clusters.16 While cationic Cu and Cu clusters can be re-hydrolyzed and 

back-exchanged by Na+, CuO and Cu(OH)2 clusters precipitated in MOR pores during 

Cu-exchange cannot be back-exchanged by Na+.22 For all the samples reported in this 

study, it was found out that more than 90% of the introduced Cu were back-exchanged 

by Na+ (Table A 3-1 in appendix), indicating that most of the introduced Cu are present 

as cationic species.  

Activities of Cu-MOR catalysts in CH4 oxidation were measured in the typical three-

stage reaction conditions, as described in the experimental section. Thermal activation 

of a catalyst was performed at 500 °C for 1 h in the presence of O2 to complete the 

formation of active Cu-oxo clusters.16 The long reaction time of CH4 ensures the 

complete reaction of the formed Cu-oxo clusters with CH4, which enables the titration 

of all the active site.10  

Activities of the catalysts in CH4 oxidation and selectivities to methanol are presented 

in Figure 3-1 (a), and Cu efficiency of each catalyst is plotted in Figure 3-1 (b). 

Assuming the absence of spectator species, CH4 molecule activated by a single-site 

Cu dimer and trimer results in the Cu efficiency of 0.33 and 0.5, respectively. It has 

been previously shown that Cu-MOR catalysts prepared via aqueous ion-exchange 

under well-controlled conditions show a CH4/Cu of ca. 0.3.10, 17, 21, 35 Indeed, a series 

of Cu-MOR-A catalysts, prepared under the same ion-exchange conditions from a H-

type of MOR (H-MOR-A),10 show an average Cu efficiency of 0.33 as represented by 

the slope of the linear regression (Figure 3-1 (a)).   

We have now prepared another series of Cu-MOR catalysts (Cu-MOR-B) under the 

same conditions, using H-MOR-B as a parent sample. Cu-MOR-B catalysts show 

linear increase of CH4 oxidation yield up to 283 µmol/g Cu loading, while it levels off at 

higher Cu loadings. Surprisingly, average Cu efficiency of 0.58 was obtained at Cu 

loadings below 283 µmol/g, and the maximum Cu efficiency of 0.63 was observed at 
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156 µmol/g Cu loading. These values are larger than any reported values for Cu-zeolite 

catalysts on the selective oxidation of methane to methanol. Moreover, this 

stoichiometry is larger than expected values for dimers such as mono(µ-oxo) dicopper 

or trans-(µ-1,2-peroxo) dicopper species (0.5) or trimers such as [Cu3(µ-O)3]2+ clusters 

(0.33), assuming that one CH4 molecule is activated by one active Cu cluster. 

 

 

Figure 3-1. Yield of CH4 oxidation and selectivity to CH3OH and (CH3)2O on the Cu-MOR 

catalysts prepared from different parent H-MOR samples with different Cu loading (a) and their 

Cu efficiency (b). Activity tests were repeated 3 times on each catalyst and averaged values 

are reported.  

 

While flattening of CH4 oxidation yield at high Cu loadings was also observed on Cu-

MOR catalysts by Grundner et al., it was attributed to the formation of unexchanged 

CuO or Cu(OH)2 nanoparticles, which do not take part in the CH4 oxidation reaction.10 

On the other hand, Na back-exchange of Cu-MOR-B catalysts has shown that 90% of 

the Cu are exchanged as cationic species. Therefore, the flattening of CH4 oxidation 

yield on these catalysts can be attributed to the formation of cationic spectator species 

which does not take part in the CH4 oxidation or the change in the nature of Cu-oxo 

clusters, such as transformation of active Cu-oxo clusters to those with higher 

nuclearity of Cu.  

Having observed unusually high Cu efficiencies of Cu-MOR-B catalysts in the selective 

oxidation of CH4, it is important to investigate the distribution of Al and Cu atoms in the 
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Cu-MOR catalysts in order to understand the factors that are responsible for the 

formation of high activity catalysts. 

 

 Distribution of Framework and Extra-Framework Al in Parent 

MOR Samples 

It is well known that Al distribution in zeolites strongly affects the locations and the 

nature of exchanged cations.30, 36 Therefore, distributions of FAl sites in the parent H-

MOR samples used for Cu ion exchanged were investigated. 

Al sites that are separated by one or two SiO4 tetrahedra (so called Al pairs) can be 

probed by Co2+-exchange in aqueous phase under controlled conditions30, 37 Formation 

of multinuclear Cu-oxo clusters, including dimeric and trimeric Cu species, is proposed 

to occur on such paired Al sites.10, 21, 23 The population of the paired FAl sites were 

determined to be 63% and 60% of the total Al on parent H-MOR-A and H-MOR-B 

samples, respectively. 

 

Table 3-1. Compositions and FAl distribution in the parent H-MOR samples determined by IR 

spectroscopy. 

Sample 
Si/Al 
(-) 

FAlmain channel
a 

(µmol/g) 
FAlSP bottom

b 
(µmol/g) 

FAlSP pore mouth
b 

(µmol/g) 
Total FAlc 
(µmol/g) 

H-MOR-A 10.7 400 251 439 1090 

H-MOR-B 9.6 419 220 486 1130 
aConcentration of FAl located in 12 MR main channel was determined by deconvolution of the IR band 

at 3600 cm-1. bConcentrations of FAl located at the pore mouth and the bottom of 8 MR side pocket were 

determined by combination of IR spectroscopy with pyridine and n-hexane adsorption. cTotal FAl 

concentration was determined by Na-exchange of a H-MOR sample. 

 

Locations of FAl sites, which function as BAS, in the parent H-MOR samples were 

investigated by IR spectroscopy with the aid of probe molecules, such as n-hexane 

and pyridine. BAS located in 12 MR main channel, giving a band at 3612 cm-1, are 

accessible to n-hexane molecules, while BAS located inside 8 MR side pocket, 

showing a band at 3590 cm-1, remain unperturbed (Figure A 3-1 in Appendix).38 On the 

other hand, pyridine can interact with the sites located in 12 MR main channel and at 
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the pore mouth of 8 MR side pockets.39 As seen in Table 3-1, significant difference in 

the distribution of FAl is not observed in the H-MOR samples.  

In the next step, distribution of EFAl species, which function as LAS in parent H-MOR 

samples, was studied. Dyballa et al. has suggested that EFAl in MOR might affect the 

CH4 oxidation activity of Cu-MOR catalysts.26 Concentrations of LAS located in 12 MR 

main channel and at the pore mouth of 8 MR side pockets in H-MOR-A and H-MOR-B 

samples are analyzed by IR spectroscopy with pyridine adsorption, while significant 

difference was not observed (Table 3-2, Figure A 3-2 in Appendix). We assume that 

every Al atom in the H-MOR samples is associated to a BAS or to a LAS. Then, by 

combining LAS concentration in H-MOR samples accessible by pyridine with the total 

Al concentration and BAS distribution, it is possible to estimate the distribution of LAS 

in the parent H-MOR samples. The concentration of LAS in 12 MR main channel and 

at the pore mouth of 8 MR side pocket, which is accessible by pyridine, is similar 

between H-MOR-A and H-MOR-B. However, significant difference is observed in the 

concentration of LAS located at the bottom of 8 MR side pocket, which is inaccessible 

to bulky pyridine molecules. While H-MOR-A possesses only 90 µmol/g of LAS inside 

8 MR side pocket, H-MOR-B has much larger amount of LAS (260 µmol/g) inside the 

8 MR side pocket. 

 

Table 3-2. Comparison of Al distribution in the parent H-MOR samples. 

 H-MOR-A H-MOR-B 

Total Al (µmol/g)a 1440 1620 

Total FAl (µmol/g)b 1090 1130 

Total EFAl (µmol/g)c 350 490 

EFAlmain channel + SP pore mouth (µmol/g)d 260 230 

EFAlSP bottom (µmol/g)e 90 260 

aTotal Al concentration was determined by elemental analysis (AAS). bTotal FAl concentration was 

determined by Na-exchange of a H-MOR sample. cTotal EFAl concentration was determined as [Total 

Al] - [Total FAl]. dConcentration of EFAl located at 12 MR main channel and the pore mouth of 8 MR 

side pocket (SP) was analyzed by IR spectroscopy with pyridine adsorption. eConcentration of EFAl 

located at the bottom of 8 MR side pocket (SP) was determined as [Total EFAl] – [EFAlmain channel + SP pore 

mouth]. 
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Coordination of Al in H-MOR samples was investigated by 27Al MAS NMR 

spectroscopy at the high magnetic field of up to 19.9 T (850 MHz spectrometer). While 

it is known that some Al species cannot be detected by NMR, it has been shown that 

such NMR-silent Al species can be detected by high magnetic field-NMR due to 

restrained second-order quadrupole interactions and enhanced resoution.40-41 Figure 

3-2 shows the 27Al MAS NMR spectra of the parent H-MOR samples, recorded on an 

850 MHz instrument. Both H-MOR-A and H-MOR-B samples show two sharp peaks at 

ca. 58 and 0 ppm, corresponding to tetrahedral and octahedral Al species, 

respectively. While tetrahedral Al is typically regarded as framework Al species, 

octahedral Al is attributed to EFAl which creates Lewis acidity in zeolites.26 Fractions 

of octahedral Al in both H-MOR-A and H-MOR-B samples are ca. 20% of the total Al 

population. However, in both samples, concentration of octahedral Al species 

determined by 27Al MAS NMR is smaller compared to the concentration of total LAS 

(Table 3-2), suggesting that some LAS have tetrahedral coordination structures. The 

presence of tetrahedrally coordinated EFAl in zeolites has been also reported before.42 

 

 

Figure 3-2. Weight-normalized 27Al MAS NMR spectra of the parent H-MOR samples (850 MHz 

instrument). 
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Table 3-3. Concentrations of Al in tetrahedral and octahedral coordination structures 

determined by 27Al MAS NMR. 

  H-MOR-A H-MOR-B 

Total AlEA (µmol/g)
a 1440 1620 

Altetrahedral (µmol/g)
b 1150 1290 

Aloctahedral (µmol/g)
b 290 330 

aConcentration of total AlEA was determined by elemental analysis (EA). bAreas of the peaks at 58 ppm 

and 0 ppm of weight-normalized NMR spectra were analyzed for the determination of the concentrations 

of tetrahedral and octahedral Al, respectively.  

 

27Al 3QMAS NMR measurements were performed on the parent H-MOR samples to 

study the coordination environment around Al more in detail. Two types of line 

broadening effects can be distinguished by 3QMAS NMR experiments.28-29 One is the 

horizontal broadening (to the direction of F2) due to quadrupolar coupling to local 

electric field gradients caused by the nearby cationic species or distortion in the 

coordination geometry. On the other hand, vertical broadening (to the direction of F1) 

is caused by chemical heterogeneity. It is known that second-order quadrupolar 

interaction of Al with local electric field gradients can lead to line broadening of 27Al 

MAS NMR spectra beyond detection.29 Both H-MOR-A and H-MOR-B samples show 

similar spectra with the peaks of tetrahedrally and octahedrally coordinated Al species 

(Figure 3-3). The peaks of the both samples are vertically elongated, indicating the 

high chemical heterogeneity within the Al species. These observations are in line with 

our hypothesis that a part of LAS is present as tetrahedrally coordinated species. Line 

broadening towards F2 direction, on the other hand, is relatively small compared to the 

line broadening to F1 direction, indicating that the coordination structures around Al 

are not strongly distorted.  
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Figure 3-3. 2D 27Al 3QMAS NMR spectra of H-MOR-A (a) and H-MOR-B (b) samples and their 
positive projections on the vertical and horizontal frequency axes. F1 and F2. The spectra were 
measured on the 500 MHz instrument. 

 

 Distribution of Exchanged Cu Cations 

Distribution of the exchanged Cu2+ in H-MOR was investigated by looking at the 

consumption of the band attributed to BAS by IR spectroscopy. As described in the 

former section, the band at ca. 3600 cm-1, attributed to BAS, was deconvoluted into 

two bands located at 3612 cm-1 and 3590 cm-1, corresponding to BAS in 12 MR main 

channel and 8 MR side pocket, respectively.38 It is known that ion-exchange in MOR 

occurs preferentially in the more constrained 8 MR side pockets.43 In the case of Cu-

MOR-B catalysts, formation of [Cu3(µ-O)3]2+ in MOR was also observed to occur 

selectively at the pore mouth of 8 MR side pockets, and the consumption of 2 BAS per 

3 Cu atoms was observed.10 Given the similarity in the distribution of BAS in H-MOR-

A and H-MOR-B, we expect that the distribution of exchanged Cu2+ is also similar. 

Indeed, consumption of BAS upon Cu-exchange in H-MOR-B also shows that Cu is 

preferably exchanged at the 8 MR side pocket of MOR, while BAS located at 12 MR 

main channel stay unoccupied (Figure 3-4). However, the slope of 0.89 for the total 

consumption of BAS indicates that approximately one BAS is consumed by 

exchanging a Cu cation. These results suggest different coordination structures around 

Cu cation in Cu-MOR-A and Cu-MOR-B catalysts. 
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Figure 3-4. Consumption of BAS at 12 MR main channel and 8 MR side pockets with different 

Cu loading in Cu-MOR-B catalysts. 

 

 Interaction of EFAl and Cu-Oxo Active Species 

Dyballa et al. have observed that the population of octahedral Al decreases upon Cu-

exchange of MOR, and it was attributed to realumination of MOR framework in mildly 

acidic solution.26 Formation of octahedral EFAl species was observed upon reaction 

cycles of selective oxidation of methane to methanol. Although it was mentioned that 

the fraction of octahedral EFAl might affect the yield of CH4 oxidation on Cu-MOR 

catalysts,26 how EFAl governs the properties of exchanged Cu2+ species has not been 

yet studied in detail. Since the Cu-exchange of MOR samples are performed in mildly 

acidic solution of Cu(CH3COO)2 (pH 5.7), H-MOR-B sample was treated in an aqueous 

solution of CH3COOH to study the effect of ion exchange on the Al sites of the zeolite. 

Figure 3-5 shows weight-normalized 27Al MAS NMR spectra of H-MOR-B before and 

after the treatment in the aqueous solution of CH3COOH. Two prominent peaks are 

observed at 55 ppm and 0 ppm, attributed to Al in tetrahedral and octahedral 

coordination structure, respectively. Identical spectra of H-MOR-B before and after the 

acid treatment indicate that Al sites in MOR are not affected by the Cu-exchange, thus 

realumination of MOR framework can be excluded under the tested conditions. 
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Figure 3-5. 27Al MAS NMR spectra (measured on the 500 MHz instrument) of H-MOR-B before 

and after mildly acidic treatment in an aqueous solution of CH3COOH at pH 5.7. 

 

Figure 3-6 (a) shows 27Al MAS NMR spectra of Cu-MOR-B catalysts at various Cu 

loadings. Height of the peak at 55 ppm, assigned to tetrahedral Al, decreased with 

increasing Cu loading, while simultaneous line broadening was observed due to the 

interaction of paramagnetic Cu2+ with framework Al sites. Peak area of tetrahedral Al 

was constant at different Cu loadings (Figure 3-6 (b)), even though paramagnetic Cu2+ 

cations are exchanged at tetrahedral framework Al sites as observed by IR 

spectroscopy (Figure 3-4). This is probably due to the weak electron dipole-nuclei 

dipole interaction between Cu and Al in fully hydrated catalysts.26 On the other hand, 

the peak intensity of octahedral Al at 0 ppm linearly diminished with increasing Cu 

loading. This is either due to the strong interaction of Cu2+ with octahedral Al species 

making some Al “NMR-silent”, or due to the actual change in the coordination structure 

around Al by the introduction of Cu2+. As a consequence, total Al concentration 

calculated from the total peak area of 27Al MAS NMR spectra linearly decreased upon 

increasing Cu concentration, while Al concentration determined by elemental analysis 

was constant (Table A 3-1 in Appendix). These results suggest that strong interaction 

of EFAl species with paramagnetic Cu2+ is present, leading to the formation of NMR-

silent Al species.26, 44  
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Figure 3-6. 27Al MAS NMR spectra of Cu-MOR-B catalysts with different Cu loading measured 

on the 500 MHz instrument (a) and concentrations of Al in tetrahedral and octahedral 

coordination structure derived from the peak areas of 27Al MAS NMR spectra.  

 

In order to obtain further information on the coordination structure around Al, Al K-edge 

XAS study was carried out. Vjunov et al. have shown that the intensity of the feature 

at 1568 eV in Al K-edge XANES provides quantitative information of octahedral Al 

species.45 Unlike 27Al MAS NMR spectroscopy, Al K-edge XAS is not affected by the 

paramagnetic effect of Cu2+, thus real structural information is obtained. Figure 3-7 (a) 

shows Al K-edge XANES of Cu-MOR-B catalysts with different Cu loading. A small 

pre-edge peak at 1560.5 eV seen in the spectrum of dehydrated H-MOR-B is due to 

the delocalization of H+ at negatively charged framework Al sites due to the loss of 

ligated H2O molecules.45 Decrement in the intensity of the feature at ca. 1568 eV, 

attributed to octahedral Al, is observed with increasing Cu loading. Linear combination 

fitting (LCF) analysis of this feature of Cu-MOR-B catalysts was performed to 

determine the concentration of Al in tetrahedral and octahedral coordination structures. 

The spectrum of H-MOR-B dehydrated by thermal treatment at 450 °C in the presence 

of O2 for 1 h was used as a reference for 0% octahedral Al, since it is known that 

octahedral Al changes its coordination structure to tetrahedral upon losing hydrating 

H2O molecules by thermal treatment.45-46 H-MOR-B in hydrated state was used as a 

reference for octahedral Al content of 20.4%, as determined by 27Al MAS NMR at high 

magnetic field (Table 3-3). Figure 3-7 (b) exhibits the concentrations of Al in tetrahedral 

and octahedral coordination structures. It can be seen that the concentration of 
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octahedral Al linearly decreases with increasing Cu concentration, as also observed 

by 27Al MAS NMR (Figure 3-6). Consequently, the concentration of tetrahedral Al 

shows linear increase according to the Cu concentration. These results indicate that 

the linear decrease with Cu loading of the concentration of octahedral Al seen by 27Al 

MAS NMR is due to a change in coordination structure around Al from octahedral to 

tetrahedral. Octahedral Al species are transformed into tetrahedral upon introduction 

of Cu2+ or they become NMR-silent due to strong interaction with paramagnetic Cu2+. 

In both cases, results indicate an important interaction between Cu and EFAl at least 

in the hydrated state of the zeolite. It should be noted that Cu exchanged on BAS would 

be surrounded by H2O molecules in the hydrated state of Cu-MOR sample and thus 

the paramagnetic shield of Al NMR signal of framework Al might have been attenuated 

by those H2O molecules.   

 

 

Figure 3-7. Al K-edge XANES of Cu-MOR-B catalysts with different Cu loading plotted with H-

MOR-B in hydrated (hyd.) and dehydrated (dehyd.) state (a). Measurements were performed 

in hydrated states unless stated “dry”. Concentrations of tetrahedral and octahedral Al obtained 

by LCF (b).  
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it is expected that the distributions of framework Al sites in these two samples are very 

similar. On the other hand,NH4-MOR-B sample was found to be free of octahedral EFAl 

species, as indicated by the absence of the peak at 0 ppm in its 27Al MAS NMR 

spectrum (Figure 3-8). Therefore, all the octahedral EFAl species observed in Figure 

3-5 and characterized in this section are formed upon calcination of the parent NH4-

MOR to decompose NH4
+ and produce the H- form. The total peak areas of 27Al MAS 

NMR spectra of the NH4- and H-MOR-B samples were identical, therefore the 

formation of NMR-invisible Al species upon calcination treatment can be excluded.  

 

 

Figure 3-8. Comparison of weight-normalized 27Al MAS NMR spectra of NH4-MOR-B and H-

MOR-B. 

 

As shown in Figure 3-9, Cu(NH4)-MOR-B catalysts, prepared by Cu-exchange of NH4-

form of MOR, show much lower Cu efficiency of 0.25 compared to Cu-MOR-B 

catalysts, corresponding to ca. 1 CH4 molecule activated by 4 Cu atoms. This is only 

half of the activity of Cu-MOR-B catalysts, which show the average Cu efficiency of 

0.58 (corresponding to 1 CH4 molecule activated by approximately 2 Cu atoms) at Cu 

loadings up to 283 µmol/g. Approximately 90% of the Cu in the Cu(NH4)-MOR-B 

samples were back-exchanged by Na+, indicating that majority of the Cu species in the 

catalysts are cationic. Although it has been reported that the presence of co-cations 

decreases the Cu efficiency of Cu-MOR catalysts,22 since NH4
+ cations are 
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decomposed to form H+ during activation of the catalyst at 500 °C in the presence of 

O2, effect of the different cations in the catalysts can be excluded. Extra-framework 

metal cations are known to have stabilization effect against dealumination.47-49 

Therefore, it is not surprising that Cu2+ cations exchanged in NH4-form of MOR have 

similar stabilization effect on the MOR framework upon calcination treatment. Indeed, 

larger concentration of tetrahedral Al in Cu(NH4)-MOR-B catalyst with 189 µmol/g Cu 

loading compared to H-MOR-B sample suggests that dealumination of MOR 

framework is suppressed by the presence of Cu2+ (Table 3-4). Moreover, the total 

concentration of Al in calcined Cu(NH4)-MOR-B (189 µmol/g Cu) determined by 27Al 

MAS NMR spectroscopy was identical to that in H-MOR-B (Table 3-4), indicating the 

absence of NMR-silent Al species. Taking into account the formation of NMR-silent Al 

species upon interaction of paramagnetic Cu2+ and extra-framework octahedral Al and 

weak electron dipolar-nuclei dipolar interaction between Cu and Al,26 Cu2+ cations in 

the calcined Cu(NH4)-MOR-B catalyst seem to be solely interacting with framework 

tetrahedral Al sites.  

It is also possible that Cu2+ exchanges in NH4-MOR in different Al framework positions 

than in H-MOR, due to a competition of available cations for sites.22 On the other hand, 

it is known that H2O steam treatment during product desorption as well as thermal 

activation at high temperatures facilitate the mobilization of Cu cations in micropores 

of zeolites.14, 16, 50-51 Thus, after calcination of Cu-NH4-MOR, ammonia cations are 

removed and a Cu-H-MOR is generated and, in principle, after one cycle the oxidative 

activation of the wet spent catalyst should allow for organization of the Cu clusters in 

a similar way to a Cu-H-MOR reference material. Ab initio thermodynamic study has 

shown that [Cu3(µ-O)3]2+ species is the most thermodynamically stable species under 

the used reaction conditions.10 Therefore, it is expected that, in absence of any co-

cations after calcination of Cu-NH4-MOR to form Cu-H-MOR, re-distribution of Cu 

cations in micropores of MOR during steam treatment and reactivation would facilitate 

the formation of the tricopper-oxo clusters. In that case, a second catalytic cycle on 

Cu-NH4-MOR should restore the stoichiometry of 1 CH4 molecule activated by 3 Cu 

atoms.16, 52 However, two consecutive reaction cycles on the Cu(NH4)-MOR-B catalyst 

(232 µmol/g Cu) resulted in constant yield of CH4 oxidation and methanol selectivity 

(Figure 3-9 (b)), suggesting that the structure of the Cu-oxo clusters formed in both 

reaction cycles are identical. These results support the hypothesis that it is a strong 
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effect of EFAl species in MOR on the distribution or structure of Cu cations what 

determines the differences in activity observed for the MOR-B series. 

 

 

Figure 3-9. Total yield of CH4 oxidation on Cu-MOR-B catalysts prepared from parent MOR in 

H- and NH4-forms (a) and the results of two consecutive reaction cycles on Cu(NH4)-MOR-B 

catalyst (232 µmol/g Cu). 

 

Table 3-4. Concentration of Al in tetrahedral and octahedral coordination structures determined 

by 27Al MAS NMR spectroscopy. 

Sample 
Tetrahedral Al 

(µmol/g) 
Octahedral Al 

(µmol/g) 
Total Al 
(µmol/g) 

H-MOR-B 1320 300 1620 

NH4-MOR-B 1620 0 1620 

Cu-MOR-B (156 µmol/g Cu) 1300 200 1500 

Cu(NH4)-MOR-B (189 µmol/g), 

calcined 
1450 170 1620 
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 Possible Structure of the Active Cu-Oxo Clusters in Cu-MOR-B 

Catalysts 

Cu-MOR-B catalysts have shown average Cu efficiency of 0.58 below the Cu loading 

of 283 µmol/g, with the maximum value of 0.63 (Figure 3-1). These values are larger 

than any expected Cu efficiency assuming the formation of Cu dimer or trimer as single 

site. Taking into account that the ratio of BAS consumed per Cu cation has also 

increased from the theoretical 2/3 obtained for Cu-oxo trimers10 to 0.89 (Figure 3-4), 

we discuss here the possible structures of Cu species that could achieve such high Cu 

efficiency. 

Kulkarni et al. have carried out periodic DFT calculations combined with 

thermodynamic analysis to show that [CuOH]+ species in 8 MR of CHA can activate 

CH4.53 Recent study has also shown that mononuclear Cu(II) species on alumina 

prepared by surface organometallic chemistry are able to oxidize methane into 

methanol.54 However, considering the large fraction of paired Al sites on the parent H-

MOR-B and preferential exchange of Cu cations at the 8 MR side pockets, formation 

of [CuOH]+ monomers is unlikely. It is known that condensation of two adjacent 

[CuOH]+ species is favorable at high temperatures to form [Cu-O-Cu]2+ species.16, 55 

However, the observed Cu efficiencies above 0.5 imply that such [Cu-O-Cu]2+ clusters 

are not the predominant species for the high activity of Cu-MOR-B catalysts. On the 

other hand, considering that methane oxidation to methanol requires transfer of two 

electrons from methane to Cu species, [CuIIOH]+ species would result in the formation 

of metallic Cu. However, the formation of metallic Cu species was not detected by 

HERFD-XANES (Figure A 3-3 in Appendix). 

Another possibility is the activation of two CH4 molecules on a tricopper-oxo cluster. 

DFT calculations of the electronic structures of [Cu3(µ-O)3]2+ supported on MOR have 

shown that one O atom in [Cu3(µ-O)3]2+ cluster is more reactive than the other two O 

atoms.56 However, it was also recently reported that different geometric confinement 

of [Cu-O-Cu]2+ clusters results in different reactivity with CH4.57 Therefore, it is not 

surprising that the reactivity of [Cu3(µ-O)3]2+ clusters are also affected by geometric 

confinement effect or different electronic structures. Since two Cu atoms in the [Cu3(µ-

O)3]2+ cluster are in the formal oxidation state of Cu(III), oxidation of two CH4 molecules 

is possible with accompanying the formation of two Cu(I). The BAS/Cu of near 1 and 

CH4/Cu stoichiometry of 0.63 would be also compatible with the formation of a trans-
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1,2-µ-peroxo dicopper clusters, as proposed by Pappas et al.21 However, presence of 

such species would imply the formation of some inactive clusters or the same species 

with different reactivities. 

Based on our results, we hypothesize that the presence of EFAl inside 8 MR side 

pockets of MOR-B contributes to a change in the electronic structure and/or in the 

geometric confinement of active Cu-oxo clusters. Such change allows for the activation 

of a second CH4 molecule by the multinuclear Cu cluster, resulting in roughly doubling 

the activity of the catalyst compared to those without the effect of EFAl. Evolution of 

Cu efficiencies from 0.58 for low Cu concentrations, passing by a maximum of 0.63 

and the decrease of Cu efficiency for higher loadings (even though 90% of the Cu 

species are exchanged as cationic species) implies that Cu speciation is not 

homogeneous in presence of additional EFAl species located inside 8 MR side pockets 

of MOR. An optimal EFAl-Cu interaction is achieved at 283 µmol/g of Cu and 260 

µmol/g EFAl in 8 MR pockets. 
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3.4. Conclusions 

We have prepared Cu-MOR catalysts at different Cu loading from different parent H-

MOR samples. Two parent samples, H-MOR-A and H-MOR-B, were shown to possess 

very similar distribution of framework Al sites, while H-MOR-B contains more EFAl 

species inside 8 MR side pockets of MOR compared to H-MOR-A. Cu-MOR-A 

catalysts show the Cu efficiency of 0.33 in CH4 oxidation corresponding to the 

formation of single site [Cu3(µ-O)3]2+ species. On the other hand, Cu-MOR-B catalysts 

exhibit Cu efficiency of up to 0.63, which is the highest value reported so far. The yield 

of CH4 oxidation of Cu-MOR-B catalysts increased linearly up to a Cu loading of ca. 

300 µmol/g and leveled off at larger Cu concentrations. We have quantitatively shown 

that octahedral Al is transformed to tetrahedral upon Cu loading in H-MOR-B. The 

transformed Al sites seem to become NMR-silent due to the strong interaction with 

paramagnetic Cu2+. Cu-exchange in the pristine NH4-MOR-B as a parent sample, 

which does not possess octahedral EFAl species, resulted in much lower Cu 

efficiencies of ca. 0.25 despite almost identical distribution of framework Al sites. These 

results demonstrate that the interaction of Cu species with EFAl species inside 8 MR 

side pockets of MOR results in the enhanced reactivity of Cu clusters. Though the Cu 

species formed in Cu-MOR-B catalysts seem to be heterogeneous, we hypothesize 

that dimeric and/or trimeric Cu species, such as trans-1,2-µ-peroxo dicopper clusters 

and [Cu3(µ-O)3]2+ species, which are able to activate two CH4 molecules per cluster, 

are responsible for the high Cu efficiency of the catalysts. We propose that the 

unusually high reactivity of the Cu clusters stems from their interaction with EFAl 

species in micropores of MOR, especially inside the 8 MR side pockets, resulting in 

the change in electronic structures or geometric confinement of the Cu species.  
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3.6. Appendix 

 

 

Table A 3-1. Si/Al ratios of Cu-MOR-B catalysts and Cu concentrations after Na back-

exchange. 

Cu concentration 
(µmol/g) 

Si/Al after Cu-exchange 
(-) 

Cu concentration after  
Na back-exchange 

(µmol/g) 

Remaining Cu after  
Na back-exchange 

(%) 

99 9.6 6.3 6.4 

156 9.4 10 6.4 

283 9.3 20 7.0 

381 10.2 25 6.6 

446 9.4 32 7.1 

 

 

 

Figure A 3-1. Deconvolution of IR spectra of H-MOR-B before adsorption of n-hexane (a) and 

after adsorption of n-hexane at 1.0 mbar (b). 
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Figure A 3-2. IR spectra of pyridine adsorbed on H-MOR-A and H-MOR-B samples. 

 

 

 

Figure A 3-3. HERFD-XANES of a Cu-MOR-B catalyst with 283 µmol/g Cu loading. 
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Reaction of CH4 on different Cu-zeolite catalysts was monitored in-situ by UV-Vis 

spectroscopy. Figure A 3-4 shows the UV-Vis difference spectra of Cu-MOR-B 

catalysts at different Cu loading after CH4 loading for 30 min. These spectra indicate 

the change in the Cu species with CH4 reaction at different Cu concentrations. In the 

spectrum of the Cu-MOR-B catalyst with 156 µmol/g Cu loading, a negative as well as 

a positive bands are observed at ca. 12,600 cm-1 and at ca. 17,500 cm-1, respectively. 

These bands can be attributed to d-d transition of Cu2+ in square-pyramidal and 

pyramidal coordination structures.58, 59 Decreasing intensity of the band at 12,600 cm-

1 suggests the reduction of Cu2+ in specific coordination structure to Cu+ upon CH4 

reaction, as frequently observed by XANES.10-11, 14, 21 On the other hand, increase of 

the band at 17,500 cm-1 could be due to the transformation of Cu2+ species upon 

reaction with CH4 into new coordination structures. In the LMCT region of the UV-Vis 

spectra of Cu-MOR-B catalysts with 156 and 283 µmol/g Cu loading, two negative 

bands are observed at ca. 39,500 and 29,500 cm-1, indicating the cleavage of Cu-O 

bond and/or reduction of Cu2+ to Cu+. While the band at 29,500 cm-1 is associated with 

[Cu3(µ-O)3]2+,10 it has been hypothesized that the band at 39,500 cm-1 is also due to 

this Cu species, since the tricopper-oxo cluster contains Cu and O atoms with different 

electron spin densities.10, 56 The area ratio of these two peaks were almost identical at 

lower Cu loadings. However, on the Cu-MOR-B catalyst with the highest Cu loading of 

446 µmol/g, the relative area of the band at 29,500 cm-1 has increased, while the band 

at 39,500 cm-1 has red-shifted, suggesting the transformation of active Cu-oxo clusters 

at high Cu concentration. It is worth noting that the Cu efficiency of the Cu-MOR-B with 

the highest Cu loading was ca. 0.3, while the other two catalysts show CH4/Cu 

stoichiometry above 0.5, and it was proposed that the high Cu efficiency stems from 

reaction of second CH4 molecule on an active Cu cluster. UV-Vis bands cannot be 

unambiguously attributed to Cu species with defined structures because they are in 

general very broad and one species could show bands at multiple positions.60 

However, these results suggest that such Cu species with high reactivity, if present, 

show a dominant band at ca. 40,000 cm-1 and the [Cu3(µ-O)3]2+ cluster shows a 

dominant band at ca. 30,000 cm-1. 
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Figure A 3-4. Diffuse-reflectance UV-Vis difference spectra of Cu-MOR-B catalysts at different 

Cu loading, recorded after CH4 reaction for 30 min. The spectra taken at 0 min CH4 loading 

were subtracted. The spectra are normalized to the intensity of the band at 37,000-39,500 cm-

1
 for comparison. 
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4. Selective Oxidation of Methane to Methanol on Cu 

Clusters Hosted in Different Support Materials 

 

 

 

 

Abstract 

Cu-exchanged zeolites are known to convert methane selectively into methanol at moderate 

reaction temperatures. Establishing a correlation between zeolite framework structure and CH4 

oxidation activity of the Cu-zeolites could facilitate the strategical design of the catalysts. In 

this chapter,3 Cu-exchanged MOR, MEL and FER are applied to the methane oxidation 

reaction. Presence of 8 MR structure on the wall of larger main channels as well as high 

concentrations of paired Al sites seem to facilitate the formation of active Cu-oxo clusters. Cu-

hydroxo clusters synthesized via atomic layer deposition on the nodes of the metal-organic 

framework (MOF) NU-1000 are also active for oxidation of methane to methanol under mild 

reaction conditions. Tuning of the reaction conditions was carried out by testing the stability of 

the Cu-NU-1000 under reaction conditions. Investigation of the various Cu-based catalysts 

supported on porous materials has revealed that structural confinement effect, well-defined 

pore structure and anchoring sites and high thermal stability and redox resistance are the 

important factors of the support materials. 

 

 

 

 

  

 
3 This chapter is adapted with permission from the following publication in the Journal of American 

Chemical Society: Ikuno, T.; Zheng, J.; Vjunov, A.; Sanchez-Sanchez, M.; Ortuño, M. A.; Pahls, D. R.; 
Fulton, J. L.; Camaioni, D. M.; Li, Z.; Ray, D.; Mehdi, B. L.; Browning, N. D.; Farha, O. K.; Hupp, J. T.; 
Cramer, C. J.; Gagliardi, L.; Lercher, J. A., Methane Oxidation to Methanol Catalyzed by Cu-Oxo 
Clusters Stabilized in NU-1000 Metal–Organic Framework. J. Am. Chem. Soc. 2017, 139, 10294. 
Copyright 2017 American Chemical Society. 
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4.1. Introduction 

Cu-oxo clusters supported on zeolites are known to be able to oxidize methane 

selectively into methanol at moderate temperatures.1-14 Especially, Cu-exchanged 

MOR catalysts have been extensively studied and major improvement in CH4 oxidation 

yield per Cu atom (Cu efficiency) has been achieved.1, 3-4, 7, 15-16 Activity has been 

attributed to the formation of Cu-dimers and trimers, with nominal Cu efficiency of 0.5 

and 0.33, respectively.4, 15 Recent study on Cu-FER catalysts has also achieved Cu 

efficiency of 0.33, while the effect of Cu concentration on the Cu efficiency has not 

been discussed.13 Formation of active Cu dimer or larger clusters has been also 

proposed in Cu-MAZ catalysts, while the formation of active Cu species was not 

observed at the Cu loading below 300 µmol/g.14 Some comparative studies of Cu-

zeolites with various frameworks structures (mainly medium- and large-pore zeolites) 

have been reported, where the presence of 8 MR channel is proposed to be 

responsible for the formation of active Cu-oxo clusters active in methane oxidation.5, 8, 

17 Si/Al ratios of most of the tested zeolites were approximately 5 or below and Na-type 

of zeolites were used to prepare most of the catalysts. Relatively low Si/Al ratio resulted 

in high Cu loading, and consequently, formation of CuO nanoparticles was observed 

in some catalysts after catalyst activation at high temperatures, which makes it difficult 

to determine the CH4 oxidation yield that stems from cationic ion-exchanged Cu 

species. In addition, it has been demonstrated that the presence of Na+ and other co-

cations in Cu-MOR catalysts has negative effect on the Cu efficiency of Cu-MOR 

catalysts.18 Moreover, dependence of Cu efficiency on Cu concentration has been 

observed for Cu-MFI catalysts.1, 19 Therefore, preparation of Cu-zeolite catalysts has 

to be performed considering the effect of co-cations and various Cu loadings have to 

be examined.  

Despite extensive study on Cu-zeolite with different framework structures, high Cu 

efficiency of Cu-zeolite catalysts have been achieved only on Cu-FER and Cu-MOR 

catalysts.4, 13, 15, 20 Understanding the effect of zeolite framework structure on the 

activity of Cu-zeolite catalysts could make it possible to design the Cu-zeolite catalysts 

more strategically.  

Strong adsorption of H2O on the hydrophilic zeolites is another challenging aspect of 

selective oxidation of methane to methanol, which requires Cu-zeolite catalyst 

regeneration at high temperatures.6, 21 Activation of Cu-zeolite catalysts at lower 
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temperatures, such as 200 °C, typically results in lower methanol yields compared to 

those achieved by activation at high temperature.6, 12, 21-22 Thus, the use of less 

hydrophilic porous materials to support the highly active Cu-oxo clusters could allow 

the catalyst regeneration at lower temperatures. Metal-organic-frameworks (MOFs) 

are a family of crystalline porous organic-inorganic composite materials, consisting of 

metal nodes and organic linkers. Possibility of selecting different metal cations and 

organic linkers has led to a vast number of MOFs with unique structures with different 

physicochemical properties.23 Among others, NU-1000 MOF, Zr6(μ3-

OH)8(OH)8(1,3,6,8-tetrakis(p-benzoate)pyrene)2, possesses high thermal stability up 

to 350 °C and well-defined hydroxyl groups on Zr6 nodes, that allows for post-synthetic 

deposition of metal cations.24 Its relatively large cylindrical mesopores (34 Å diameter) 

are suitable for the application of atomic layer deposition (ALD) which employs 

relatively large metal complexes as precursors.25-26 For instance, it has been shown 

that Ni-loaded NU-1000 MOF achieves high catalytic activity and stability in ethylene 

hydrogenation since strong interaction between Ni cations and Zr6 nodes of NU-1000 

as well as the organic linkers prevent Ni cations from sintering.25  

In this chapter, the effect of the support for Cu clusters on the CH4 oxidation activity is 

discussed. Cu-zeolite catalysts were prepared from H-type of 8 MR containing zeolites 

(Si/Al ~ 10 or higher) under well-controlled conditions at various Cu loadings, in order 

to obtain further understanding on the relationship between Cu efficiency of Cu-zeolite 

catalysts with zeolite framework structure. Cu-loaded NU-1000 was prepared via ALD 

and was applied as a direct methane-to-methanol catalyst to study the effect of 

different support materials on the activity of the Cu clusters. 
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4.2. Experimental Methods 

 Aqueous Ion-Exchange of Zeolites 

Parent H-MOR and H-FER samples were obtained by the calcination of commercial 

NH4-MOR (Clariant, Si/Al = 10, 11) and NH4-FER (Tosoh, Si/Al = 9) in a flow of 

synthetic air (100 mL/min) at 550 °C for 6 h. H-MEL samples (Si/Al = 19, 27 and 33) 

were kindly provided by Prof. Dr. Miroslaw Derewinski from Pacific Northwest National 

Laboratory (PNNL).  

Cu-exchange was performed under well-controlled conditions to avoid the precipitation 

of CuO and Cu(OH)2 nanoparticles.18 A parent H-zeolite sample was exchanged in a 

aqueous solution of Cu(CH3COO)2 (0.001-0.01 M, 60 mL/gzeolite) at room temperature 

for 20 h. The pH of the solution was adjusted to 5.7 by adding aqueous HNO3 before 

the addition of a zeolite. Solid phase was collected by centrifugation after the ion-

exchange and rinsed by re-dispersion in doubly deionized water (50 mL/gzeolite) and 

subsequent centrifugation. The rinsing step was repeated four times and the products 

were dried at 100 °C for 24 h. 

Na-exchange was performed in an aqueous solution of NaNO3 (0.5 M, 100 mL/gzeolite) 

at 60 °C for 24 h. In the case of back-exchange of Cu-zeolite samples with Na+, the 

samples were calcined at 500 °C for 2 h in the flow of synthetic air (100 mL/min) in 

advance. 

Co-exchange of Na-type of zeolites was performed in aqueous Co(NO3)2 (0.05 M, 150 

mL/gzeolite) at ambient temperature for 24 h, following the conditions reported by 

Dedecek et al.  

Atomic compositions of the samples were determined by atomic absorption 

spectroscopy (AAS) on a UNICAM 939 AA spectrometer after dissolution of the 

samples in boiling hydrofluoric acid. 

 

 Preparation of Cu-NU-1000 MOF 

The NU-1000 MOF was synthesized following the procedure reported in a literature.26 

Cu-loaded NU-1000 was prepared by ALD using bis-(dimethylamino-2-

propoxy)copper(II), Cu(dmap)2 (reactant A) as a precursor. Room-temperature 

deionized H2O was used as the co-reactant (reactant B). In a typical experiment, a 
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custom-made stainless steel powder sample holder containing microcrystalline NU-

1000 (60.0 mg, 0.028 mmol) was placed in the ALD chamber, which was held at 110 °C 

for 30 min to remove any physisorbed water before dosing with the Cu precursor. A 

cylinder containing Cu(dmap)2 was held at 100 °C, and each of its pulses 

followed the time sequence of t1-t2-t3, where t1 is the precursor pulse time, t2 is the 

substrate exposure time, and t3 is the N2 purge time (t1 = 1 s, t2 = t3 = 240 s). To ensure 

full metalation of the Zr6 sites throughout the microcrystals, the Cu(dmap)2 pulsing 

cycle was repeated 80 times before exposure of the MOF to H2O pulses, using the 

same time sequence as for the Cu pulse (t1 = 0.015 s, t2 = t3 = 120 s). The concentration 

of Cu in Cu-NU-1000 samples was determined from inductively coupled plasma-atomic 

emission spectroscopy (ICP-AES) measurements.  

 

 Selective Oxidation of Methane to Methanol 

The activity of the catalysts for methane oxidation to methanol was tested at 

atmospheric pressure. The reaction was performed in a stainless-steel plug flow 

reactor with a 4 mm inner diameter. The catalytic reaction included three consecutive 

steps: (i) activation in O2, (ii) reaction with CH4, and (iii) H2O steam-assisted product 

desorption. 

In a typical experiment for Cu-zeolite catalysts, 50 mg of a catalyst (pressed and sieved 

to 250-400 µm particle size) was loaded in the reactor and activated in O2 flow (16 

mL/min) at 500 °C for 1 h, and cooled down to 200 °C in O2 flow. Following the flushing 

in He, CH4 was loaded in the flow (16 mL/min) for up to 4 h at 200 °C. After cooling to 

135 °C in He flow, H2O steam-assisted product desorption was performed in a 50/50 

mixture of H2O/He purged at a flow rate of 20 mL/min for up to 1 h. 

In the case for Cu-NU-1000, 20 mg of a catalyst was loaded in the reactor and activated 

in O2 flow (16 mL/min) at 200 °C, followed by flushing in He. CH4 was loaded 

subsequently in the flow (16 mL/min) as a mixture of 90% CH4 and 10% He for up to 4 

h at 150 °C. After cooling to 135 °C in He flow, steam-assisted product desorption was 

performed in either 50/50 or 10/90 mixture of H2O/He purged at a flow rate of 20 

mL/min for up to 2 h. 

The oxidation products were identified and quantified using online mass spectrometry 

and by monitoring the time-dependent evolution of signals at m/z 31, 44 and 46, 
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characteristic for methanol, CO2 and dimethyl ether, respectively. The He signal (m/z 

= 4) was used as an internal standard. Selectivity and yield were determined from the 

integral of the product concentrations as a function of time. Dimethyl ether was 

assumed to form by condensation of two molecules of methanol via loss of water. 

 

 In-Situ Ultraviolet-Visible Spectroscopy 

Ultraviolet–visible (UV-Vis) spectra of Cu-zeolite samples were measured on an 

Avaspec 2048 spectrometer (Avantes) with a light source AvaLight-DH-S-BAL 

(Avantes) in the diffuse reflectance mode. The samples were pressed and sieved into 

a size of 250-400 µm and placed in a quartz flow reactor (6 mm inner diameter) with 

square optical-grade quartz windows, sandwiched between quartz wool. The reactor 

was placed horizontally in a lab-made heating chamber with an 8-mm diameter hole at 

the bottom, where a high-temperature optical fiber (Avantes FCR-7UV400 2ME-HTX) 

can be vertically directed to the reactor. In a typical experiment, the sample was first 

activated in pure O2 flow (16 mL/min) at 450 °C for 1 h with a heating rate of 10 °C/min. 

After the thermal activation step, the catalyst was cooled down to 200 °C and purged 

with He for 30 min, and then CH4 reaction was performed for 30 min in pure CH4 (16 

mL/min). Spectra were measured periodically throughout the experimental procedure 

(every 5 min during thermal activation, every minute during CH4 reaction). The spectra 

are presented as Kubelka-Munk function, defined as F(R) = (1-R)2/2R, where R = 

Rs/Rr. Rs and Rr refer to the signal intensity of the sample and reference, respectively. 

H-type of the zeolite used for Cu-exchange was used as a reference. 

 

 Thermogravimetric Analysis 

Thermogravimetric analysis and differential scanning calorimetry (TGA-DSC) were 

performed on a SENSYS EVO TG-DSC (SETARAM Instrumentation) at the ramp rate 

of 3 K/min. 

 

 N2-Physisorption 

N2-physisorption for surface area and pore volumes was obtained on a Micromeritics 

ASAP 2020 instrument. The carbon slit pore model with a NL-DFT method was used. 
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Single-point adsorption close to P/P0 = 0.99 was used to determine the total pore 

volume. 

 

 X-Ray Diffraction  

X-ray diffraction (XRD) patterns of Cu-NU-1000 were recorded on EMPYREAN 

(PANalytical) with Cu Kα radiation (λ = 1.5406 Å, 45 kV, 40 mA). 
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4.3. Results and Discussion 

 Effect of the Framework Structure on the Activity in Selective 

Oxidation of Methane to Methanol on Cu-Zeolites 

Series of MOR, FER and MEL zeolites with different Cu loadings were prepared to 

study the effect of zeolite framework structures on the activity for selective oxidation of 

methane to methanol. In addition, Cu-MEL catalysts with different Si/Al ratios were also 

studied. 

First, Co2+ ion exchange of the parent zeolites was performed to estimate the 

concentration of Al sites separated by one or two Si tetrahedral .27 It showed that more 

than 60% of Al sites in MOR are paired, while 79% of the Al sites in FER sample are 

isolated or separated by at least three Si tetrahedra (Table 4-1). For MEL samples, 

approximately half of the Al sites are paired at various Si/Al ratios. However, substantial 

increase of Si/Al ratio upon ion-exchange steps indicates the dealumination of ca. 20% 

of total Al.  

In order to assess the concentration of exchanged Cu species in each sample, back-

exchange of Cu-MOR and Cu-FER catalysts with Na+ was performed. In this way, it is 

possible to quantify the concentration of Cu forming undesired CuO or Cu(OH)2 

nanoparticles. While cationic Cu species can be hydrolyzed and back-exchanged by 

Na+, charge-neutral CuO and Cu(OH)2 nanoparticles remain in the zeolite pore.18 It 

has been found out that more than 85% of the Cu in Cu-MOR and Cu-FER catalysts 

was back-exchanged by Na+, indicating that most of the Cu species are in cationic 

form.  

 

Table 4-1. Compositions of the zeolites before and after Co-exchange and the fraction of Al 

sites balancing Co2+, corresponding to the fraction of paired Al sites. 

Zeolite 
Si/Al before Co-exchagne 

(-) 
Si/Al after Co-exchange 

(-) 
2*Co/Al 

(-) 

MOR 11 11 0.66 

FER 9.4 8.8 0.21 

MEL 19 27 0.50 

 27 34 0.49 

 33 46 0.43 
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Figure 4-1 shows the yield of CH4 oxidation measured on Cu-zeolites at various Cu 

loadings and different framework structures. The measurements were performed 

under optimized three-stage reaction conditions, allowing enough contact time for all 

the active sites to react, and therefore CH4 oxidation yields provide a quantitative 

measure of the concentration of active Cu-oxo clusters. Cu efficiency of CH4 activation 

is defined as [Total yield]/[Cu concentration]. In Figure 4-1, the theoretical Cu 

efficiencies corresponding to trimeric Cu clusters are represented as dashed lines with 

slopes of 0.33. Cu-MOR catalysts show CH4 oxidation yields corresponding to the 

formation of single-site tricopper-oxo clusters within the range of Cu loading tested.4 

 

 

Figure 4-1. CH4 oxidation yield of various Cu-zeolite catalysts at different Cu loadings. The 

black dashed line indicates the Cu efficiency corresponding to the presence of only active 

trimers. The blue dashed line shows the linear correlation of CH4 oxidation yield to Cu 

concentration in the Cu-FER catalysts. 

 

Cu-MEL catalysts show Cu efficiencies of approximately 0.33 at various Si/Al ratios 

and Cu loadings, similar to Cu-MOR materials. This suggests the formation of Cu-oxo 

clusters with Cu nuclearity of three or smaller. MEL zeolite possesses intersecting 10 

MR straight channels, which have shallow 8 MR cavities on their wall (Figure 4-2). It 

has been demonstrated that [Cu3(µ-O)3]2+ clusters in MOR form at pore mouths of 8 
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MR side pockets.4 The same tricopper-oxo clusters supported on MFI, which does not 

possesses 8 MR, have been proposed to have lower reactivity due to the less 

constrained local environment.19 Considering these results, it is plausible that 1 CH4/3 

Cu ratio achieved on Cu-MEL catalysts stems from the same [Cu3(µ-O)3]2+ clusters 

anchored at 8 MR. 

 

 

Figure 4-2. Channel structure of MEL zeolite. An 8 MR cavity located near an intersection of 

two 10 MR channels is highlighted orange. 

 

Cu-FER catalysts, however, seem to have a threshold Cu concentration to start 

forming active Cu-oxo clusters. At the Cu concentration of 154 µmol/g, the Cu-FER 

catalyst show a very small CH4 oxidation yield that correspond to the Cu efficiency of 

only 0.048. CH4 oxidation yield then increases linearly up to the Cu concentration of 

288 µmol/g, and it starts declining at Cu concentrations above 368 µmol/g. The 

maximum Cu efficiency was observed at 288 µmol/g to be 0.33, and the threshold Cu 

concentration for the formation of the active Cu-oxo clusters was found to be 142 

µmol/g. It is worth noting that more than 85% of total Cu are exchanged as cationic 

species in the tested Cu loadings, as determined by Na+ back-exchange. For various 

Cu-zeolites with different framework structures, it has been often observed that CH4 

oxidation yield increases with Cu concentration approximately linearly when Cu-

exchange is performed under well-controlled conditions.4, 6, 15, 18-19 Cu concentration-

dependent structure of Cu clusters was observed in Cu-MFI catalysts, where the 

formation of monomeric and dimeric Cu species seems to be preferred at lower Cu 

concentrations, and the formation of [Cu3(µ-O)3]2+ species at higher Cu 
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concentrations.19 The slope of increasing CH4 oxidation observed for the Cu-FER 

catalysts is 0.64. If we assume the threshold of 142 µmol/g of Cu as a constant 

concentration of inactive Cu, this slope could be assigned to the formation of Cu trimer 

that is able to activate two CH4 molecules, similar to the high reactivity described for 

some MOR samples in the chapter 3. However, in this case we cannot exclude the 

transformation of inactive Cu to active species at higher Cu loadings. It has been 

shown that the existence of paired Al sites can facilitate the stabilization of multinuclear 

Cu-oxo clusters, such as [Cu-O-Cu]2+ or [Cu3(µ-O)3]2+ species, at low Cu 

concentrations.4, 19 The low fraction of paired Al sites in FER (21%, determined by Co-

exchange) is likely to direct the Cu speciation towards formation of isolated [CuOH]+ 

species anchored to isolated Al sites. The maximum Cu efficiency of 0.33 achieved for 

Cu-FER catalysts at medium Cu loadings suggests the formation of Cu-oxo clusters 

with Cu nuclearity of three or smaller. Therefore, we hypothesize that isolated 

monomeric Cu species can be transformed into active multinuclear Cu clusters at 

increasing Cu concentrations. Decrement of the CH4 oxidation yield at Cu 

concentrations above 430 µmol/g is attributed to further changes in the nuclearity or 

structure of Cu species in FER, which transforms active species into inactive ones. 

Reaction of CH4 on different Cu-zeolite catalysts was monitored in-situ by UV-Vis 

spectroscopy. First, UV-Vis spectra of a Cu-MOR catalyst (Cu loading 406 µmol/g) was 

recorded during CH4 reaction in order to observe the consumption of [Cu3(µ-O)3]2+ 

(Figure 4-3). The bands in the range of 20,000-45,000 cm-1 correspond to Cu2+ ← O2- 

ligand-to-metal charge transfer (LMCT). The bands at 10,000-20,000 cm-1 are 

attributed to d-d transition in Cu2+. In the measured spectrum at 0 min CH4 loading 

(Figure 4-3 (a)), in the region of d-d transition, an outstanding band was observed at 

13,000 cm-1 with a shoulder at 16,000 cm-1, which can be attributed to d-d transition of 

square-pyramidal or pyramidal and square-planar Cu2+ species.28-29 Under exposure 

of the catalyst to CH4, an increase in the intensity of the bands at 13300 cm-1, 16400 

cm-1 and 19600 cm-1 is observed (Figure 4-3 (b)). An increase of the bands in the d-d 

transition region during CH4 oxidation was reported also by Narshiman et al. in Cu-

MOR samples.11 In the LMCT region, broad bands were observed at ca. 39,500 cm-1 

and 30,000 cm-1. Upon reaction with CH4, two broad bands at ca. 30,000 cm-1 and 

38,000 cm-1 decrease their intensities. It has been indicated that the [Cu3(µ-O)3]2+ 

cluster hosted in MOR exhibits a UV-Vis absorption band at ca. 30,000 cm-1 during 

CH4 loading, and it was attributed to the consumption of the Cu clusters upon reaction 
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with CH4.4 Since the tricopper-oxo cluster contains Cu and O atoms with different 

electron spin densities, we hypothesize that the band at 38,000 cm-1 is also due to a 

Cu2+  O2- charge transfer in the trimer.4, 30  

 

 

Figure 4-3. UV-Vis spectra of a Cu-MOR catalyst with 406 µmol/g Cu loading recorded during 

CH4 reaction (a) and the difference spectra obtained by subtracting the spectrum at 0 min CH4 

loading (b). 

 

Similar behavior of Cu-MEL catalysts upon reaction with CH4 is observed in the d-d 

transition range of Cu2+, showing the consumption of a band at ca. 13,200 cm-1, due 

to the reduction of Cu2+ to Cu+ upon CH4 reaction (Figure 4-4 (a)). Bands in this region 

have been attributed both to monomeric and to dimeric Cu species.29, 31 The 

consumption of the bands at ca. 28,600 cm-1 and 40,000 cm-1 in the LMCT region was 

also observed. The positions of these bands are similar to those in Cu-MOR catalysts. 

However, the relative contribution of the band at ca. 39,500 cm-1 in Cu-MOR is larger 

than the one at ca. 29,500 cm-1. Conversely, Cu-MEL catalysts show a larger 

contribution of the band at 28,600 cm-1, and its relative area increased with Cu loading 

(Figure 4-4 (a)). On the other hand, the Cu efficiencies of Cu-MEL catalysts are similar 

at different Cu loadings, as shown in Figure 4-1. These results suggests that there are 

active Cu-oxo clusters with different structures in Cu-MEL catalysts, which show more 

dominant UV-Vis LMCT bands at ca. 30,000 cm-1 or 40,000 cm-1, and the concentration 

of the site which shows more dominant UV-Vis band at ca. 30,000 cm-1 increases with 

Cu loading.  
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In the UV-Vis spectra of Cu-FER catalysts (Figure 4-4 (b)), a broad negative band and 

a broad positive band are observed at ca. 12,000 cm-1 and 20,000 cm-1, respectively. 

These results point to the reduction of Cu2+ to Cu+ and the change in the coordination 

structure around Cu2+ upon CH4 reaction. Consumption of the bands in LMCT region 

at ca. 29,000 cm-1 and at 35,500-39,000 cm-1 are also observed, similar to the Cu-

MOR and the Cu-MEL catalysts. The intensity of the band at 29,000 cm-1 is roughly 

constant at lower Cu concentrations of up to 288 µmol/g. CH4 oxidation yield linearly 

increased with Cu concentration in this range of Cu loadings. However, at the higher 

Cu concentrations (when Cu efficiency started to drop, Figure 4-1), the intensity of the 

band at 29,000 cm-1 increased drastically and a red shift of the band at ca. 39,000 cm-

1 was observed (Figure 4-4 (b)). Cu-MOR-B catalysts (chapter 3) also showed an 

increase of the UV-Vis band at ca. 29,000 cm-1 at higher Cu loadings while Cu 

efficiency dropped. These similarities of the UV-Vis features in Cu-MOR-B (chapter 3) 

and Cu-FER catalysts suggest that similar Cu-oxo clusters are formed in these two 

catalysts; i.e., those that are able to activate up to two CH4 molecules per cluster. Such 

Cu-oxo clusters are transformed into less reactive species at higher Cu loading in Cu-

FER catalysts. 

 

 

Figure 4-4. UV-Vis difference spectra of Cu-MEL catalysts with Si/Al = 19 (a) and Cu-FER 

catalysts (b) at different Cu loading, recorded after CH4 reaction for 30 min. The spectra taken 

at 0 min CH4 loading were subtracted. The spectra are normalized to the intensity of the band 

at 37,000-39,500 cm-1 for comparison. 
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 Cu-NU-1000 MOF as a Catalyst for the Selective Oxidation of 

Methane to Methanol 

Cu-NU-1000 catalyst was prepared via ALD following the procedure reported for Ni-

NU-1000 by Li et al.25 The crystallinity and porosity of NU-1000 after Cu deposition 

were tested by XRD, scanning transmission electron microscopy (STEM) and N2 

physisorption analysis. It was found that the crystallinity as well as the pore structures 

of NU-1000 has been retained after Cu loading. The concentration of Cu was 10 wt.% 

(1660 µmol/g), corresponding to an average of approximately 4 Cu atoms per node. 

In-situ EXAFS analyses during methane oxidation step combined with DFT 

computational modelling have shown that the most likely structure for Cu active 

species in NU-1000 is a trimeric Cu-hydroxo species, [CuII(OH)2]3·2H2O (Figure 4-5).32 

However, large uncertainty in Cu coordination number suggests the presence of other 

Cu clusters, which are likely inactive or unselective in the oxidation of methane to 

methanol. 

 

 

Figure 4-5. DFT-optimized structure of a trimeric Cu-hydroxo cluster (a) and the same species 

supported on NU-1000 (b). In the structural model supported on NU-1000, the two Cu-Cu 

distances to the central metal atom are 2.968 and 2.990 Å. 

(a)

(b)
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Thermal stability of the Cu-NU-1000 catalyst was investigated under O2 and inert 

environments in order to optimize the catalyst activation conditions. Figure 4-6 shows 

the TGA-DSC results obtained for NU-1000 before Cu-loading in the flow of synthetic 

air and N2, respectively. In both cases, the weight loss is primarily due to desorption of 

the physisorbed water from the MOF pores, which is observed already at 50 °C and is 

an endothermic process. Subsequent weight loss is observed at much higher 

temperatures (~310 °C) and is attributed to the removal of H2O-ligands from the nodes 

of NU-1000.24 Finally, at temperatures above ~350 °C we observe further changes: 

exothermic in synthetic air flow and endothermic in N2 flow. These are due to the 

deformation of NU-1000, specifically through the oxidation (exothermic) and the 

pyrolysis (endothermic) of the linkers in the presence and the absence of O2, 

respectively. 

 

 

Figure 4-6. TGA-DSC curves measured for NU-1000 in the flow of synthetic air (a) and in N2 

(b) with temperature ramp of 3 K/min. 

 

Comparison of the thermal stability of Cu-NU-1000 and NU-1000 in pure O2 was also 

performed by TGA (Figure 4-7). It can be seen that the decomposition of NU-1000 

proceeds between 400 °C and 500 °C due to the oxidation of the linkers. On the other 

hand, Cu-NU-1000 decomposition takes place between 300 °C and 400 °C, indicating 

that Cu loading on NU-1000 decreases its thermal stability in the presence of O2. 

Overall, Cu-NU-1000 shows good stability in the presence of O2 up to ~300 °C. 
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Figure 4-7. TGA of NU-1000 and Cu-NU-1000 in the flow of pure O2. The curves were obtained 

with temperature ramp of 3 K/min from room temperature to 800 °C. 

 

As a next step, thermal stability of Cu-NU-1000 in CH4 flow was investigated in order 

to determine the appropriate temperature for CH4 reaction. Figure 4-8 (a) shows the 

TGA-DSC curves obtained for Cu-NU-1000 in CH4 flow. In this measurement, a mass 

spectrometer (MS) was connected to the outlet of TGA-DSC analyzer in order to 

monitor the formed/desorbed compounds. Cu-NU-1000 was activated at 150 °C in the 

flow of synthetic air for 1 h and then flushed with CH4 prior to starting the temperature 

ramp in CH4 flow. Changes were not detected for temperatures below 150 °C. A 

substantial weight loss is observed at 213 °C accompanied by exothermic and 

endothermic processes at 210 °C and 220 °C, respectively. Formation of CH3OH and 

CO2, m/z = 31 and 44, respectively, is observed at 216 °C (Figure 4-8 (b)). Because 

under the experiment conditions there is not any O2 in the gas phase, the exothermic 

reaction is attributed to the oxidation of CH4 to COx and H2O by the previously O2-

activated Cu-species deposited in NU-1000. We also observe further fragments (m/z 

= 28, 41, 42, 43. due to CO, CO2 and possibly acetic acid) at 221 °C as result of an 

endothermic process (DSC peak at 220 °C), which could stem from the 

decarboxylation of organic linkers of NU-1000 in the presence of Cu cations.33 These 

results suggest that CH4 loading reaction has to be performed below 200 °C in order 

to avoid the over-oxidation of CH4 by the Cu clusters in NU-1000 and to prevent the 

structural destruction of the MOF. 

 

 



Chapter 4 – Selective Oxidation of Methane on Cu Clusters Hosted in Different Support Materials 

 

116 
 

 

Figure 4-8. TGA-DSC curves obtained for Cu-NU-1000 in CH4 flow after activation in synthetic 

air flow (a) and the corresponding MS-signals of the observed TG-DSC test desorption 

products (b). The catalyst was heated up at 3 K/min temperature ramp. 

 

The stability of Cu-NU-1000 was analyzed along the activation treatment in the 

presence of O2. Figure 4-9 shows TGA curve as well as MS signals during activation 

of the catalyst at 200 °C. A weight loss of ca. 4% was observed during heating of the 

catalyst, which can also be seen in Figure 4-7. When the temperature was kept at 

200 °C for 3 hours, additional weight loss of ca. 4% was observed. Analysis of the gas 

products during the activation treatment in the thermobalance showed that the overall 

weight loss is due not only to dehydration but also to the decomposition of remnants 

from the Cu complex used for the synthesis of Cu-NU-1000. Besides dehydration of 

the catalyst (m/z = 18), the fragments m/z = 28, 30, 44, 45 were observed (Figure 4-

10), which correspond to fragmentation of dimethylamino-2-propoxy ligand and its 

partial oxidation products. These fragments were only detected for fresh samples 

under oxidative activation and were not detected during methane activation or steam 

treatment. 
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Figure 4-9. TGA curve obtained during the thermal activation of Cu-NU-1000 in the flow of 

synthetic air. 

 

 

Figure 4-10. MS signals obtained during the thermal activation of Cu-NU-1000 in the flow of 

pure O2. 

 

Based on these results, the stepwise oxidation of methane to methanol on Cu-NU-

1000 was performed as following. First, Cu-NU-1000 was pretreated in O2 flow at 

200 °C for 3 h to remove physisorbed water. Then, the reactor was cooled to 150 °C 

and purged with pure He. In the second step, the pretreated Cu-NU-1000 was exposed 
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to a flow of pure CH4 at 150 °C for 3 h. During this step, partial reduction of Cu2+ into 

Cu+ was observed by XANES.32 The weight of the Cu-NU-1000 sample was monitored 

under CH4 loading conditions by TGA analysis and it was determined that thermal 

decomposition of Cu-NU-1000 does not occur under the selected conditions. In the 

final step, water was introduced in the form of 10% steam in He at 135 °C to desorb 

the products methanol, dimethyl ether and CO2. It should be noted that water is also 

produced during CH4 oxidation. However, the amount is negligible in comparison to 

the steam concentration used in the extraction step, and therefore quantification is not 

performed. We performed three consecutive cycles of the three-stage reaction in order 

to determine the activity and the stability of Cu-NU-1000. As shown in Table 4-2 

(condition A), in the first cycle we observed CH4 oxidation products equivalent to 43.9 

µmol/g and a selectivity to methanol and DME (17.7 and 2.0 µmol, respectively) of ca. 

45 %. We note a decrease in activity in the subsequent two cycles, with overall yields 

of 30.7 and 21.8 µmol/g, respectively. However, the yield of CO2 decreased by 40% 

per cycle, while the methanol and DME yields decreased only 14% per cycle. Thus, 

the selectivity towards methanol and DME increased to 53% and 61 %, respectively. 

On the other hand, if the methane-loading step is omitted (condition B), neither 

methanol nor DME were produced, but ca. 12 µmol/g of CO2 was detected. This 

indicates that a part of CO2 observed during H2O steam-assisted product desorption 

stems from the catalyst itself. 

We have also tested the methane to methanol reaction with 50 % steam and 50 % He 

to desorb the products in the third step in order to investigate the effect of steam 

treatment conditions on the catalyst deactivation. Under higher H2O steam 

concentration, more CO2 was produced, and less methanol and DME formed 

(condition C in Table 4-2). While total products equivalent to 60 µmol/g were obtained 

in the first catalytic cycle, the combined yield of methanol dimethyl ether was only 

approximately 8 µmol/g (14 % selectivity). Since activation and CH4 loading conditions 

are identical and only the H2O concentration has been changed, we speculate that the 

additional amount of CO2 formed stems mainly from decarboxylation of linkers in Cu-

NU-1000.34 Indeed, 60 % of the pore volume was lost after the first cycle of methane 

reaction with H2O-assisted product desorption with 50% H2O/50% He (Table 4-3). It 

was found that NU-1000 without Cu content also produced CO2 when subjected to the 

same reaction conditions (condition D in Table 4-2). In contrast, when 10% steam in 

He was used, the change in the pore volume and surface area of the Cu-NU-1000 was 
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only 1-2 %. These results indicate that the H2O steam treatment has to be performed 

at lower H2O concentration, e.g. 10% in He, in order to prevent the partial 

decomposition of Cu-NU-1000.  

 

 

Table 4-2. The activity and selectivity for the oxidation of methane on (Cu-)NU-1000 for 

multiple cycles. 

Conditionsa Cycle 
Carbon yield (µmol/g) 

 
Carbon selectivity (%) 

Methanol DME CO
2
 Total Methanol + DME CO

2
 

A 1 17.7 2.0 24.2 43.9   44.9 55.1 

2 15.8 0.6 14.3 30.7   53.4 46.6 

3 13.2 0.1 8.5 21.8   61.0 39.0 

B 1 0 0 11.8 11.8  0 100 

C 1 6.9 1.3 51.7 59.9   13.7 86.3 

2 2.9 0.7 31.7 35.4   10.3 89.7 

3 2.2 0.7 30.1 33.0   8.9 91.1 

D 1 0.5 0.5 34.5 35.5   2.8 97.2 

2 0.4 0.6 21.7 22.7   4.5 95.5 

areaction conditions: (A) 3 cycles on the Cu-NU-1000 with activation in O2 at 200 °C for 3 h, 

CH4 loading at 150 °C for 3 h, and steam-assisted product desorption in the flow of 10% H2O 

and 90% He for 2 h at 135 °C. (B) 1 cycle on the Cu-NU-1000 under the same conditions as 

A but without CH4 loading step. (C) 3 cycles on the Cu-NU-1000 with activation in O2 at 150 °C 

for 1 h, CH4 loading at 150 °C for 3 h, and steam-assisted product desorption in the flow of 

50% H2O and 50% He for 30 min at 135 °C. (D) 2 cycles on the NU-1000 with activation in O2 

at 150 °C for 1 h, CH4 loading at 150 °C for 3 h, and steam-assisted product desorption in the 

flow of 50% H2O and 50% He for 30 min at 135 °C. 

 

Table 4-3. N2 physisorption properties of Cu-NU-1000 before and after reaction cycles.  

Sample BET surface area (m2/g) Pore volume (cm3/g) 

NU-1000 2290 1.55 

Cu-NU-1000 1749 1.15 

Cu-NU-1000 after 1 cycle a 1712 1.14 

Cu-NU-1000 after 3 cycle a 1689 1.10 

Cu-NU-1000 after 1 cycle b 570 0.46 

aSteam:helium = 1:9; bSteam:helium = 1:1. 
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The stability of Cu-NU-1000 catalyst under the reaction conditions was further tested 

by TGA of fresh and spent Cu-NU-1000 in N2 flow with H2O steam-assisted product 

desorption in 10% H2O and 90% He flow (Figure 4-11). It can be seen that the thermal 

stability of the material was not affected after a catalytic cycle. Analysis of XRD patterns 

of the Cu-NU-1000 before and after reaction was also done (Figure 4-12) and decrease 

in the crystallinity of Cu-NU-1000 was not observed after reaction of the catalyst with 

CH4 or H2O steam-assisted product desorption, in good agreement with the results 

from N2 adsorption and TGA. All these results show that Cu-NU-1000 material is stable 

under the reaction conditions applied for methane oxidation to methanol. 

 

 

Figure 4-11. TGA curves of Cu-NU-1000 before and after a reaction cycle. The measurements 

were carried out during ramping at 3 K/min from room temperature to 400 °C in N2 flow. 

 

 

Figure 4-12. XRD patterns of the Cu-NU-1000 catalyst before reaction, after reaction with CH4 

and after desorption of the products by steam treatment in 10% H2O and 90% helium. 
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As a next step, the origin of the Cu-activity in Cu-NU-1000 in relation to the fraction of 

Cu(II) is discussed. It was observed that ~15% of total Cu is present as Cu+ and ~85% 

in Cu2+, and only ca. 9% of Cu2+ is reduced into Cu+ upon reaction with CH4.32 We 

suggest that the 15 % Cu+ already present under ambient conditions does not 

contribute to methane conversion because the formation of Cu0 was not observed by 

XANES upon CH4 reaction.32 Increase of Cu+ species by 9% during CH4 reaction is 

suggested to be the consequence of reduction of Cu(II) by reaction with methane.35-36 

We surmise that the extent of Cu2+ reduction in Cu-clusters of a few atoms via methane 

loading at 150 °C is thermodynamically limited.37 We, hence, conclude that the 

methane conversion and selectivity attributable to the metal deposited on the MOF 

nodes are achieved by just a fraction (9 %) of the Cu in Cu-NU-1000. This fraction 

amounts to 149 µmol/g of the total 1660 µmol/g Cu species on the node. The 

stoichiometries for the redox reaction forming methanol and CO2 can be calculated by 

equations 4.1 and 4.2, respectively, where the active Cu(II) species is represented as 

Cu(OH)2. The oxidation of methane to methanol and methane to CO2 require 2 and 8 

equivalents of Cu(OH)2, respectively.  

 

Thus, in the first cycle, it requires 43.9 µmol CH4 to reduce 233 µmol Cu(OH)2 to form 

19.7 µmol methanol plus dimethyl ether and 24.2 µmol CO2, and this is 84 µmol 

Cu(OH)2 more than the 149 µmol predicted to be converted by the XANES analysis.32 

Thus, it is concluded that the excess CO2 is produced during the steaming step via 

decarboxylation of Cu-NU-1000. We note that there are precedents for decarboxylation 

of carboxylic acids by Cu(II) ions38 and the proto decarboxylation of aromatic carboxylic 

acids is catalyzed by Cu(I) ions.33, 39 Thus, assuming that approximately 150 µmol of 

Cu(OH)2 are converted during the methane loading step, which transform 33.5 µmol 

CH4 to 19.7 µmol methanol plus dimethyl ether and 13.8 µmol CO2, the 10.4 µmol CO2 

is attributed to the decarboxylation of linkers. Indeed, in line with this estimation, 11.8 

µmol/g of CO2 was observed as a sole product during steam treatment in 10% H2O 

and 90% helium in a blank test in which the catalyst was not contacted with methane. 

Taken this into account, the selectivity for methane oxidation to methanol and dimethyl 

ether in the first cycle is as high as 56 %, which is comparable to the selectivity 

measured in the subsequent cycles. As the yields of CO2 in the second and third cycles 
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are much lower than in the first cycle, we conclude that decarboxylation of linkers 

becomes less significant in subsequent cycles. It should be noted that nevertheless a 

partial deactivation of the catalyst along the cycles is evident from the decrease in 

methanol and DME yield from 19.7 µmol/g to 13.3 µmol/g. We tentatively attribute this 

to the deactivation of a fraction of the active Cu species. The evidence raises 

interesting questions about why only a small fraction (~0.5%) of the available 

carboxylates seems susceptible to degradation. It might be, for example, that a minor 

fraction of carboxylates in Cu-NU-1000 feature metal coordination that differs from that 

indicated by the single-crystal X-ray structure of the parent material. 

 

 Comparison of Different Support Materials for the Selective 

Oxidation of Methane to Methanol on Cu Species 

Framework structures of the tested zeolites, MOR, MEL and FER, all possess 8 MR 

structures on the wall of 10 MR or 12 MR channel. It has been demonstrated that 

tricopper-oxo clusters in MOR are stabilized preferably at the pore mouths of 8 MR 

side pockets.4 On the other hand, substantial amount of spectator species were 

observed in Cu-MFI catalysts, even if the catalysts were prepared under well-controlled 

conditions.19 The lack of 8 MR in MFI-type zeolite suggests that the formation of Cu-

oxo clusters which are active in CH4 oxidation are preferably formed at 8 MR. It has 

been proposed that 8 MR pore structures are preferred for the formation of active Cu-

oxo clusters due to the structure confinement effect.5 However, Cu efficiency of 1/3 

obtained also for Cu-MEL catalysts, which has 8 MR shallow dents on the wall of 10 

MR channel instead of 8 MR pores, suggests that 8 MR pores are not essential for the 

formation of active Cu species. It seems that the presence of 8 MR on the wall of larger 

channels such as 10 MR and 12 MR are more important for the formation of active Cu-

oxo clusters. In addition, higher fraction of paired Al sites seems to be preferred for the 

active sites formation. Study on Cu-MFI catalysts has shown that higher concentration 

of paired Al sites results in the higher concentration of multinuclear Cu-oxo clusters 

formed.19 In the Cu-MOR and Cu-MEL catalysts, which possess higher fraction of 

paired Al sites, almost linear increase of CH4 oxidation yield with the Cu concentration 

was observed. This indicates that the presence of Al pairs facilitates the formation of 

active multinuclear Cu-oxo clusters at low Cu concentrations. On the other hand, in 

Cu-FER catalysts, where only 21% of Al sites are paired, a threshold Cu concentration 

was observed before starting to form active Cu species. Therefore, to sum up, the 
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formation of active Cu-oxo clusters in zeolites is enhanced by the presence of 8 MR 

structure on the wall of larger main channels as well as high fraction of paired Al sites 

are essential. 

Cu clusters on a metal organic framework with good thermal stability, such as NU-

1000, are also able to oxidize CH4 to methanol. The activity is attributed to the Cu-

hydroxo-like species in NU-1000 MOF, bridging the Zr6 nodes.32 Overall process 

temperature was reduced; in particular the catalyst activation can be performed at only 

200 °C. The yield of methanol and DME over Cu-NU-1000 was ca. 20 µmol/g at the 

first reaction cycle, which is much greater than the yield of some Cu-zeolite catalysts 

at the same conditions.12, 22 A highly active Cu-MOR catalyst which forms single-site 

[Cu3(µ-O)3]2+ at 500 °C has been reported to show the methanol yield in the same 

order of magnitude when activated at 200 °C.21 However, large fraction of spectator 

Cu species are present in the Cu-NU-1000 catalyst. Deactivation of the catalyst over 

reaction cycles was also observed. 

This study on the Cu-zeolite catalysts as well as on a Cu-MOF catalyst points out the 

important requirements of the support material for the preparation of Cu-based 

catalysts with high CH4 oxidation activity. First, the importance of structural 

confinement effect is reflected as the preference of the presence of 8 MR in the zeolite 

structure as well as paired framework Al sites. Low methanol yield on Cu-oxide clusters 

supported on silica also indicates that the well-defined micropores in zeolites are 

advantageous on the formation of active Cu clusters.40 Secondly, well-defined pore 

structure and anchoring sites in zeolites are excellent environment to form active Cu-

oxo clusters. Even though NU-1000 MOF provides highly defined anchoring sites at 

Zr6 nodes, presence of pores with very different size (from the range of micropore to 

mesopore) seems to end up in the formation of spectator species as well as large Cu 

oxide particles.32 Lastly, high thermal stability and redox resistance of support 

materials are required to retain high methanol yield over the reaction cycles. It has 

been shown that Cu-zeolite catalysts show excellent stability during CH4 oxidation 

reaction cycles.4, 19 On the other hand, organic linkers in NU-1000 MOF can be 

decarboxylated by Cu clusters, which causes the deactivation of the catalyst. 
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4.4. Conclusions 

Selective oxidation of methane to methanol was carried out on Cu-zeolites with 

different framework structures and on Cu-NU-1000 MOF. Cu-MOR, Cu-MEL and Cu-

FER catalysts with various Cu loading were prepared by aqueous ion-exchange under 

well-controlled conditions to study the effect of zeolite framework structure on the 

formation of active Cu-oxo clusters. Cu-MOR catalysts with Si/Al = 11 have shown 1 

CH4/3 Cu stoichiometry due to the formation of single-site [Cu3(µ-O)3]2+ species, which 

shows a dominant UV-Vis band at ca. 30,000 cm-1. Cu-MEL catalysts have shown Cu 

efficiency of ca. 0.33 at various Si/Al ratios and Cu loadings, while UV-Vis spectroscopy 

has suggested the presence of active Cu-oxo clusters with different structures. Cu-

FER catalysts have shown a threshold Cu concentration of 142 µmol/g to start forming 

active Cu-oxo clusters, possibly due to the small fraction of paired Al sites that stabilize 

dimeric and trimeric Cu clusters. Above the threshold Cu concentration, similarities in 

the UV-Vis spectra of Cu-FER catalysts to Cu-MOR catalysts suggest the formation of 

Cu-oxo clusters with high reactivity at medium Cu concentrations and their 

transformation into less reactive form with increasing Cu loading in the Cu-FER 

catalysts.  

In Cu-NU-1000 catalyst, Cu species have a trimeric Cu-hydroxide-like structure that 

bridges two nodes across the c-pore of the MOF. Cu-NU-1000 has been shown to be 

able to oxidize methane into methanol under milder conditions, although a significant 

fraction of the Cu atoms in Cu-NU-1000 appears to be spectators. Active Cu species 

deposited in NU-1000 convert methane at 150 °C with a 45-60% selectivity to methanol 

and DME, when H2O steam-assisted product desorption is performed in 10% H2O in 

inert. Excess CO2 produced during the first cycle derives from partial decarboxylation 

of the NU-1000 linkers under reaction conditions, while the framework structure of Cu-

NU-1000 was retained. High H2O concentration during product desorption resulted in 

the collapse of the MOF structure, producing larger amount of CO2.  

Three essential aspects have to be considered for choosing support materials for Cu-

clusters: (i) structural confinement effect, (ii) well-defined pore structure and anchoring 

sites and (iii) high thermal stability and oxidation resistance. Lacking one of these 

properties could result in the poor performance or the stability of the Cu-loaded 

catalysts. 
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4.6. Appendix 

 

 

Figure A 4-1. In-situ UV-Vis spectra (a,c) and difference spectra (b,d) of Cu-MEL catalysts 

(Si/Al = 19) with Cu loadings of 136 µmol/g (a,b) and 193 µmol/g (c,d) measured during CH4 

loading. 
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Figure A 4-2. In-situ UV-Vis spectra (a,c) and difference spectra (b,d) of Cu-FER catalysts with 

Cu loadings of 231 µmol/g (a,b) and 288 µmol/g (c,d) measured during CH4 loading. 
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Figure A 4-3. In-situ UV-Vis spectra (a,c) and difference spectra (b,d) of Cu-FER catalysts with 

Cu loadings of 430 µmol/g (a,b) and 527 µmol/g (c,d) measured during CH4 loading. 
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5.  Conclusions 

In this dissertation, it was studied the selective oxidation of methane to methanol on 

Cu-based catalysts supported on microporous materials. 

In the first part (Chapter 2), the formation of [Cu3(µ-O)3]2+ clusters hosted in MOR was 

investigated in order to understand thermodynamically or kinetically limiting steps of 

the formation of active Cu-oxo clusters. It is shown that the formation of [Cu3(µ-O)3]2+ 

species takes place through the formation of precursor species in inert atmosphere, 

followed by oxidation. The formation of the precursor species was studied by in-situ 

XAS. First, in the temperature range of 50-300 °C, dehydration of octahedral Cu2+ 

complexes occurs, leading to the formation of µ-oxo bridged Cu2+ species coordinated 

to framework Al sites. These species are auto-reduced into Cu+ via thermally driven 

emission of the bridging oxygen or the generation of OH radicals from [CuOH]+. This 

step occurs already at 200 °C in inert atmosphere, and the maximum concentration of 

Cu+ is reached at 450-500 °C. A small fraction of Cu+ was also observed in the 

presence of O2, even though Cu2+ is thermodynamically more favored under oxidative 

conditions. We hypothesize that the high mobility of Cu+ formed at high temperature is 

essential to enable the reorganization of Cu cations in MOR pores to form the precursor 

species of  [Cu3(µ-O)3]2+ clusters. Finally, formation of [Cu3(µ-O)3]2+ clusters occurs by 

the oxidation of the precursor species. It is shown that such oxidation and formation of 

the active clusters is completed in 1 h even at mild temperatures (50-200 °C). The 

superior performance of Cu-MOR in methane oxidation compared to other Cu-zeolites 

is attributed to the high concentration of paired framework Al sites at the pore mouth 

of 8 MR side pockets of MOR, which is accessible for Cu cations to form Cu-oxo 

clusters. 

In the second part (Chapter 3), it was studied the effect of the presence, type and 

location of EFAl species on the activity of Cu-MOR. For that, we have prepared series 

of Cu-MOR materials from two H-MOR zeolites with different EFAl distributions. While 

distribution of FAl sites is almost identical between the two H-MOR samples, 

characterization by IR of adsorbed probe molecules showed that one MOR sample 

(MOR-B) possesses more EFAl inside 8 MR side pockets. Cu-MOR catalysts with less 

EFAl inside 8 MR side pockets (Cu-MOR-A) show Cu efficiency of CH4 activation of 

ca. 0.33, attributed to the formation of single-site [Cu3(µ-O)3]2+ clusters. On the other 

hand, Cu-MOR catalysts which contain more EFAl inside 8 MR side pockets (Cu-MOR-
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B) have shown the Cu efficiency of up to 0.63. In both series of Cu-MOR catalysts, Cu 

cations were located at the pore mouth of 8 MR side pockets. In the Cu-MOR catalysts 

with more EFAl inside 8 MR side pockets, transformation of octahedral Al species to 

tetrahedral species was observed with increasing Cu concentration by XAS 

measurements at Al K-edge. The effect of EFAl species on the reactivity of Cu clusters 

was confirmed by the lower activity of Cu-MOR samples prepared from NH4-MOR-B 

as a parent sample. In this preparation, FAl sites are protected against dealumination 

during calcination and, thus, the final Cu-MOR has a lower concentration – and 

presumably different distribution of EFAl. Although the Cu species formed in the Cu-

MOR-B catalysts seem to be heterogeneous, we hypothesize that a high concentration 

of dimeric and/or trimeric Cu species such as trans-1,2-µ-peroxo dicopper clusters and 

[Cu3(µ-O)3]2+ species. The currently achieved CH4/Cu efficiency of 0.63 can only be 

explained by the activation of two CH4 molecules per cluster. The high reactivity of the 

Cu-oxo clusters are proposed to stem from their interaction with EFAl species located 

inside 8 MR side pockets of MOR, leading to the change in electronic structures or 

geometric confinement of the Cu species. 

In the third part (Chapter 4), selective oxidation of methane to methanol was performed 

on various Cu-based catalysts supported on microporous materials, e.g. zeolites and 

a MOF, in order to investigate the effect of the support materials on the formation of 

Cu-oxo clusters as well as their reactivity. MOR, MEL and FER were used to prepare 

Cu-zeolite materials under ion exchange conditions that have been adjusted to avoid 

the formation of CuO and Cu(OH)2 inactive nanoparticles. Cu-MEL catalysts have 

shown activated CH4/Cu stoichiometry of ca. 0.3 at various Si/Al ratio and Cu 

concentrations, though the presence of active Cu-oxo clusters with different structures 

is possible. Cu-FER catalysts have shown a threshold Cu concentration of 142 µmol/g, 

below which the methane oxidation products were not observed. This is hypothesized 

to be due to a low concentration of paired Al sites, which are able to stabilize active 

multinuclear Cu-oxo clusters. UV-Vis study of the Cu-FER catalysts has suggested 

that the highly reactive Cu-oxo clusters, which were proposed in the Cu-MOR catalysts 

with higher concentration of EFAl inside 8 MR side pockets (Chapter 3), might also 

form in the Cu-FER catalysts above the threshold Cu concentration. At higher Cu 

loadings, the additional Cu in the sample might induce the transformation of such highly 

reactive Cu-oxo clusters into less reactive ones and/or form Cu inactive species. Cu 

clusters loaded on NU-1000 MOF have also shown methane oxidation activity, 
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although a significant fraction of Cu is inactive. While some CO2 forms via 

decarboxylation of organic linkers of NU-1000 during H2O steam-assisted product 

desorption, framework structure of NU-1000 was successfully retained after three 

cycles of methane oxidation reaction. Our observations on Cu-zeolite and Cu-NU-1000 

catalysts suggests that there are three essential aspects to be considered to choose 

support materials: (i) structural confining environment, (ii) well-defined pore structure 

and anchoring sites to host Cu-oxo clusters and (iii) high thermal stability and oxidation 

resistance. 
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