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Abstract 

Direct activation routes for lower alkanes have been explored over the last decades 

as more sustainable solutions for the production of key building blocks to use in 

the chemical industry. Production of methanol from methane (MTM) is one such 

reaction route that has received a lot of attention. In this thesis, we have explored 

a stepwise, stoichiometric reaction protocol for MTM. With such a reaction route, 

the products are hindered from over-oxidization due to the complete separation of 

gas-phase oxygen and reactants/products. Despite the high product selectivity 

seen with this reaction, the process still suffers from extensive reaction times and 

low fraction of active Cu-sites that coupled with a long reaction time gives low 

overall methanol production rate. These drawbacks can be addressed by seeking 

to understand more about the nature of activated CuxOy-species within the zeolite 

framework and the mechanism of the reaction. To that end, combined with various 

characterization and spectroscopy techniques, the topic of this thesis has been to 

investigate hitherto unexplored zeolite frameworks and different Cu exchange 

methods in attempts to understand more about the structure–activity relationships 

in the MTM reaction. The results indicate that the Cu speciation and environment 

within the framework have a significant impact on methanol productivity. To shed 

more light on the behavior of the CuxOy-sites during the C–H activation step, X-

ray absorption spectroscopy coupled with temperature-programmed reaction 

experiments in different reducing atmospheres (methane, ethane, CO) was 

performed. The findings indicate that the consumption of reactant can be directly 

linked to the reduction of Cu. Further, the reactivity of other alkanes in this 

established reaction route for MTM was studied. The fundamental study on ethane 

activation demonstrated that ethane can be selectively converted to ethylene 

already at 150 °C over Cu-mordenites using the same cyclic protocol. Our 

systematic study of the reaction route has led to a broader understanding of the 

nature of the Cu species and their role in C–H activation. 
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Sammendrag 

På veien mot en fungerende sirkulær økonomi er vi nødt til å utnytte de 

råmaterialene vi har på en renest mulig måte. Naturgass er sett på som et 

overgangsmateriale til fornybare ressurser i energiproduksjon, da metan, 

hovedkomponenten i naturgass, brenner renere og har en høyere energitetthet enn 

alternativer som kull eller større hydrokarboner. Ytterligere er naturgass en 

potensiell kilde til å danne viktige byggesteiner som trengs i kjemisk industri. I 

tillegg til metan består naturgass hovedsakelig av andre lave alkaner som etan og 

propan. Alkaner er lite reaktive, blant annet på grunn av sterke C–H bindinger, og 

dagens eksisterende metoder for å utnytte alkaner er energikrevende og kostbare. 

Dette gjør det vanskelig å prøve å utnytte naturgass på avsidesliggende steder. En 

følge av dette er at naturgass som kommer opp som et biprodukt av for eksempel 

oljeproduksjon ofte brennes av til potente drivhusgasser som CO2 og H2O i stedet 

for å bli utnyttet. Dersom vi hadde klart å funksjonalisere alkanene i naturgass til 

byggesteiner i kjemisk industri på en måte som krever mindre energi enn dagens 

metoder, ville vi kunne utvide bruksområdet for naturgass parallelt med at vi 

forhindrer store utslipp av CO2 til atmosfæren. En måte som er foreslått er å 

omdanne metan til metanol (CH3OH). Metanol er et viktig startmateriale for 

produksjon av et arsenal av forbruksvarer slik som medisiner, plastikk og 

drivstoff. I tillegg er metanol væske ved romtemperatur som vil senke kostnaden 

med å frakte produktet fra avsidesliggende steder. I denne avhandlingen har vi 

jobbet med en stegvis, støkiometrisk metode for å direkte konvertere metan til 

metanol (MTM) over kobberfylte zeolitter som er oksidert med oksygen. I MTM 

vil reaktanter og produkter være forhindret fra å interagere, noe som øker 

selektiviteten mot metanol da vi forhindrer metanol fra å reagere videre med 

oksygen. Noen av ulempene med denne reaksjonen så langt er at lang reaksjonstid 

og få aktive seter fører til lav produksjonsrate av metanol. For å utvikle og forstå 

reaksjonen bedre er vi nødt til å forstå mer om blant annet hvordan de oksiderte 
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kobbersetene ser ut. I tillegg bør vi forstå mer om hvordan kobbersetene endrer 

seg underveis i reaksjonen, samt finne undersøkende metoder som gir nytt lys på 

den totale reaksjonsmekanismen. Vi har i denne avhandlingen angrepet 

problemstillingen fra tre forskjellige perspektiver. Først, så kombinerte vi 

forskjellige karakteriserings- og spektroskopiteknikker for å undersøke materialer 

og synteseteknikker som tidligere har vært lite testet i MTM for å finne 

sammenhenger mellom struktur og aktivitet i reaksjonen. Resultatene fra dette 

indikerte at miljøet rundt kobbersetene i zeolitten og deres spesifikke 

sammensetning har en stor påvirkning på metanolproduksjonen. Videre førsøkte 

vi å se nøyere på hvordan kobbersetene endret seg når de blir utsatt for alkaner 

(CH4 og C2H6) eller andre oksiderende materialer (CO). For å se på kobbersetene, 

ble røntgen absorpsjonsspektroskopi tatt i bruk. Dette ble gjort samtidig som vi 

utsatte de kobberholdige zeolittene for reaktantene under en temperaturøkning, 

noe som ga en indikasjon på hvor sterk interaksjonen mellom setene og 

reaktantene var. Fra dette forsøket lærte vi blant annet at interaksjonen med 

reaktantene og kobbersetene er direkte koblet sammen med reduksjon av kobber 

fra oksidasjonstall 2+ til 1+. Til slutt undersøkte vi hvordan et annet alkan, etan 

(C2H6), ville reagere i en lignende reaksjonsprotokoll for å utvide horisonten basert 

på den etablerte litteraturen innenfor MTM reksjonen. Denne fundamentale 

studien viste at etan kan selektivt funksjonaliseres over kobbersetene ved dannelse 

av en dobbeltbinding slik at vi danner eten (C2H4). Eten, er på samme måte som 

metanol, et veldig viktig startmateriale for kjemisk industri, og brukes spesielt i 

dannelse av polyetylen (plastikk). Denne studien har blant annet utvidet 

bruksmulighetene til kobberholdige zeolitter og gitt oss fornyet innsikt i de 

spesifikke stegene underveis i C–H aktiveringsreaksjoner. Oppsummert så har vi 

i denne avhandlingen tilført litt mer forståelse til C–H aktiveringsreaksjoner som i 

lengden forhåpentligvis kan utnyttes for å hjelpe samfunnet nærmere en sirkulær 

økonomi. 
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1. Introduction 

Almost a decade ago, in 2015, the World Bank started the Zero routine flaring 

initiative. This initiative calls to end all routine natural gas flaring by 2030, i.e. 

burning of natural gas to CO2 and H2O, and has been signed by a total of 54 oil 

companies and 35 governments [1]. Still, only minuscule reductions in the amount 

of natural gas flaring have been seen worldwide from the start of the initiative until 

today [2]. Indeed, at the end of 2021, 143 billion cubic meters of gas were still flared 

all over the world, which amounts to 270 Mt of CO2, or almost 1% of the world’s 

annual CO2 emissions released directly into the atmosphere [3]. The main 

component of natural gas is methane and although the natural gas is burned 

through flaring, it is still estimated that about 240 Mt CO2-eq of methane escapes 

combustion and is directly released into the atmosphere in the process [3]. 

Methane is an abundant chemical and has high potential as feedstock in the 

chemical industry. Instead of being flared from remote oil production sites, it could 

be utilized to make important products for our everyday life, like medicines, 

plastics, and fuels. When natural gas is found together with oil it is often referred 

to as associated gas, while separate natural gas wells, e.g. shale gas, are called non-

associated gas. Both associated and non-associated gas are often found in remote 

areas.  

Today, the dominant method for converting methane to industrially 

important chemicals is via the formation of synthesis gas (CO and H2) [4]. Synthesis 

gas production is an energy-intensive reaction (700-1000 °C) and requires large 

production plants that are impractical to install on-site for remote areas like the oil-

production sites [5]. Transporting gas from remote areas is also a very costly 

process, and the cost-benefit of utilizing the associated gas is therefore often poor 

[6]. One ideal solution to this conundrum would be implementation of a small-

scale operated process to convert natural gas directly to a liquid product or 

products (e.g. methanol or acetic acid), which is a solution to which extensive 
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research efforts have been devoted over the past decades [7]. Still, most reactions 

have yielded low conversion to the desired products. In two recent review articles, 

the groups of Hutchings [7] and Miliordos [8] ask the very important question of 

whether it is still worth exploring the field of methane activation. As they point 

out, in addition to the slow research progression on converting natural gas to 

liquid, there are also the environmental aspects to take into consideration. In line 

with the Paris Agreement goal of keeping global warming temperature change 

below 1.5 °C compared to pre-industrial levels [9], a large portion of today’s use of 

fossil fuels must be phased out in favor of other resources to reach net-zero CO2 

emissions before 2050 [10]. Methane is considered a gateway option for producing 

heat and electricity on our path to net-zero emissions. That is because, compared 

to other fossil fuels, combustion of methane produces more heat per mass and 

fewer byproducts. However, natural gas is still a fossil fuel and by continuing to 

search for methods to also utilize natural gas, in addition to using it for energy, 

one consequence might be that the transition period towards net-zero emission is 

slowed down. One could ask if the current ways instead should be completely 

disrupted, and the stranded fossil sources be left where they are. Unfortunately, 

this would be hard to achieve as the world’s population is going to continue to 

need energy and resources like fuel and chemical reactants also in the years to 

come. For example, the demand for methanol and its derivatives has since the 

beginning of 2000s grown from around 40 to 106 million tons in 2021 [11, 12]. 

Beyond using synthesis gas for methanol synthesis, some progress has been made 

in synthesizing methanol from other sources. Methanol can for example be 

produced from biomass or CO2, which would meet some of the industrial 

methanol needs, however, these reactions are still early stage and require time for 

development [12]. It should also be kept in mind that the secondary components 

of natural gas are other light alkanes like ethane and propane (0-20 mol%). These 

alkanes are raw materials for the formation of ethylene and propylene, which are 

two very important backbones in the chemical industry [13]. An overview of 
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important building blocks for the chemical industry that are derived from natural 

gas is given in Figure 1. Since all the possible methods for converting light alkanes 

to useful chemicals require increasingly more energy- and cost-efficient pathways 

to be environmentally friendly and industrially viable, we surmise, just as 

Hutchings [7] and Miliordos [8], that it remains highly important to focus on and 

understand the fundamentals of C–H activation.  

 

Figure 1. The main components (alkanes) found in associated and non-associated natural gas, as 

well as the main products that can be derived from these alkanes. The figure is adapted from [14]. 

Light alkanes are symmetric molecules with no dipole moment and strong 

bonds giving them an inert behavior [15]. Light alkanes are therefore difficult to 

selectively convert to desired products. Half a century ago, selective C–H 

activation was named one of chemistry’s “Holy Grails” [16]. Not only because of 

the potential environmental and economic benefit of mastering this reaction but 

also because of the potential academic impact such a reaction would have on the 

general understanding and development of the research into the broad field of C–

H bond activation reactions. 

The scope of this thesis is to build on the growing research about the 

functionalization of the C–H bond in alkanes by especially focusing on the 

stepwise conversion of methane to methanol over Cu-exchanged zeolites. Upon 

exploring various zeolite frameworks and Cu exchange techniques we aim to 
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elucidate structure-activity relationships that provide more fundamental 

knowledge about the important factors needed for C–H activation and methanol 

production. Moreover, we use different spectroscopy techniques to thoroughly 

examine the nature of Cu during C–H activation and oxidation. Finally, we use the 

knowledge gained to explore how Cu-zeolites can aid in other alkane activation 

reactions, e.g. ethane activation. The following introduction will give the reader 

background information on which the work in this thesis is based, as well as 

insight into the current status of the field.  

 

1.1. C–H Activation 

C–H activation and functionalization is a broad field spanning several branches of 

chemistry. In the field of organometallic chemistry, “C–H activation” traditionally 

refers to the direct cleavage of a C–H bond of any hydrocarbon-based molecule 

with the help of a transition metal, leading to the formation of a carbon-metal bond 

[17]. Functionalization, however, indicates a replacement of H in the C–H bond 

with another element or functional group. In literature, these terms are often 

intertwined, which is consistent with the fact that the mechanism for C–H 

functionalization often proceeds via a C–H activation step [17, 18]. For simplicity 

in the scope of discussions within this thesis, the term “C–H activation” will be 

used more as a general description of the process of breaking the C–H bond. 

Herein, the focus is on the activation of light alkanes due to their high 

potential as feedstock for the chemical industry. Alkanes, generally have very 

strong C–C (e.g. H3C–CH3 = 377 kJ/mol) and C–H  (e.g. H3C–H = 439 kJ/mol) bond 

strengths  [19]. In addition to strong bonds, alkanes also have very low 

polarizability, electron affinity, and no functional groups, rendering them very 

stable molecules. Among the alkanes, methane is the most extreme case, and 

Figure 2 shows the fully symmetric methane molecule and its molecular orbital 

diagram. With no electrons in the antibonding orbital, σ*, and fully occupied σ 
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orbitals, there are no available sites for easy reaction. This causes unfavorable 

conditions when we want to selectively convert alkanes into functionalized 

molecules [20]. First, a strong local electric field in the attacking molecule is needed 

to allow for either a nucleophilic/electrophilic attack or reduction/oxidation 

reactions [21]. Second, the desired products almost always have higher reactivity 

than the alkane itself, easily leading to over-oxidation towards CO2 and H2O [22, 

23].  

 

Figure 2. Representation of the methane molecule and its (valence) molecular orbital diagram. The 

figure is adapted from [20] 

To overcome the energy needed to activate the C–H bond, the industrialized 

methods for C–H activation in lower alkanes, other than exploiting the energy 

obtained from full combustion reactions to CO2 and H2O for heat and electricity, 

are often very energy-intensive [24]. Natural gas, with its main component being 

methane (70-90%) [25], is usually converted to synthesis gas, or syngas for short 

(i.e. a mixture of CO and H2), via steam methane reforming ( 1 ), an endothermic 

process (∆𝐻298𝐾
0  = +206 kJ/mol) requiring high reaction temperatures (700-1000 °C) 

[5] to push the thermodynamic equilibrium towards CO and H2.  

 𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2 ( 1 ) 
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In a side reaction, CO could also react further with H2O to produce CO2 and H2 in 

what is called the water-gas shift reaction ((∆𝐻298𝐾
0  = –41 kJ/mol) [5]. The water-gas 

shift reaction is exothermic and the stoichiometry between CO and H2 in the 

reaction feed can therefore be controlled by adjusting the temperatures and 

pressure. Syngas is used to produce several important chemical products like pure 

H2, methanol, NH3, and synthetic fuels [25]. An overview of the various pathways 

for methane conversion, both direct and indirect, is given in Figure 3. 

 

Figure 3. Overview of various methane feedstocks and main conversion paths. The figure is 

adapted from [26]. 

 

For alkanes larger than methane, steam cracking (of ethane) and selective 

dehydrogenation (of propane and isobutane) are industrially applied methods for 

their conversion into valuable products like alkenes [5]. The usage of ethane 

directly in steam cracking to form ethylene instead of higher hydrocarbons, like 

naphtha obtained from oil production, has become even more feasible over the 

years with the increasing abundance of (wet) natural gas reserves (e.g. shale gas). 

However, both steam cracking and dehydrogenation reactions are endothermic 

and, therefore, require high temperatures to steer the reaction thermodynamics 

towards the product side. Higher temperatures (> 600 °C) can easily lead to gas-
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phase radical reactions and the product selectivity over the catalyst material is 

consequently reduced [5].  

Both methane activation and the activation of other light alkanes would 

benefit greatly from a C–H activation reaction that would lower the energy 

requirement. The most straightforward path to achieve less energy-intensive paths 

is to use a reaction protocol that is overall exothermic as heat is not required to 

push the thermodynamic equilibrium toward the products. Some elevated 

temperatures would instead be necessary to increase the reaction kinetics, which 

also can be influenced by the choice of catalyst material. With methane being the 

major component of natural gas and the main focus of this thesis, the rest of the 

introduction will concentrate on the advances and materials used in the direct 

activation of methane. In the last section (2.2) the C–H activation of ethane as 

another light alkane will briefly be described.  

 

1.1.1. C–H Activation of Methane 

Considering the limitations of syngas production, several pathways have been 

suggested for the direct conversion of methane, i.e., functionalizing the C–H bond 

in methane instead of breaking it down to CO and H2 first. As transition metals 

have shown to be very useful in activating bonds in other small and stable 

molecules like olefins and CO, they are also widely used in the attempt of 

activating the C–H bond [17, 23]. One of the major research efforts in this direction 

has been the oxidative coupling of methane (OCM) to larger hydrocarbons (i.e. 

exothermic reactions), which started with a report by Keller and Bhasin in 1982 

[27]. OCM has been tested over a variety of catalysts, e.g. metal oxides and doped 

oxides, and is performed at temperatures between 650-880 °C [28, 29]. As the 

reaction intermediates and products are more reactive than methane, the main 

issue with OCM has been to obtain high product selectivity at high conversion. 

Ethylene yields above 40 % has therefore shown to be difficult to achieve [28]. 
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Although an endothermic reaction, nonoxidative methane dehydroaromatization 

(MDA) was suggested as an alternative to overcome the issue of selectivity. With 

MDA, studies have shown the benefit of using a bifunctional catalyst with metal 

sites for dehydrogenation and acid sites for oligomerization [30], making metal-

exchanged zeolites a great option. The most active catalyst was  Mo/ZSM-5, where 

a benzene yield of about 10% at 17% methane conversion was achieved [21]. MDA 

is however far from commercialization due to relatively low methane conversion 

and short catalyst lifetime due to coking [21]. Beyond the formation of 

hydrocarbons, other methane activation reactions have also been proposed. 

Among them is the possibility of coupling methane with CO2 or CO/H2O to 

produce acetic acid [31-33], or directly reacting methane with oxygen in a partial 

oxidation reaction to produce methanol and formaldehyde [7, 15, 34]. 

Aromatization, acetic acid formation, and partial oxidation of methane to 

methanol would all be extremely beneficial reactions in more remote areas where 

both associated and non-associated natural gas is found due to the cost-efficiency 

benefit of transporting liquids compared to gas. However, in contrast to 

aromatization and acetic acid formation, partial oxidation of methane to methanol 

( 2 ) is an exothermic reaction (∆𝐻298𝐾
0  = -130.5 kJ/mol) with the subsequent 

potential for being less energy intensive by operating at lower reaction 

temperatures. A lower energy requirement increases the potential industrial 

applicability and environmental impact of the reaction. 

 𝐶𝐻4 +
1

2
𝑂2 ↔ 𝐶𝐻3𝑂𝐻 ( 2 ) 

Vast research efforts have been devoted to the partial oxidation of methane 

to methanol over the last decades, and in the next chapter, we will take a deeper 

look into the major reaction protocols proposed to selectively activate the C–H 

bond in methane to form methanol.  
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1.2. Direct Methane to Methanol Conversion 

Partial oxidation of methane to methanol in the gas phase has been studied already 

for a century and is typically operated at high pressures (20-100 bar) and medium 

temperatures (350-500 °C) due to the exothermic nature of the reaction [7]. Given 

the higher reactivity of the products compared to methane, a highly fuel-rich 

atmosphere is needed relative to oxygen, to maintain a high selectivity towards 

methanol [35]. This compromises greatly the conversion rates, in the same manner 

as observed for OCM. The reported results in the literature are imprecise [34], 

rendering some uncertainty to the efficiency of the reaction. However, methanol 

selectivity close to 60% at 13% methane conversion has been reported [36].  

The shortcomings of partial oxidation led the research community to search 

for methods where a higher selectivity control could be achieved and, therefore, 

some low-temperature liquid-based reactions have been proposed [37]. The first 

attempt was already in 1905, when formic acid, made from reacting CH4 with 

HO2/FeSO4, was converted to different C1 oxygenates [38].  Periana et al. then 

demonstrated in the 1990s that it is possible to convert methane to methanol in a 

two-step process with concentrated sulfuric acid in the presence of an Hg2+ or Pt2+ 

bidiazine catalyst [39, 40]. The reaction proceeds via the formation of a methyl 

bisulfate intermediate, which then can react with water to form methanol as the 

final product. Due to the effective stabilization of the intermediate state before the 

reaction with water, they achieved a methanol yield above 70% with an 81% 

selectivity [39, 40]. Although the reaction proposed by Periana et al. reports high 

methanol selectivity, there are some obvious drawbacks, as it includes costly 

catalyst material and a corrosive atmosphere. Given the homogeneous nature of 

the reaction, it will require product separation, making it less feasible for industrial 

scale-up. More recently, Hutchings and co-workers reported that H2O2 could be 

used as an oxidant to convert methane to methanol at high selectivity (> 90%) and 

10% conversion in a catalytic reaction loop over Fe-Cu-ZSM-5 zeolites [41, 42]. 
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Furthermore, to address the cost of H2O2, both the Hutchings group and others 

have shown that various catalysts based on Au/Pd mixtures as alloys or supported 

on TiO2 or zeolites can make H2O2 in situ from H2 and O2, which then participate 

in the oxidation of the methane molecules [43-46]. Also, aqueous catalytic 

processes over Rh [47, 48] and Ir [49] exchanged zeolites without the need for H2O2 

have been proposed in recent years. Although some advancements have been 

shown with the use of H2O2 and unexplored transition metals, the reaction schemes 

still require rather costly materials, and the homogeneous catalytic pathways 

complicate the process scale-up.  

To find a selective pathway towards methanol that would not include an 

aqueous state, scientists have looked to nature, where there is an enzyme called 

methane monooxygenase (MMO) found in methanotrophic bacteria that can very 

selectively, and with a high yield, convert methane to methanol solely with O2 as 

oxidant [50-52]. There are two versions of the MMO enzyme, namely a soluble 

(sMMO) based enzyme with well-understood bis(μ-oxo)diiron active sites [50-53], 

and a membrane-bound particulate (pMMO) enzyme where the active site is 

suggested to be Cu based, although the speciation is not completely understood 

[50-52, 54, 55]. In addition to understanding the specific active site of pMMO, 

researchers have also aimed to utilize the knowledge to find enzymatic and more 

inorganic biomimetic systems like metal organic frameworks (MOF), to convert 

methane to methanol [56-60].  

Groothaert et al. were the first to suggest a selective gas-phase reaction 

pathway inspired by the pMMO Cu active site [61]. Similar to the reaction route 

suggested by Periana et al. (see above), Groothaert et al. also suggested a multi-

step process. In the first step, O2 was used to form active CuII-oxo centers at 

moderate temperatures (450 °C) in a Cu-exchanged ZSM-5 zeolite. The active CuII-

oxo sites were then reacted with CH4 in the following step at lower temperatures 



11 
 

(200 °C) to form stable intermediate species. Only upon H2O exposure was 

methanol desorbed as a product.  

The publication by Groothaert et al. laid the foundation for decades of 

research into what we will refer to in this thesis as the stepwise conversion of 

methane-to-methanol (MTM). The stepwise reaction promises a moderate to low-

temperature partial oxidation of methane to methanol over abundant, non-

hazardous, and cheap materials (e.g. Cu, zeolites) already widely used in 

numerous industrial applications. It is additionally a heterogeneous reaction, 

leading to simpler downstream product separation. There are at least, but not 

limited to, two major drawbacks of this reaction scheme [62]. First, the stepwise 

nature of the reaction renders it less favorable for the chemical industry, as it 

requires several temperature steps and a continuous re-activation of the Cu-loaded 

zeolites at higher temperatures [63]. Second, the reaction scheme relies on a 

stoichiometric amount of methanol produced due to the limited number of Cu-oxo 

sites that can be formed in each cycle [64]. Notwithstanding these limitations, 

numerous publications have addressed the MTM reaction over the last two 

decades and have already spurred quite a few comprehensive reviews on the topic 

[7, 8, 15, 21, 24, 63-71]. The focus in the literature has been especially, but not 

exclusively, on understanding the Cu speciation of the active sites at different steps 

of the reaction, unraveling the full reaction mechanism, as well as finding 

structure-activity relationships, all in attempts to both optimize the reaction 

protocol and the active sites.  

Advancements in MTM research have been the main focus of this thesis, 

with the target area being on disentangling ambiguous results and unanswered 

questions related to the reaction. Before we explore the unanswered questions, 

background knowledge on (Cu-)zeolites and the MTM reaction is provided. 
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1.3. Zeolites 

Zeolites have several important qualities (vide infra), rendering them useful 

materials for applications such as catalysis, ion exchange, and adsorption 

technologies. They were introduced for industrial use already at the beginning of 

1960 when Mobil (now ExxonMobil) applied a faujasite (FAU) zeolite as a catalyst 

for fluid catalytic cracking (FCC) [72]. Since then, zeolite catalysts are being used 

in various processes like isomerization, hydrogenation, and methanol to 

hydrocarbons (MTH) reactions [73, 74]. Zeolites are three-dimensional crystalline 

aluminosilicates built from Si and Al coordinated with oxygen to form tetrahedra 

([SiO4]4- and [AlO4]5-). The central atom of the tetrahedra is referred to as the T-

atom (e.g. Si/Al) [75]. The tetrahedra are the primary building units (PBUs) of 

zeolites and are covalently linked in the corners (sharing an O-atom) to form larger 

structures known as secondary building units (SBUs) (Figure 4).  

 

Figure 4. Representation of the composition of a primary building unit (PBU) and an example of a 

secondary building unit (SBU). 

 

The unit cell of a unique zeolite is designed by stacking specific SBUs in a 

particular order. The unit cell is then repeated indefinitely to form crystals of 

different shapes and sizes. The specific stacking of SBUs forms micro-sized (≤ 2 

nm) pores and channels through the zeolite, leading to a large internal surface area 
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[76]. As heterogeneous catalysis often occurs on a surface, the large internal surface 

areas are one of the reasons why zeolites are good catalyst materials. Especially 

because the pores and cavities that are formed are perfectly sized for smaller 

molecules to diffuse through. Due to all the possible stacking combinations with 

different SBUs, as many as 260 different zeolite structures are proposed in the 

international zeolite association (IZA) database [77]. The channels and cavities 

differ in size, depending on the final zeolite structure. These properties give 

zeolites shape-selectivity properties, perfect for e.g. gas separation and refinement 

[78]. 

 

1.3.1. Brønsted Acid Sites and Ion Exchange 

Zeolites are often used in acid-catalyzed reactions. This is possible due to 

the presence of [AlO4]5- tetrahedra. As aluminium has an oxidation state of +III, 

and silicon has an oxidation state of +IV, for every Al3+ tetrahedra present in the 

material a negative charge is introduced. The negative charge needs to be balanced 

with a cation, e.g. NH4+, H+, Na+, K+, or Ca2+ [75]. The cations can be readily 

exchanged, and when the cation is a proton, the site gets Brønsted acidic 

properties. The placement of [AlO4]5- tetrahedra must follow Loewenstein’s rule, 

which states that two [AlO4]5- tetrahedra cannot be neighbors, i.e. sharing an O 

atom [79]. When the zeolite structure is built from other T-atoms than Si and Al, 

the resulting materials are called zeotypes. The most common zeotype is 

aluminophosphates (AlPOs), where the neutral framework is built from 

alternating [AlO4]5- and of [PO4]3- tetrahedra instead of [SiO4]4-. Then, to create a 

Brønsted acid site in an AlPO, Si4+ can be incorporated in the position of P5+ [75]. 

Zeotypes have a different framework polarity induced by the altered atomic 

composition compared to zeolites and can in that way affect a potential reaction in 

a different manner than an isostructural zeolite framework.  
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In addition to Brønsted acidity, also Lewis acid sites can take form in 

zeolites. These can be formed by introducing heteroatoms into the framework or 

by processes that lead to hydrolysis of the Si-O-Al bonds in the zeolite framework 

so that extra framework Al3+ (EFAl) sites are generated [80]. Several structures and 

positions are possible for EFAl sites, which lead to a variety of sites with different 

strength. With the right strength, these sites can sometimes also take part in a 

reaction as electron-pair acceptors, however the nature of the sites are not well 

understood [80]. 

The Brønsted sites can also be exchanged with transition metals (TMs), 

leading to coordinated metal sites within the pores available for 

reduction/oxidation reactions. With the growth in application area for zeolites in 

catalysis and the chemical industry, the TMs potential as hosts for reactive guest 

molecules has also been broadly explored. TM-exchanged zeolites have been 

investigated in the last decades to create new or improve existing reaction 

mechanisms for more environmentally friendly applications in 

reduction/oxidation chemistry [26, 81, 82]. Some potential applications are alkane 

dehydrogenation, syngas conversion, biomass conversion, CO2 capture, and 

conversion, as well as H2 storage and production [26, 81]. A reaction that has 

reached industrial application is the use of Cu-exchanged SSZ-13, a Chabazite 

(CHA) type zeolite, as a catalyst for NH3- selective catalytic reduction (SCR) of 

NOx, greatly minimizing the NOx emissions from the automotive sector [82]. 
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1.3.2. Zeolites Applied in the Present Study 

In this thesis, six different zeolite frameworks are tested. All framework types are 

displayed in Figure 5. The CHA framework was explored in Paper I, while Paper 

II focuses on the MWW (MCM-22) framework. The mordenite (MOR) framework 

was explored in both Papers IV and V, while in Paper III, four different 

frameworks were compared, namely MOR, MFI (ZSM-5), FAU, and Beta (BEA). 

Beta is a disordered framework structure leading to a family of intergrowths. The 

intergrowth does not substantially influence the pore accessibility, but could 

sometimes affect the connectivity of the pores [83]. 

 

Figure 5. Schematic of all zeolites studied in this thesis. The top row shows the three main zeolites 

studied herein. MFI, FAU and BEA compared with MOR in Paper III. The marked areas in MWW, 

MOR, and CHA highlight important details in the zeolite framework. See details in-text. 

 

As CHA, MOR, and MWW are the main focus of this work, their 

composition will be explained in more detail below. In Table 1, the main 

characteristics of all six zeolites, like channel access, dimensions, and the number 

of unique T-sites are given.  
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Table 1. Structural characteristics of the zeolite framework types applied in this thesis.  

Framework 

type 

Name Channel dimensions 

(Å) 

Channel 

access 

Channel 

systems 

Unique  

T-sites 

Ref. 

MWW MCM-22 Sinusoidal 10-ring 

(4.1x5.1) 

Supercage  

(d = 7.1) 

10-ring 

 

10-ring 

2D 8 [77, 84] 

MOR MOR 12-ring channel 

(6.5x7.0) 

8-ring channel* 

(2.6x5.7) 

12-ring 

 

8-ring 

1D  

 

4 [77, 85] 

CHA SSZ-13 

SAPO-34 

Cavity channel  

(d = 7.4) 

8-ring 3D 1 [77] 

MFI ZSM-5 Sinusoidal 10-ring 

 (5.1x5.5) 

10-ring channel 

(5.3x5.6) 

10-ring 

 

10-ring 

3D 12 [77, 86] 

FAU FAU Sodalite cage*  

(d = 6.3) 

Supercage channel 

(d = 11.2) 

6-ring 

 

12-ring 

3D 1 [77, 87] 

*BEA BEA Sinusoidal 12-ring 

(6.5x5.6) 

12-ring channel 

(7.5x5.7) 

12-ring 

 

12-ring 

3D 9 [77, 88] 
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CHA 

The CHA framework consists of double 6-rings (D6R) stacked in an ABC-sequence 

and interconnected with 4-rings. The D6R is indicated with a green shade in Figure 

5. The stacking of D6R and 4-rings results in cavities (brown shade) that are 

interconnected and accessible through 8-ring windows (grey shade). CHA is an 

ideal framework to work with, as the framework only has one crystallographically 

unique T-site [89, 90]. Four different ion exchange sites have been identified in the 

CHA framework. Three of them point toward the center of the cavity, around the 

8-ring window, while one is in a more constrained position pointing into the D6R 

[63]. CHA exists in two important atomic compositions. One is the zeolite 

(aluminosilicate), SSZ-13, and the other is the silico aluminophosphate (SAPO), 

SAPO-34. The density of Brønsted acid sites in SAPO-34 is determined by the Si 

content. The incorporation may follow three different substitution mechanisms 

(SM). SM1 substitutes Si with an Al, which is unlikely because it for one, leads to 

the introduction of a positive charge that would need to be balanced, and two, the 

[Si-O-P] linkage that would form is known to be unstable [91]. SM2 substitutes P 

and leads to the formation of one Brønsted acid site per Si incorporated. SM3 

introduces 2 Si, and substitutes both Al and P, usually forming a Si-rich patch [91, 

92]. SM2 and SM3 are illustrated in Figure 6. 

 

Figure 6. Scheme representing the substitution mechanisms (SM2 and SM3) for Si in SAPO-34. 
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Whether Si follows mostly the SM2, SM3 or a combination of these 

mechanisms depends on the synthesis procedure [93]. Because of the different 

substitution mechanisms, the amount of Si in the SAPO-34 framework will most 

likely not correlate directly to the amount of ion exchange sites. SSZ-13 has been 

tested extensively in the MTM reaction [94-103]. However, literature is scarce on 

the isostructural zeotype material SAPO-34. To the best of our knowledge, only 

Wulfers et al. have tested SAPO-34 in the stepwise MTM conversion [104]. SAPO-

34 is, however, an industrial-scale catalyst for the conversion of methanol to olefins 

(MTO) [73], and has been widely investigated in the search for a Cu-loaded catalyst 

in NH3-assisted selective catalytic reduction (NH3-SCR) of NOx [105].  

 

MCM-22 

The MCM-22 zeolite has an MWW-type framework and consists of 10-ring pore 

openings and two independent channels [84]. One is a sinusoidal 10-ring channel 

(Figure 5 – grey shade), while the other consists of layered supercages with a 12-

ring diameter (brown shade), interlinked by D6Rs (green shade), and accessible 

through 10-ring channels. Even though the largest pore opening in MCM-22 is a 

10-ring, the zeolite is often compared to and found to have similar properties as 

12-ring pore systems like MOR, FAU, and mazzite (MAZ) zeolites [106]. However, 

one main difference is the complexity of the MCM-22 structure, causing the zeolite 

to have no less than 8 different T-sites, while the others mentioned have 4, 1, and 

2, respectively. MCM-22 has additionally an outer surface that consists of pockets 

formed by half of a supercage. These pockets have been shown to hold some of the 

active sites for MCM-22 [107]. Other possible sites for Al speciation are inside the 

sinusoidal 10-ring, centered on the supercage walls, and in the D6R at the bottom 

of the supercage [108]. Previously, MCM-22 has been tested extensively as a large 

pore zeolite system for methylation reactions [109, 110], however, before the work 
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presented in this thesis, MCM-22 was an unexplored zeolite framework for the 

MTM reaction.  

 

MOR 

MOR consists of a 12-ring channel (Figure 5 – grey shade) and a distorted 8-ring 

channel, parallel to the 12-ring pore (green shade) [85]. Due to the nature of the 8-

ring pore (see Table 1), it is inaccessible from the main window. However, 

perpendicular to the 12-ring, there is an 8-ring side pocket (3.4x4.8 Å), that gives 

access to the parts of the 8-ring channel (brown shade). In conclusion, given the 

sterically hindered nature of the 8-ring channel, MOR is considered a 1D zeolite 

consisting of a 12-ring channel with an 8-ring side pocket. MOR is a widely tested 

zeolite for MTM and is shown to be one of the most active materials [61, 111-115].  
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2. MTM over Cu-exchanged Zeolites 

Ever since the stepwise MTM conversion was suggested by Groothaert et al. [61], 

Cu-exchanged zeolites have been extensively investigated for the reaction. Major 

efforts have also been directed toward the reaction design, where the most applied 

approach for the MTM reaction is a three-step process that are repeated to create a 

cyclic process (Figure 7) [61, 111, 116-120]. The Cu-zeolites are first activated at 

high temperatures (> 400 °C) in the presence of O2 to form CuII-oxo moieties. Then, 

the temperature is lowered, typically between 150 and 200 °C, where the Cu-sites 

are exposed to CH4, upon which both the C–H bond is activated and methoxy 

intermediates are stabilized by the Cu and/or H+ (Brønsted acid sites) present in 

the zeolite cavity. Finally, H2O is used to extract methanol, either on-line [111] or 

by quenching the products in a solvent trap for off-line analysis [121].  

 

Figure 7. Representation of the MTM sequence over Cu-exchanged zeolites. 

 

Some groups have demonstrated the use of other oxidants like NO [122], 

N2O [122-124], and H2O [125, 126] for activating Cu-zeolites. Also other TMs have 

been explored for gas-phase, stepwise MTM conversion, and among them are Fe 

[95, 127-131], Ni [132], and Co [133, 134]. Instead of high-temperature activation, a 



22 

 

stepwise route that proceeds isothermally at around 200-300 °C has also been 

proposed [64, 122, 135-138]. In the isothermal approach, it seems a higher methane 

partial pressure (8-37 bar) can circumvent the need for high O2 activation 

temperatures. Although this approach introduces a need for high pressure, it 

lowers the energy requirements of the high-temperature step and simplifies the 

protocol for industrial use. Herein, the scope has been on understanding the C–H 

activation mechanism, and we have thus focused our attention on the most applied 

route in literature, namely the stepwise route over Cu-zeolites that proceeds via 

high-temperature O2 activation. 

Before the initiation of this thesis, but within the same project (iCSI), 

important contributions have been provided to the field of MTM by Svelle and 

coworkers. In a 2017 publication, Pappas et al. derived an optimal protocol for 

MTM over Cu-SSZ-13 [94]. They found that both a prolonged time in O2 (8 h) and 

CH4 (6 h) were necessary, indicating a slow rate of active site formation and C–H 

activation. In the same study, they also found an interesting correlation between 

the reduction of the Cu-species from CuII to CuI when activated in He to the activity 

of the Cu-zeolites in MTM. Such a correlation has also been shown for other zeolite 

systems [139, 140]. Then, in another key study on Cu-MOR that resulted in several 

papers [114, 120, 141-143], a highly productive material was found (0.18Cu,H-

MOR(11)). With an intermediate Cu-loading (Cu/Al = 0.18) and high Al-content 

(Si/Al = 7), 0.18Cu,H-MOR(11) showed a productivity of 0.47 molMeOH/molCu (175 

μmolMeOH/g). If we hypothesize a dimeric CuII-oxo site as the active site for MTM 

(vide infra), the productivity obtained is close to the maximum achievable in one 

reaction cycle. Pappas et al. also investigated a Ferrierite (FER) zeolite type for 

MTM [140, 144]. The Cu-exchanged FER zeolites showed good productivity (e.g. 

0.33 molMeOH/molCu), and interestingly, under CO-adsorption experiments with 

Fourier transform (FT) infrared (IR) spectroscopy, it was shown that the sample 

with more freely coordinated Cu-motifs (e.g. 3-fold vs 4-fold), exhibited higher 
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productivity for methanol. As this work has set the baseline for the work presented 

herein, and we apply similar reaction protocols and setups, a summary of the 

MTM activity for the three zeolite systems studied by Svelle and coworkers is 

reported in Figure 8 for reference. 

 

Figure 8. Summary of MTM productivity obtained previously in the iCSI project.  

 

Over several decades, a library of other zeolites has been tested in the MTM 

reaction. In a recent review, Newton et al. summarized the highest productivity 

obtained in literature for a number of zeolite frameworks (Figure 9) [67]. Among 

the most active samples when normalized to the Cu content, we find CHA, FER, 

MOR, and MAZ. It should be noted from Figure 9 that although FAU also exhibits 

high productivity, this has only been obtained with higher reaction temperatures 

and pressure [136]. With CH4 exposure at 200 °C, FAU was virtually inactive. The 

top five frameworks range from small pore systems like CHA, MAZ, and FER with 

(8-ring channels) to medium (10-ring channel in FER), and large pore systems (12-

ring channels in FAU, MOR, and MAZ). At first sight, no apparent correlation 

between channel size and activity is observed. However, upon close examination 

of the MOR framework, it should be noted that there is a side pocket in the 12-ring 

channel that is accessible through an 8-ring window, as explained in the previous 
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chapter. Upon excluding FAU, which needs higher activation temperatures, there 

appears to be a weak correlation between the methanol productivity at low 

methane activation temperatures and the presence of stabilizing confinement, like 

the cavities in CHA, or the MOR side pocket. This is also suggested as an important 

factor by recent studies on the cavity and confinement effect [71, 145-147]. 

 

Figure 9. Schematic of different copper zeolites systems tested in MTM, with a comparison of their 

productivity. The figure is adapted from [67]. 

 

In addition to the zeolite frameworks summarized in Figure 9, Cu-

exchanged Erionite (ERI), another previously unexplored zeolite system has 

recently been investigated by Zhu et al. [148]. The material had a mid-high 

methanol productivity of 0.23 molMeOH/molCu in an isothermal reaction protocol at 

300 °C (with 30 bar CH4 pressure). Like Cu-exchanged FAU zeolites, the Cu-ERI 

sample demonstrated improved activity at higher temperatures. The need for high 

temperature was attributed to a stronger interaction between Brønsted sites and 

methoxy intermediates by the authors.  
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In the following chapter, a review of some key research advancements made 

in the field of MTM is provided. Finally, several key points are summarized that 

remain ambiguous or not fully understood with regard to the literature. 

 

2.1. Status of the Field 

In the stepwise conversion of methane to methanol (MTM) over Cu-zeolites, three 

main components affect the reaction outcome; Cu speciation, the zeolite 

framework, and the reaction design. Since the reaction is stoichiometric and does 

not reach a steady-state, it is not possible to break down the reaction mechanism 

from normal kinetic studies. Because of this, a wide variety of tools have been used 

in the literature to unravel key information on the process includiong, but not 

limited to, FT-IR spectroscopy, ultraviolet-visible (UV-vis) spectroscopy, X-ray 

absorption spectroscopy (XAS), and adsorption/desorption experiments. Some 

groups have also recently used time- and temperature-dependent spectroscopy 

experiments in attempts to unravel the kinetic parameters of the reaction [149, 150]. 

Herein I will highlight the main overall findings related to Cu-speciation, 

framework effects, and mechanistic understanding. For more details on the direct 

output of the various techniques, I refer the reader to some extensive reviews on 

the topic. In a review by Newton et al., the impact of several techniques has been 

discussed and scrutinized [67]. For a deeper insight into the use of XAS to advance 

our understanding of the systems, I refer the reader to my own review on the topic 

[68].  

 

2.1.1. Cu-Speciation 

When Cu-zeolites are exposed to an oxidant at high temperatures, any impurities 

and water present in the zeolite before heating desorb, and the Cu species binds to 

oxygen and anchors to the exchange sites. Understanding the nature of these 
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species has been a large focus area in the MTM research, as this would allow 

optimization of materials, and thus increase the yield. Initially, a bis-μ-oxo 

dicopper(III) species was proposed as the active site in ZSM-5 [61]. The assignment 

was primarily based on a Cu-Cu distance of 2.8 Å as observed with extended X-

ray absorption fine structure (EXAFS) on the O2-activated ZSM-5 and a UV-vis 

band observed at 22 700 cm-1 that was consumed when the O2-activated Cu-zeolite 

was exposed to methane. Bands in this region were correlated to charge transfer 

from O ligands to Cu already in the early 2000s because of the research focus at the 

time on both decomposition of NO over Cu-zeolites and studies of the active sites 

in pMMO [151-153]. As more studies have appeared, the understanding of the Cu-

oxo sites developed. In 2009, Woertink et al. re-evaluated the assignation of the 

22 700 cm-1 band to be linked with a mono-μ-oxo dicopper(II) site (Cu-O-Cu) 

instead of bis-μ-oxo dicopper(III) (Cu-(O2)-Cu) species [118]. This reassignment 

was based on a combination of resonance Raman (rRaman) spectroscopy and 

density functional theory (DFT) calculations with the UV-vis measurements. By 

probing the O2-activated Cu-zeolite with visible light in the rRaman experiments 

corresponding to the region of the band observed in UV-vis (22 700 cm-1 = 441 nm), 

the authors could see resonance-enhanced Cu-O vibrations that were 

unambiguously assigned to a Cu-O-Cu species.  

In later studies on Cu-loaded SSZ-13 by Ipek et al. evidence was found for 

both trans-μ-1,2-peroxo dicopper(II) (Cu-(O-O)-Cu) and mono-μ-oxo dicopper(II) 

[97].  Furthermore, in another study on Cu-SSZ-13, Pappas et al. combined results 

from rRaman, XAS, and FT-IR spectroscopy to study the Cu-speciation after O2-

activation. Based on their results, they suggested that CuII-OH, as well as end-on 

and side-on superoxo monocopper(II) species (Cu-(O2)˙), were formed in addition 

to the two dimeric species proposed by Ipek et al. [94]. CuII-OH was proposed as 

an active species for MTM theoretically by Kulkarni et al. [154]. However, Pappas 

et al. did not find evidence for the CuII-OH species after prolonged exposure to O2 



27 
 

and suggested it was an intermediate for dimeric species. To fit a two-electron 

process, some of the monocopper species were proposed to recombine or bridge 

to form either trans-μ-1,2-peroxo dicopper(II) or mono-μ-oxo dicopper(II) as the 

active sites for CH4 activation [94]. None of the Cu-CHA studies indicated the 

formation of trimeric Cu-species, and in the study by Pappas et al., an observed 

lower productivity than 0.5 (maximum productivity in a dimeric site scheme) was 

instead linked with a set of inactive Cu-sites in the D6R of Cu-SSZ-13. The fraction 

of Cu occupying the D6R site is shown to increase with increasing Al content and 

has also been shown to be preferentially occupied at low Cu loadings [155-157]. 

However, the formation of CuII-OH species is also suggested to occur in Cu-MOR 

zeolites. Sushkevich et al. compared compositionally different Cu-MOR zeolites 

and found that a sample with low Al content (Si/Al = 46) formed primarily isolated 

Cu-OH species due to the lack of Al-pairs [126], while the samples with higher Al-

content also formed CuII dimers. 

In 2015, the existence of trimeric Cu species ([Cu3(μ-O)3]2+) in Cu-MOR 

zeolites was proposed to exist by Grundner et al. [158]. This was based on three 

key pieces of evidence where they first showed a linear correlation fitting a slope 

of 0.33 between the methanol yield and Cu content up to a certain Cu-loading. 

Then, EXAFS fitting of O2-activated samples indicated that a trimeric site gave the 

best fit, which was corroborated by DFT calculations indicating that a trimeric site 

was the most stable species. Following up with purely theoretical studies, Li et al. 

showed the likelihood of a trimeric Cu-oxo cluster to be the most active species in 

ZSM-5 [159], while Mahyuddin et al. showed the same for a Cu-MAZ zeolite [160]. 

More recently, Lercher and coworkers found evidence that the formation and 

activity of trimeric Cu species in MOR are reliant on the activation protocol [161], 

as well as the chemical potential. A higher methane partial pressure (40 bar) 

allowed for one [Cu3(μ-O)3]2+ species to activate two CH4 molecules [138]. The 

stronger chemical potential was found to facilitate the conversion of methane over 
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Cu clusters anchored on extra-framework Al3+ [162, 163].  Some theoretical studies 

propose larger Cu clusters to form and be more stable than the smaller species [164, 

165]. Figure 10 gives an overview of the different Cu-species proposed to form in 

Cu-zeolites over recent years.  

 

Figure 10. Overview of different CuxOy-moieties proposed to form in Cu-exchanged zeolites over 

the last two decades. The figure is adapted from [67]. 

 

Many studies contradict the idea of trimeric Cu-sites and rather propose 

mono-μ-oxo dicopper(II) species as the active sites [112, 120, 137, 149]. In this 

regard, the studies by Svelle and coworkers on Cu-MOR zeolites should be 

highlighted. In a study of various Cu-MOR compositions by Dyballa et al., a highly 

active Cu-MOR zeolite (0.18Cu,H-MOR(11)) was found [114]. Upon comparing 

0.18Cu,H-MOR(11) to a MOR with different composition with the use of High-

energy resolution fluorescence-detected X-ray absorption near edge structure 

(XANES), Pappas et al. were able to correlate the high activity observed over 

0.18Cu,H-MOR(11) to the higher presence of a pure dimeric Cu-component (PC5 

in Figure 11). PC5 was found to be more present in 0.18Cu,H-MOR(7) after O2 

activation up to 500 °C [120]. PC5 was derived with multivariate curve resolution 

alternating least square (MCR-ALS) analysis, a technique that has been 

revolutionized by Martini et al. to explore Cu-speciation based on XANES spectra 

[156, 166]. The PC5 species was found to be the active species for MTM and 
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attributed to a three-fold coordinated dimeric CuII-oxo species, being either mono-

μ-oxo dicopper(II) or trans-μ-1,2-peroxo dicopper(II) (not presented in Figure 10). 

 

Figure 11. (a) Pure HERFD XANES spectra obtained from MCR-ALS analysis of data collected from 

O2- and He-activation of Cu-MOR (Cu/Al = 0.18, Si/Al = 7) and Cu-MOR (Cu/Al = 0.36, Si/Al = 11). 

The fraction of different Cu-species, given by PC1-PC5, during (b) He-activation and O2-activation 

obtained from the pure spectra reported in (a) are given as a function of the data collection 

temperature. The color code given for the principal components (PC1-PC5) is the same throughout 

the figures. Figure adapted from Pappas et al. [120], for publication in [68]. 

 

Knorpp et al. have provided two studies on Cu-MAZ zeolites for methane 

to methanol that also support the idea of dimeric or two monomeric sites as active 

sites. Cu-MAZ was shown to be among the most active materials for MTM (Figure 

9), with about the same methanol productivity as the 0.18Cu-MOR(7) sample [167]. 

Using FT-IR spectroscopy, the authors showed that MAZ had an inferior 

selectivity to methanol compared to a MOR zeolite [167]. X-ray diffraction 

combined with EXAFS revealed the nature of the Cu species. They found evidence 

that a pair of CuII-OH are situated in 6-rings across from each other pointing into 

the 8-ring channel of MAZ, hence forming very stable Cu sites for the methoxy 

species [168]. By comparing different MOR compositions with several different 

techniques like UV-vis, electron paramagnetic resonance (EPR), EXAFS, and NO-

adsorption with FT-IR, Sushkevich et al. found spectroscopic and kinetic evidence 

of two different Cu species [149]. One was a copper dimer, associated with a UV-
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vis band at 26 100 cm-1, while the other was a CuII-OH monomer, associated with 

a UV-vis band at 16 900 cm-1. The authors found evidence that CuII-OH monomers 

form first, and as the Cu content increases, more Cu-dimers form in the materials. 

In another recent study by Deplano et al. however, evidence from a set of XAS 

measurements showed that the Cu-Cu distance fits the formation of dimeric Cu-

species [169]. The authors based their experiment on the fact that NH3 has been 

shown to both relocate Cu species, but also influence the final activity after O2 

activation. Therefore, they exposed the zeolite to a variety of reducing agents 

before O2 activation to see its effect on the final CuII speciation. With the help of a 

wavelet transform (WT) EXAFS analysis, the authors quantitatively correlated the 

amount of Cu pairs to the number of CuII sites found with linear combination 

fitting. The use of wavelet transform analysis is a technique that has been explored 

lately for MTM as a powerful technique to more unambiguously interpret the Cu-

Cu single scattering that contributes to the high R range in an EXAFS signal [143, 

170, 171].  

Since the first studies by Pappas et al. on Cu-FER (mentioned above) [140, 

144], Tao et al. have provided some additional insight [172]. They achieved 

approximately the same productivity as Pappas et al. (~0.30 molMeOH/molCu) and 

based on the combination of rRaman, NO-adsorption with FT-IR, XAS, and UV-

vis spectroscopy measurements, the authors showed that only Cu exchanged into 

the 8-ring is active towards methanol formation. Their results indicate that they 

have a bridged Cu-O species with a constrained angle so that the most likely 

species is a resonance structure of bis-μ-oxo dicopper(III) and μ-η2,η2-peroxo-

dicopper(II). This assignment is interestingly taking the field back – full circle – to 

the species first proposed to form in ZSM-5 by Groothaert et al. in 2005 [61].  

As of now, there is still debate in the literature on the exact nature of the 

active sites. The broad picture of Cu species examined in the literature shows the 

complexity behind determining said nature, and it is clear that depending on the 
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zeolite structure, Si/Al, and Cu/Al ratio, different types of Cu species can form, 

with often a mix of species present within the same sample. In the next section, we 

will therefore look into the attempts that have been made to optimize materials for 

specific Cu-speciation.  

2.1.2. Effects from Zeolite Synthesis and Ion Exchange 

The previous section highlights the importance of the Cu-speciation on the 

methanol activity. The Cu-speciation is affected by several factors like the zeolite 

framework, synthesis techniques, and ion exchange methods. 

The most common synthetic routes for ion-exchanging metals in zeolites are 

liquid ion exchange (LIE), incipient wetness, and solid-state ion exchange (SSIE). 

During LIE, a Cu solution (e.g. Cu(Ac)2) is mixed with the zeolite, and the cations 

(e.g. H+, Na+, and NH4+) present in the zeolite after synthesis are displaced by Cu 

complexes. Repeated exchanges and fine-tuning parameters like Cu-precursor, 

temperature, and pH can ultimately affect the final Cu concentration and its 

dispersion in the zeolite framework [65, 85, 114, 117, 137, 173]. Incipient wetness, 

although sometimes called SSIE [114], is a solution-based method, where the 

solution volume equals the pore volume of the zeolite, and the solution enters the 

pores because of capillary effects. SSIE is rather a solid mixture with a zeolite and 

a solid precursor salt (e.g. CuCl2). Then, upon heating, Cu is exchanged with the 

cationic sites and a chloride-containing gas is produced. In literature, the Cu 

loading into zeolites is mostly performed via liquid ion exchange or incipient 

wetness methods with CuII salts, both giving well-dispersed Cu-zeolites, however 

only in lab-scale quantities [99, 114]. For industrial applications, it would be much 

more beneficial to use a simpler exchange method like SSIE to produce larger 

amounts of material. SSIE is also relevant for the selective catalytic reduction of 

NOx with NH3, and to that end, Vennestrøm and Shwan et al. have previously 

investigated a novel method to perform SSIE with CuO/Cu2O in an atmosphere of 
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NO/NH3 [174, 175]. Therein, they suggested that the Cu-oxo species are formed at 

low temperatures due to the formation of mobile [Cu(NH3)2]+ complexes. Le et al. 

have previously shown that SSIE with CuII(acac)2 instead of CuICl over mordenite 

leads to a higher yield of methanol [176]. However, when exchanging CuI ions 

instead of CuII ions into the zeolites, it is theoretically possible to obtain a Cu/Al = 

1, thus maximizing the possible Cu-oxo sites. A similar protocol using SSIE with 

CuICl to exchange H-MOR zeolite for the MTM reaction was previously applied 

by Bozbag et al., however, they did not explore the possibility of fully exchanging 

the materials and used maximum Cu/Al ratios around 0.35 [113]. 

Contrasting the idea of covering the zeolite with Cu to form a maximum 

amount of Cu-oxo species is the literature showing that Brønsted acid sites are 

beneficial for the MTM performance, as they are shown to prevent overoxidation 

[177]. It has also been shown with solid-state nuclear magnetic resonance (NMR) 

and FT-IR spectroscopy studies that the Brønsted sites play a crucial role in 

stabilizing the methoxy species after CH4 activation [178, 179]. Examples of how 

this might proceed are shown in Scheme 1. In support of this theory, it has been 

shown that H-exchanged zeolites produce a higher methanol yield than Na-

zeolites [114, 177, 180]. Interestingly, for Cu-FER zeolites, it has been found that a 

combination of Na and H as co-cations led to the most active sample [140]. 

Scheme 1. An example of oxidation pathways for methane over dimeric and monomeric Cu-oxo 

species. The scheme was originally reported in [179]. 
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Over the last decade, advancements have also been made concerning zeolite 

synthesis in attempts to control the Al siting. A special focus has been on 

controlling the formation of isolated (Al separated by three or more Si) or paired 

Al sites (Al atoms separated by one or two Si atoms). In e.g. SSZ-13, more Cu2+ in 

paired Al sites have been shown to induce a better hydrothermal stability in the 

zeolite framework, which subsequently increase the performance of Cu-SSZ-13 

zeolites in the NH3-SCR of NOx at higher temperatures [181]. In the MTO reaction 

on the other hand it is shown that paired Al in SSZ-13 has a negative effect on the 

catalyst lifetime and the wanted MTO product selectivity [182]. Proposed synthesis 

routes take advantage of the electrostatic interactions between various organic 

structure-directing agents (SDAs) with negatively charged sites in the framework 

[183]. Depending on the zeolite structure, the choice of SDA has been shown to 

influence the Al siting in zeolites (e.g. FER, SSZ-13, and ZSM-5) [184-189]. For SSZ-

13, also a top-down approach has been suggested to control the number of paired 

Al sites by performing an interzeolite conversion synthesis starting with an Al-rich 

FAU zeolite [190].  

In a recent contribution from our group, we showed that using various Al 

salts as precursors in the synthesis of MOR zeolites would influence the pH of the 

synthesis gel, furthermore affecting the final Al siting [85].  This was enough to 

affect the methanol productivity of the Cu-MOR, where the sample with a higher 

fraction of Al in the 8-ring had lower productivity than the MOR sample with more 

Al in the 12-ring. From these results, it could be hypothesized that the Al siting 

affected the position of the Cu species and that Cu-species forming in the 12-ring 

lead to more redox active sites that are more active in the MTM reaction. 

Another route to controlling the Al siting is shown to be possible with the 

use of specific co-cations. K+ and Cs+ are large cations that have been shown to 

selectively block the access to the 8-ring side pocket of MOR and thereby tune the 

Cu siting [191].  
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In attempts to simplify the understanding of the Cu-speciation and reaction 

mechanism, Meyet et al. have also shown in recent years the possibility of 

converting methane to methanol over well-dispersed CuII sites placed on an 

alumina support [192]. Based on spectroscopic evidence from EPR, UV-vis, FT-IR, 

and EXAFS the authors proposed the active sites to be three-coordinated bare CuII 

monomers, and by combining spectroscopy, DFT, and activity experiments, they 

proposed a mechanism where two monomers work together in pairs to convert 

methane to methanol. Without zeolite confinement, these samples still produce 

0.06-0.12 molMeOH/molCu. Although this productivity is moderate compared to 

zeolites (Figure 9), the contribution sheds important insight into the mechanism 

occurring in the zeolite “black box”.  



35

2.1.3. Reaction Mechanism 

The partial oxidation of methane to methanol (eq. ( 2 )) is a two-electron process. 

What this means is that the C atom in methane is oxidized from an oxidation state 

of -IV to an oxidation state of -II, while each O in O2 on the other side is reduced 

from an oxidation state of 0 to -II. Within the broad picture of Cu-sites presented 

thus far, there are two general types of mechanisms that can occur. This was 

summarized very nicely in a figure by Newton et al., which is reproduced in Figure 

12 [67]. The bottom pathway represents the idea of a redox mechanism over a 

CuII/CuI pair. In this pathway, two CuII species are reduced to fulfill the two-

electron rule. Upon reduction, the C–H bond in methane is cleaved, and a methoxy 

species is formed. The methoxy species may be stabilized directly on Cu, but based 

on the literature, it is more likely that the methoxy group is stabilized either on an 

extra-framework O-ligand or on a nearby Brønsted acid site (Scheme 1). Dimeric 

CuII sites, or possibly two monomeric species close by are the species that fit best 

such a mechanism. The mechanism presented in the top row is based on theoretical 

calculations and could occur on both dimeric and trimeric Cu sites [159, 193]. In 

trimeric species, we find a mixed valence CuII/III oxidation state for at least two of 

the Cu atoms after O2 activation. However, by resonance, the positive charge could 

also be situated at the O atoms giving them a radical, oxyl character [159]. Recent 

DFT calculations suggest that Cu is mostly present as CuII [193] and that it is the 

highly reactive radical O atoms, [O˙-], that cleave the C–H bond in methane by 

homolytic C–H bond cleavage. One possible mechanistic route for cleaving the C–

H bond is the formation of a gas-phase methyl radical in addition to a bridging OH 

species. Then, methanol is formed e.g. by a rebound step with the bridging OH 

species [159]. In the overall radical pathway, there is no need for the reduction of 

CuII to CuI however, which is a bit of a conundrum, as substantial research 

indicates that CuII is reduced upon CH4 exposure and that the CuI formation is 

directly linked with the amount of CH3OH produced [120, 142, 167, 194].  
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Figure 12. Illustration of two possible reaction mechanisms for oxidation of methane to methanol 

over Cu-zeolites. In the top row, the oxidation proceeds via the formation of oxyl radicals, while 

the bottom row shows the reaction occurring over a CuII/CuI redox pair. Adapted from [67]. 

 

2.1.4. Structure-Reducibility Relationships 

In support of the idea that the CuI-fraction is linked with methanol production, 

several studies have shown important activity-reducibility effects in recent years. 

Pappas et al. compared the reducibility of three Cu-CHA with different Si/Al ratios 

(Cu/Al = 0.5, Si/Al = 5, 15, and 29) and showed a linear correlation between these 

materials CuI formation during helium (He) activation (“self-reduction”) and their 

methanol productivity, indicating an important correlation, and that “self-

reduction” in He could be used as a type of descriptor for activity. “Self-reduction” 



37

is a well-documented event occurring upon heat treatment of CuII-exchanged 

zeolites [195-199].   

Sushkevich et al. then compared the “self-reduction” of Cu-exchanged 

MOR, MFI, BEA, and FAU. To do so, they first pretreated the samples in O2 at 400 

°C (1 h), before they lowered the temperature to 100 °C, and exposed the samples 

to He while ramping up the temperature (8 °C/min) [139]. To follow the reduction, 

they performed linear combination fitting (LCF) analysis of the XANES spectra 

and found that Cu-FAU and Cu-BEA started to reduce at the highest temperature 

(~500 °C), Cu-MOR at ~450 °C while Cu-MFI reduced much earlier than the other 

samples (~330 °C). Then, upon comparing three different Si/Al ratios of MOR, they 

found that the sample with the highest Al content was the first to reduce. 

Combining these findings, the authors proposed that “self-reduction” is favored 

at lower temperatures in materials forming multimeric CuII-oxo sites. Interestingly, 

the difference between high and low Si/Al ratios in Cu-MOR is not observed in the 

Cu-MOR studies by Svelle and coworkers. They showed that the most active 

sample for MTM has well-distributed dimeric Cu-oxo species with high 

coordination and uniform bond lengths. The most active sample, with Si/Al = 7, is 

observed to have a higher fraction of “self-reduction” resistant Cu-species 

compared to a sample with Si/Al = 11 [120, 141]. This contradicts the findings by 

Sushkevich et al. [139]. 

In a continued study on the Cu-exchanged MOR, MFI, BEA, and FAU, 

Sushkevich et al. used CH4-TPR (temperature-programmed reduction) to look at 

the reducibility of the Cu-sites in the real reducing agent. Again, performing LCF 

analysis of the XANES spectra, the authors found that Cu-sites in FAU reduced at 

a much higher temperature than the other zeolites. This was similar to the effect 

observed under “self-reduction” and led the authors to change the reaction 

protocol for Cu-FAU. Under regular conditions with CH4 exposure at ~200 °C, Cu-

FAU was practically inactive for methanol production, however, by increasing the 
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temperature to 360 °C, the authors saw a five-fold increase in methanol yield (25 

μmolMeOH/g). The authors varied the CH4 partial pressure and found that upon 

increasing the pressure to 15 bar, a yield of 360 μmolMeOH/g was observed. This 

yield is twice that seen for the most productive Cu-MOR zeolite reported by 

Pappas et al. (175 μmolMeOH/g), albeit the MOR zeolite was tested at 1 bar CH4 

pressure [120]. The study by Sushkevich et al. emphasizes that the stoichiometric 

reaction protocol is not one-size-fits-all. Clearly, descriptive techniques like CH4-

TPR could therefore be key when attempting to optimize both the reaction protocol 

and zeolite material.  

 

2.1.5. Co-Feed Studies 

Some groups have also attempted to go beyond the regular stochiometric 

routes and explore the continuous conversion of methane over Cu-zeolites. 

Narsimhan et al. first proposed a catalytic steady-state process over different Cu-

zeolites in 2016 [200]. Upon first activating at a high temperature (550 °C) and then 

extracting methanol at 210 °C, they continued in a catalytic regime at 1 bar in a 

flow of 25 ppm O2, 3.2% H2O, and 96.8% CH4. SSZ-13 had the highest rate with a 

site time yield of 0.006 molMeOH/molCu/h. However, the steady-state process has 

many of the same issues as the earlier studies on gas-phase partial oxidation, as a 

very limited amount of O2 can be present in the feed to obtain a high selectivity, 

which then compromises the CH4 conversion. Notwithstanding these limitations, 

several groups have explored the catalytic protocol in recent years, where the 

contribution of H2O has gained focus in the reaction feed [201, 202]. In an isotopic 

study over Cu-SSZ-13, Koishybay and Shantz found evidence from isotopic 

labeling experiments that it is H2O which is the O donor in the MTM reaction [101]. 

This shed a whole new light on mechanistic studies, especially involving the 

necessities for active site formation, the desorption process, and the regeneration 

of active sites. Water as an oxidant was further corroborated by Sun et al., who 
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studied different parameters and achieved as much as 0.5 molMeOH/molCu/h over a 

Cu-CHA with 91% selectivity [103]. Compared to the most productive Cu-MOR in 

the stoichiometric, cyclic regime (Figure 8), the productivity is about 20 times 

higher (0.18Cu,H-MOR(7) ≈ 0.024 molMeOH/molCu/h). In even more exploratory 

terms, the positive effect of water has recently been shown on non-zeolitic systems 

like mixed metal oxides (CeO2/Cu2O/Ir) and Au nanosheets [203-205]. 

Sushkevich et al. have likewise shown that water can act as a soft oxidant in 

the stoichiometric conversion of methane to methanol [125]. A Cu-MOR sample 

was exposed to He (400 °C), contacted with CH4 at 7 bar pressure (200 °C), and 

then methanol was extracted by exposure to H2O, while slowly reheating the 

sample to 400 °C. Then the cycle was repeated 5 times, and a stable productivity of 

0.2 molMeOH/molCu was obtained. Their studies indicated that activating the samples 

only at 200 °C led water to “poison” some of the active sites by hydrating them. 

Interestingly, some activity is regained by increasing the methane partial pressure 

(25 bars), which facilitates for C–H activation over some of the “poisoned” sites 

[125, 135]. 

 

2.1.6. Open Questions 

The key advancements presented here show that considerable ambiguity remains 

in different areas of the MTM research. Figure 13 summarizes keywords in this 

regard. To have a better foundation for optimizing materials and the reaction 

protocol, some parts should be further analyzed and understood.  The specific 

nature of the active sites after activation is still dubious, and everything from 

monomeric to Cu clusters is proposed. Several different species may likely form 

among the various frameworks. Regardless of the exact Cu-speciation, moving 

forward we suggest it is important to focus on understanding which sites are most 

active towards methane activation and selective methanol formation. In other 

words, searching for more structure-activity relationships. There should, 
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furthermore, be an increased focus on unraveling the complete reaction scheme 

because the dynamic behavior of the Cu-oxo sites in the different steps of the 

reaction is not fully understood. Other open questions are: 1) Upon methane 

interaction, which species form and how do they behave when contacted with 

water? 2) Brønsted sites have been shown to have an important role in stabilizing 

the methoxy intermediates. Is this the only role of Brønsted sites? 3) What is the 

nature of the active sites upon regeneration, and how does the oxidant (e.g. O2 or 

H2O) influence the nature of the active sites? 4) What is the effect of higher CH4 

partial pressure on the nature of the active sites?  

In this introduction, we have also seen that exploring untested zeolite 

frameworks for MTM, new synthesis procedures, and ion exchange techniques are 

other means to learn more about the potential Cu-speciation and improving the 

overall yield. Understanding the influence material properties, such as Al siting, 

Cu loading, and T-sites have on the MTM reaction should also unequivocally be a 

focus area in the imminent future as this will allow us to gain more control over 

the improvements of the MTM protocol.  

Figure 13. Word cloud summarizing important keywords in the MTM research. 
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With the results presented in this thesis, I aim to shed light on some of the 

questions presented above. Among other things, we combine temperature-

programmed reduction experiments with in situ spectroscopy to learn more about 

the dynamic nature of the Cu-sites upon exposure to a reductant. In other 

experiments, we explore the framework composition and structure to obtain new 

structure-activity insight. Additionally, in an exploratory experiment, we expose 

the Cu-oxo sites in a zeolite to ethane instead of methane during the stepwise 

protocol. Such an experiment allows us to compare the behavior of Cu-zeolites in 

an ethane atmosphere to the well-known MTM process so that we can learn more 

about the general C–H activation process. The next chapter provides a small 

overview of the key ethane activation processes that are proposed in the literature 

thus far.  

 

2.2. Ethane Activation 

Since Cu-sites in zeolites can activate methane species, it is natural to explore 

whether these sites are also capable of activating other hydrocarbons. This was also 

briefly mentioned by Groothaert et al. in their groundbreaking study on MTM [61]. 

A fast disappearance of the 22 700 cm-1 band in UV-vis already at room 

temperature (RT) indicated that the Cu-sites were activating the C–H bond in 

ethane faster than for methane, which is supported by the lower C–H bond 

strength in ethane. Upon extraction they obtain ethanol and acetylene, though, the 

yield is unfortunately not reported. Many pathways have been suggested for direct 

ethane conversion at lower temperatures to reduce the intensive energy 

consumption of steam cracking [206, 207]. Some of these pathways are 

aromatization to ethylene and aromatics, ethane non-oxidative (EDH) and 

oxidative (ODH) dehydrogenation [208], as well as ammoxidation and partial 

oxidation to ethylene and oxygenates [208]. The ODH and EDH routes have been 

investigated extensively. Non-oxidative ethane dehydrogenation typically 
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requires high temperatures and low pressures to push the reaction equilibrium 

toward product formation due to its endothermic nature. However, a high 

temperature could lead to less controllable gas phase reactions between the 

reactants and products and therefore, these temperature limitations often lead to 

equilibrium constraints for EDH reactions. Nevertheless, some non-oxidative 

dehydrogenation reactions to ethylene at medium-high temperatures (~600 °C) 

over e.g. supported Pt and supported Cr2O3 has been demonstrated [209, 210]. 

ODH, however, is exothermic and can therefore be operated at lower 

temperatures. The typical range is 300-700 °C, and a large variety of supported 

metals, oxides, and mixed-metal catalysts have been investigated for the reaction 

[207]. The main drawback of ODH is that measures need to be taken to limit the 

over-oxidation of the products to CO2 and it is important to find safe operational 

modes due to the highly exothermic nature of the reaction. One route to 

compensate for this has been to perform CO2-assisted ODH, but with CO2 the 

reaction again become endothermic, and higher reaction temperatures are 

necessary (>550 °C) [211]. Partial oxidation of ethane with H2O2 at 50 °C over Fe 

and Fe/Cu-loaded zeolites is another interesting pathway that has been suggested 

by Forde et al. [212]. The authors show that different reaction pathways occur, 

depending on the ion-exchanged metal. Cu promotes the formation of ethylene, 

while Fe promotes acetic acid. Ni-Y zeolites have also been shown to selectively 

activate ethane over a combination of Ni2+ and NiO sites. The reaction occurs at the 

Ni2+ sites at temperatures around 600 °C, but with very high selectivity as the 

authors claim that the NiO sites can be used to oxidize the produced H2 and thus 

inhibit the continued oxidation of the desired product [213]. Finally, it is also 

interesting to note that the partial oxidation of ethane at low temperatures (~75 

°C) is possible over an iron-based MOF. The MOF form Fe-oxo intermediates from 

oxidation in N2O that can be used to activate ethane to form ethanol and 

acetaldehyde [214].  
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3. Experimental Methods 

3.1. Material Preparation 

Below follows an overview of the Cu-zeolites applied in this thesis and their 

synthesis and ion exchange procedures. Most of the samples were prepared by 

others, and in those cases, as the synthesis procedure is not a major focus in this 

thesis, I refer the reader to the specific paper for experimental details of the 

preparation of these materials. Details on the Cu ion exchange of SAPO-34, MCM-

22, SiO2, and SiO2/Al2O3 is provided herein in section 3.1.1. 

Both the synthesis and ion exchange procedure of the Cu-SSZ-13 samples 

used in Paper I and Paper V was performed by Haldor Topsøe A/S and details are 

reported in the works by Pappas et al. [94] and Janssens et al. [215].  

The parent MOR zeolites applied in Paper IV and Paper V were obtained 

from a commercial supplier. NH4-MOR(11) (CBV21A) and Na-MOR(7) 

(CBV10ADS) were both obtained from Zeolyst. The materials were subjected to 

LIE by Dr. Michael Dyballa and details are given in our previous work [114].  

The parent zeolites applied in Paper III were all obtained from a commercial 

supplier: FAU (USY) zeolite (Zeolyst International (CBV500), Si/Al = 2.9), MOR 

zeolite (CBV21A, Si/Al = 10.3), BEA zeolite (Zeochem International (ZEOCAT 

PB/H), Si/Al =12.5-17.5) and ZSM-5 zeolite (Zeolyst International (CBV5020), Si/Al 

= 25). The samples were ion exchanged using an SSIE method with CuCl by Ph.D. 

student Fabian Schlimpen from the University of Strasbourg. Details on the ion 

exchange procedure can be found in Paper III. All samples were prepared with an 

intended Cu/Al ratio ≈ 0.80, except one Cu-MOR that was made with a lower 

Cu/Al ratio (~0.30) for comparison. Throughout the experimental section, this 

family of zeolites will be referred to as the SSIE zeolites.  

The parent SAPO-34 material was synthesized by SINTEF according to the 

synthesis route reported by Mertens [216]. Details can be found in Paper I.  
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The parent MCM-22 material was synthesized by an M.Sc. student at the 

University of Oslo, Markus Sørensen. Details on this synthesis can be found in the 

supporting information of Paper II. 

3.1.1. Ion Exchange 

2 g of 5wt%-CuSiO2 and 2.5wt%Cu-SiO2/Al2O3 were prepared with incipient 

wetness for use in Paper V by following the procedure reported by Prodinger et 

al. [217]. The Cu-exchanged samples were prepared via wet impregnation. A 

slurry was made by impregnating SiO2 or SiO2/Al2O3 with a copper nitrate 

solution, Cu(NO3)2 × 3H2O. About 3 g of distilled water was used to make the 

copper nitrate solution as this was the amount needed to make a slurry with the 

parent material. The slurry was then dried over night at 100 °C, before calcined at 

350 °C for 3 h (ramp rate = 10 °C/min) in a static atmosphere. The wt.% of Cu is 

determined based on the intended ratio between Cu and SiO2 or aluminium before 

exchange. 

The H-form of SAPO-34 and MCM-22 was obtained by calcining the 

materials in static air at 600 °C for 15 h. The heating rate was 2 °C/min, starting 

from RT.  

The samples were then ion-exchanged with Cu using LIE. A Cu(Ac)2-

solution (x M) was prepared and stirred with the material (60 ml solution/g of 

zeolite) at RT for 24 h. The specific concentration of the ion exchange solution is 

given in Table 2. The pH of the solution was kept in the range of 5.5-6. After 

stirring, the material was washed and centrifuged three times. For the high-loaded 

SAPO-34 material, the process was repeated three times with a calcining step 

between each round (600 °C, 15 h, 2 °C/min) to increase the Cu loading. The 

Cu(Ac)2 solution used in the first round was 0.02 M. For the second and third 

rounds, a Cu(Ac)2-solution resulting in a Cu/Si ratio of 0.5 was used (0.008 M). 
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3.2. Physicochemical Characterization 

All details on the physicochemical analysis of the previously reported materials, 

Cu-MOR and Cu-SSZ-13, can be found in the respective papers by Dyballa et al. 

[114] and Pappas et al. [94]. The relevant elemental composition and MTM activity

of these materials are repeated in Table 3. 

Powder X-Ray Diffraction (pXRD) is used to verify a material's crystal 

structure and crystallinity and identify possible intergrowths or phase impurities. 

Larger Cu nanoparticles or clusters can also be identified by the presence of 

specific peaks in the diffractogram. pXRD patterns were obtained with a Bruker 

D8 Discovery diffractometer with Cu Kα radiation (λ = 1.5418 Å). Measurement 

details and collected pXRD patterns of SAPO-34 (Paper I), MCM-22 (Paper II), and 

the SSIE exchanged samples, FAU, MOR, MFI, and BEA (Paper III), are found in 

their respective papers.  

With N2-physisorption, the internal surface area of a zeolite can be 

determined by measuring the monolayer coverage of N2 in the pores. Cu-SSZ-13, 

Cu-MOR, and Cu-SAPO-34 were collected on a BelSorp MINI instrument. The 

materials were first pre-treated in vacuum (1 h at 80 °C, and 2 h at 300 °C). H-

MCM-22 were collected on a BELSorp Maxi volumetric gas adsorption instrument 

(MicroTrac MRB) at −196 °C. Before the measurements, the sample was pretreated 

in vacuum at 300 °C for 10 h. To obtain the specific surface area, the Brunauer-

Emmett-Teller (BET) approximation was used in a p/p0 range relevant for 

microporous materials as defined by Llewellyn et al. [218].  

Scanning Electron Microscope (SEM) images were collected to investigate 

the crystal morphology and by collecting backscattered electrons (BSE) images, the 

presence of small Cu nanoparticles could be detected. images were obtained using 

a Hitachi SU8230 microscope. The acceleration voltage for SEM images was set to 

2 kV and the emission current to 10 μA. For the collection of BSE images, only 0.5 

kV was applied. The elemental composition of Cu-MOR, Cu-SSZ-13, and Cu-
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SAPO-34 was determined by collecting energy-dispersive X-ray spectroscopy 

(EDX). A small amount of powder was pressed (5 tons) into a self-supporting 

wafer before the EDX measurements. Three different areas (200x200 µm2) were 

measured with an accelerating voltage of 20 kV and emission current of 30 µA to 

calculate the average elemental composition. 

To obtain the elemental composition of Cu-MCM-22 and the SSIE zeolites, 

Microwave Plasma Atomic Emission Spectroscopy (MP-AES) was applied. 

Before analysis, 1 mL 15% hydrofluoric acid (HF) was used to dissolve 20 mg of 

the sample in a Teflon liner for 1 h. The use of hydrofluoric acid requires special 

precautions (Safety note). A light was centered on the Teflon liner to verify that all 

solid materials were dissolved. 5 wt% H3BO3 was then added to quench excess 

fluoride anions. The resulting solution was diluted with 50 mL water, and an 

Agilent 4100 MP-AES instrument was utilized to analyze the solution. External 

calibration curves based on elemental standards were employed to determine the 

amount of Si, Al, and Cu in μmol/g. As determined by EDX or MP-AES, relevant 

elemental composition is reported in Table 2 and Table 3.  

With Thermogravimetric Analysis (TGA), the water content (in %) of the 

samples was measured. This was used to determine the dry weight of the samples 

for effluent quantification. For the measurements of Cu-MOR, Cu-SSZ-13, and Cu-

SAPO-34, a Stanton Redcroft furnace was used, while a Netzsch STA 449F Jupiter 

system was employed for Cu-MCM-22 and the SSIE zeolites. ~20 mg of material 

was added to Pt crucibles and heated to 300 °C with a ramp of 2 °C/min. The 

protocol was performed in a flow of synthetic air. 
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Table 2. The chemical composition of Cu-exchanged zeolites used in Papers I, II, and III and 

reported in Chapter 4.  

Sample Cu Exchange Si/Al Cu/Al Cu wt.% 

(%) 

0.08CuSAPO-34 LIE 

[Cu(Ac)2] = 0.02 M

14.9
1)

 0.08
1)

 0.5 

0.25CuSAPO-34 LIE 

[Cu(Ac)2] = 0.02 M (3x)
2)

 

14.9
1)

 0.25
1)

 1.6 

0.50CuSSZ-13 LIE 

[Cu(Ac)2]
3) 

14.8 0.53 3.4 

0.25Cu-MCM-22 
LIE 

[Cu(Ac)2] = 0.01 M 
15.2 0.25 1.7 

0.30Cu-MCM-22 
LIE 

[Cu(Ac)2] = 0.02 M 
15.2 0.30 2.0 

Cu
I

-ZSM-5 
SSIE 

mCuCl → Cu/Al ≈ 0.8
18.4 0.78 4.2 

Cu
I

-BEA 
SSIE 

mCuCl → Cu/Al ≈ 0.8
35.7 2.0 5.9 

Cu
I

-MOR 
SSIE 

mCuCl → Cu/Al ≈ 0.8
12.0 0.89 7.2 

Cu
I

-USY 
SSIE 

mCuCl → Cu/Al ≈ 0.8
2.9 0.74 20.2 

0.30Cu
I

-MOR 
SSIE 

mCuCl → Cu/Al ≈ 0.3
11.8 0.31 2.5 

1) For SAPO-34, the Si/Al ratio is given as (Al+P)/Si, while Cu/Al is given as Cu/Si.  2) The CuAc2

solution used in the first round was 0.02 M. For the second and third rounds, a Cu(Ac)2-solution 

resulting in a Cu/Si ratio of 0.5 was used (0.008 M). 3) Exact LIE conditions are reported by Janssens 

[215]. 
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Table 3. Chemical composition and MTM performance of materials used in Paper V and reported 

in Chapter 6. 0.36Cu,H-MOR(11) and 0.18Cu,H-MOR(7) (green shading) were also used in Paper 

IV (reported in Chapter 5) 

Sample name Si/Al Cu/Al 
Cu wt.% 

(%) 

MTM* 

Productivity 

(molMeOH/molCu) 

MTM* 

Yield 

(µmolMeOH/g) 

H-MOR(11) 
1)

11 - - - - 

0.19Cu,H-MOR(11) 
1)

 11 0.19 1.67 0.24 64 

0.36Cu,H-MOR(11) 
1)

 11 0.36 3.18 0.25 123 

0.32Cu,Na-MOR(11) 
1)

 11 0.32 2.83 0.17 74 

0.18Cu,H-MOR(7) 
1)

 7 0.18 2.33 0.47 172 

0.35Cu,H-ZSM-5(11) 
2)

11.5 0.35 2.88 0.10 43 

0.30Cu,H-SSZ-13(12) 12.1 0.34 2.68 0.16 67 

2.5wt%-Cu/SiO2/Al2O3 14.6 0.38 2.5 - - 

5wt%-CuSiO2 - - 5 - - 

1) Elemental composition, such as Si/Al, Cu/Al, and Cu wt.%, along with the MTM productivity and

yield of the Cu-exchanged MOR zeolites and the 0.30Cu,H-SSZ-13(1) sample have been determined 

by Svelle and co-workers in previous publications [94, 114, 120]. 2) The MTM activity of 0.35Cu,H-

ZSM-5(11) was measured following Test #1 (Table 4). The elemental composition was previously 

reported by Deplano et al. [219]. 
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3.3. Performance Testing 

Methane activation tests were performed on a purpose-designed setup [94, 120, 

140, 220] with an online mass spectrometer (MS) monitoring the effluent. For 

ethane activation tests another setup was built where the effluent was monitored 

both by an online MS and a gas chromatograph (GC) equipped with a flame 

ionization detector (FID). In both reaction schemes, 100 mg of sample was 

weighed, sieved (425 – 250 µm), and placed in a linear quartz tube reactor (i.d. = 6 

mm). A thermocouple inside the oven was used to control the temperature. The 

temperature setpoints were calibrated in an initial test experiment by placing a 

thermocouple inside a quartz sheet and touching the sample bed while following 

a full protocol. A stepwise protocol was applied for the experiments. The gases 

were kept separate with the help of different mass flow controllers (MFCs) for each 

gas, as well as stop- and 4-way valves (The flow scheme of the reactor setup 

designed for ethane activation is reported in Scheme 2 as an example). The 

reference protocol for methane activation follows the following protocol: the 

sample is first ramped up to 500 °C in O2 (100%) before it is activated for 8 h. Then 

the temperature is lowered (5 °C/min) to 200 °C, and He (100%) is sent onto the 

sample (~45 min) to flush the system. Then CH4 (100%) is sent onto the sample (3 

h), before a second flushing step in He (~45 min) is initiated. Finally, a Ne/He 

(10%/rest) flow saturated with 10% water was sent onto the sample (2 h). All flows 

were kept at 15 ml/min. The water concentration was controlled by a bubbler 

immersed in an oil bath (silicon oil) kept at 45 °C. Test #1 and #2 in Table 4 

summarize the respective key parameters for the reference methane and ethane 

activation protocols. 
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Scheme 2. Flow scheme of the multi-purpose reaction set-up designed for ethane activation 

experiments. The setup is designed with the possibility of performing both stepwise and co-feed 

(steady-state) experiments. It is also made with options to perform pulsing and SSITKA 

experiments.  

An online quadrupole mass spectrometer (MS) (Omnistar GSD320, Pfeiffer) 

was connected to the outlet of the reactor to analyze the effluent from methane 

activation (Test #1). The quantitative analysis of the product yields related to 

methane activation (CH3OH (m/z = 31), CH3OCH3 (m/z = 46), CO (m/z = 28), and 

CO2 (m/z = 44)) in μmol/g was obtained with the help of an external calibration 

bottle with known amounts of the products. The material performance in the MTM 

reaction is reported either as the total yield of methanol produced per gram of 

zeolite ( 3 ) or normalized to the Cu content ( 4 ). To determine the selectivity, the 
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yields of CH3OH and CH3OCH3 (MeOH) are divided by the total conversion of 

methane ( 5 ). The additional components are CO2 and some CO (COx). 

 𝑌𝑖𝑒𝑙𝑑𝑀𝑒𝑂𝐻 (𝜇𝑚𝑜𝑙/𝑔) = 𝑌𝑖𝑒𝑙𝑑𝐶𝐻3𝑂𝐻 + (2 × 𝑌𝑖𝑒𝑙𝑑𝐶𝐻3𝑂𝐶𝐻3
) ( 3 ) 

 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚𝑜𝑙𝑀𝑒𝑂𝐻/𝑚𝑜𝑙𝐶𝑢) =  

𝑌𝑖𝑒𝑙𝑑𝑀𝑒𝑂𝐻

𝐶𝑢 (𝜇𝑚𝑜𝑙/𝑔)
 

( 4 ) 

 
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =

𝑌𝑖𝑒𝑙𝑑𝑀𝑒𝑂𝐻

𝑌𝑖𝑒𝑙𝑑𝑀𝑒𝑂𝐻 + 𝑌𝑖𝑒𝑙𝑑𝐶𝑂𝑥

× 100 
( 5 ) 

In Paper I, the results from test #1.1 (Table 4) were analyzed with the online 

MS as described above, while the results from test #1 were analysed with a GC-MS 

similar to Cu-SSZ-13 and Cu-MOR reported previously [94, 114]. The GC-MS was 

a Hewlett Packard 6890/6972 equipped with a Supel-Q PLOT capillary column and 

used He as carrier gas. Effluent analysis was conducted isothermally at 125 °C and 

the analysis time was 3.5 min. Samples were injected every 4 minutes and repeated 

30 times during the extraction step. Combined, the chromatography and mass 

selective detector allowed separation and accurate analysis of all relevant 

components in the effluent.  

Since ethylene was found to be a key product from ethane activation, an 

online MS was not enough to separate the m/z fragments. A test setup including a 

gas chromatograph (GC 6890N, Agilent) equipped with a Plot U column and an 

FID detector with He as the carrier gas, was therefore employed to quantitatively 

analyze the product yields by separating the responses from ethane and ethylene 

by their retention times. For quantitative analysis of ethylene, a low-temperature 

sampling method was used where the analysis time was 5.5 min at 40 °C, and this 

was repeated about every 6 min for 2 h. For qualitative analysis of the effluent, a 

longer method was applied to capture all possible products. The long method 

included an initial step of 6 min at 40 °C, before the column was heated to 150 °C 

(20 °C/min) and then kept at 150 °C for 5 min. 
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The quantitative analysis of the C2H4 yield in μmol/g (yieldC2H4/g) was 

calculated with the help of an external calibration curve made with a calibration 

bottle with known amounts of the products. The Productivity was determined by 

normalizing to the Cu content (molC2H4/molCu). Other C2+ products (e.g. C4H8 and 

CH3CH2OH) were determined from the long analysis method by their relative 

peak area to the area of the ethylene peak. Test #2 (Table 4) is the reference 

condition for ethane activation. Alterations to the parameters reported here are 

specifically explained in the results. 

Table 4. Reference test conditions applied for methane and ethane activation. 

Test Process Steps Temperature 

(°C) 

Time 

(h) 

#1 

Reference CH4- 

activation 

1) 100% O2

2) 100% CH4

3) 10% H2O/(Ne/He)

500 

200 

200 

8 

3 

1.5 

#1.1 

1) 100% O2

2) 100% CH4

3) 10% H2O/(Ne/He) 

500 

300 

200 

8 

3 

1.5 

#2 

Reference C2H6- 

activation 

1) 100% O2

2) 5% C2H6 in He 

3) 10% H2O in Ne/He 

500 

150 

150 

8 

3.5 

2

3.4. Microcalorimetry (NH3 and CH4) 

NH3-microcalorimetry, a powerful technique providing information on the heats 

of adsorption of various acidic sites as well as the adsorption isotherms were 

applied to study H- and Cu-MCM-22 (Subchapter 4.2). The microcalorimetry 
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experiments were carried out by Ph.D. student, Moses Mawanga at the Norwegian 

University of Science and Technology (NTNU). Instrumental details can be found 

in Paper II. Before each adsorption experiment, the samples were pretreated and 

activated with the following protocol. Typically, 0.2-0.3 g of sample was placed in 

a quartz calorimetric cell maintained at 80 °C. The sample was dried in argon at 

160 °C for 1-3 hours, followed by a temperature ramp in pure oxygen at 5 °C/min 

to 500 °C. The sample was held at 500 °C for 480 minutes before cooling to 200 °C 

in oxygen flow. Once at 200 °C the flow was switched back to argon for 60 minutes 

and later cooled to room temperature and isolated from the external atmosphere 

to avoid exposing the activated sample to atmospheric humidity. The sample 

containing cell was transferred to the calorimeter, well maintained at 80 °C, and 

outgassed to a dynamic vacuum of 10-8 mbar until a stable baseline was achieved. 

Successive micromolar doses of NH3 were introduced to the sample until the 

sample became saturated (i.e., no noticeable changes in the heat flow signal with 

more doses). Between the primary and secondary adsorption, the sample was 

outgassed at 80 °C for ~10 h until the heat flow curve returned to baseline.  

The same protocol was followed for CH4 adsorption, except that the 

adsorption temperature was set to 300 °C. 

3.5. Temperature-programmed Desorption (TPD) 

n-Propylamine-temperature programmed desorption (TPD) experiments to study

the amount of Brønsted acid sites of both the protonic and Cu-exchanged material 

were performed on a homemade flow set-up. The effluent from the desorption was 

detected by an online Pfeiffer Omnistar quadrupole mass spectrometer. About 30 

mg sample was activated in a flow of synthetic air (50 ml/min) for 1 h at 500 °C 

(ramp rate = 10 °C/min). The sample was then cooled to 170 °C before being 

exposed to N2 gas flow (50 mL/min) saturated with n-propylamine vapors for 1 h. 

All excess n-propylamine was flushed from the system with N2 (66 ml/min, 4 h) 
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before the desorption protocol was initiated (ramping 10 °C/min in 66 ml/min N2 

up to 500 °C). The total amount of propene (m/z = 41) released from the system 

was quantified using a calibration gas that was sent into the system at the end of 

the experiment. 

NH3-TPD was performed to study both Lewis and Brønsted acid sites. Ca. 

30 mg pelletized protonic and Cu-exchanged zeolite was used comparably to the 

n-propylamine-TPD. After an initial activation step in synthetic air, the sample 

kept at 170 °C was exposed to 2% NH3 in N2 (50 ml/min) for 4 h. This was followed 

by flushing in inert N2 (66 ml/min) for 4 h before heating to 575 °C (10 °C/min) in 

N2. The amount of NH3 released (m/z = 16) was quantified using the calibrant 2% 

NH3 in N2 upon stabilizing at the end of the adsorption step. 

 

3.6. CH4-Temperature-programmed Reduction (TPR) 

Two different setups in the University of Oslo (UiO) laboratory were used for CH4-

TPR experiments on Cu-SAPO-34/SSZ-13 (Paper I) and the SSIE zeolites (Paper 

III). In situ UV-vis CH4-TPR experiments were additionally performed on the Cu-

MOR zeolites (Paper IV) at the University of Turin (UniTo) (vide infra). An 

overview of the experiments is presented here, while the reader is referred to the 

respective paper for specific experimental details. The experiments were 

performed using quartz fixed bed reactors, while the effluent was monitored with 

an online Pfeiffer MS. About 100 mg of material was used for the measurements. 

CH4 (5% in He), He (100%), and O2 (100%).  The reaction protocol consisted of 

heating the material at 500 °C in O2 (100%) for 8 h before the reactor was cooled to 

100-120 °C and flushed with He (100%) for about 1 h. Then CH4 was introduced, 

while the temperature was ramped (5 °C/min) to 550-650 °C. The temperature was 

recorded simultaneously with a thermocouple placed on top of the sample bed. 

The output of the reactor was analyzed with an online MS. 
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By following the CH4-TPR experiments with UV-vis spectroscopy, details 

on the Cu-coordination environment can be obtained from the observation of 

specific absorption energies from d-d electron transition as well as ligand-to-metal 

charge transfer (LMCT). The transition from CuII to CuI should also be possible to 

follow as CuII has a d9 electron configuration and will absorb light by d-d electron 

transitions while this is not possible in CuI, as CuI has completely filled d-orbitals 

(d10). In the UV-vis experiments the UV probe is placed into the middle of an oven, 

touching the tubular quartz reactor (9 mm i.d.) perpendicular to the reactor bed. 

The spectra were recorded in reflectance (%) mode on an Avantes AvaSpec-

ULS2048XL-EVO fiber optics spectrometer (100 μm slits) with an Avantes 

AvaLight-DH-S light source (including both a deuterium and a halogen lamp). For 

the collection of diffuse reflected light from the sample, a custom high-temperature 

resistant fiber optic with a high-OH fused silica core (diameter = 100 μm) was used. 

Polytetrafluoroethylene (PTFE) powder was measured at room temperature (RT) 

as a 100% reflectance reference before the TPR experiments. UV-vis spectra were 

collected continuously at all steps of the protocol. For the TPR ramp, one spectrum, 

obtained as the average of 50 scans with 10 ms integration time each, was collected 

every 50 s. 

 

3.7. Fourier Transform Infrared (FT-IR) Spectroscopy 

With FT-IR spectroscopy, the vibrational fingerprint of different functional groups 

can be detected. By probing a zeolite with small molecules, their interaction with 

different parts of the zeolite framework can provide valuable information on the 

active sites. C2H4- and CO-adsorption experiments on the zeolite samples were 

performed at RT and measured on a Bruker Vertex 70 instrument equipped with a 

Mercury-Cadmium-Telluride (MCT) detector cooled with liquid nitrogen (LN2). A 

thin, self-supporting wafer (~10 mg/cm2) of each sample was prepared and fitted 

inside a gold envelope. The envelope was placed in a low-temperature vacuum 
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cell with KBr windows before being heated to 450 °C and kept for 1.5 h. After being 

cooled to RT, incremental doses of C2H4/CO were exposed to the sample. An IR 

spectrum was collected after every dose. In the C2H4 atmosphere, after dosing, the 

samples were cooled with LN2, before slowly outgassed and consecutively heated 

back to RT. 

The CO-TPR experiment reported in chapter 5 was conducted on a Bruker 

Vertex 80 instrument equipped with an MCT detector. The material was pressed 

into a self-supporting wafer (7.5 mg/cm2) and placed inside an AABSPEC cell with 

low free volume (model #CXX), where both temperature and gas flow can be 

controlled. The sample was heated to 500 °C (5 °C/min) in a flow of O2 (100%), 

before being cooled down to 120 °C (10 °C/min), where He (100%) was purged on 

the sample for 1 h. Then, the gas flow was switched to CO (10% in He) and ramped 

up to 500 °C (10 °C/min). A spectrum was collected every 40 s. To calculate the CO 

concentration (in µmol/g), the following form of Lambert-Beer law was applied: 

𝐴 =  𝜀 × 𝐶 × 𝜌 ( 6 ) 

where 𝐴 (cm-1) is the integrated absorbance defined in a specific spectral 

region, 𝜌 (mg/cm2) is the pellet density, 𝜀 (cm/µmol) is the molar attenuation 

coefficient (11.5 cm/µmol) obtained from Deplano et al. [219], and 𝐶 (µmol/g) is the 

concentration of CO. 

3.8. Resonance Raman (rRaman) Spectroscopy 

By probing a Cu-zeolites with specific wavelengths that Cu-sites are known to 

absorb from UV-vis spectroscopy, the vibrations coming from Cu-O species can be 

resonance enhanced in a rRaman spectrum. rRaman spectroscopy measurements 

were used herein to investigate Cu-O and O-O vibrations in the Cu exchanged 

SAPO-34 and SSZ-13 materials. The samples were investigated at RT, both as-

synthesized (hydrated), as well as in sealed capillaries after activation in a static 
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air atmosphere. The sealed capillaries were prepared by filling boron-silicate glass 

capillaries (0.5 mm diameter and 0.01 mm wall thickness). The capillaries were 

then heated to 550 °C, with a 3 °C/min ramp, and kept overnight (14 h) at the same 

temperature. The capillaries were then sealed with a flame gun while hot, and then 

slowly cooled to RT. The rRaman spectra were collected with a blue laser (488 nm) 

and recorded with a Horiba LabRamanHR microscope, equipped with a Coherent 

Sapphire laser. The signal was dispersed over a grating with 1800 lines/mm on a 

thermoelectrically cooled charge-coupled device (CCD) detector. The excitation 

beam was focused on the sample with a 50x objective lens.  

 

3.9. In situ X-ray Absorption Spectroscopy (XAS) 

The XAS experiments reported herein were collected at the Swiss Norwegian 

beamline (SNBL), BM31, at the European Synchrotron Radiation Facility (ESRF). 

X-ray absorption spectroscopy is a powerful, bulk-averaging, element-specific 

technique. The X-ray Absorption Near Edge Structure (XANES) region can 

provide important information on the oxidation state and coordination number 

and geometry of the element. Then, from the Extended X-ray absorption Fine 

Structure (EXAFS) information on the absorber’s environment can be obtained, e.g. 

neighboring atoms and bond lengths.  

The Cu K-edge in situ XAS data were collected in transmission mode on the 

BM31 beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble, 

France) [221]. The beamline was equipped with a water-cooled double-crystal 

monochromator (flat Si[111] pair) and ionization chambers, filled with a He/Ar 

mixture, was used for the detection of the incident (I0) and transmitted photons (I1) 

[222]. All the XAS spectra were collected with an acquisition time of ca. 3 min/scan.  

TPR experiments were conducted in thin capillary reactors simultaneously 

as X-ray absorption spectra were collected. About 6 mg of sample were pressed 
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and sieved (160-125 μm) and placed into a quartz capillary (1.5 mm i.d. and 0.01 

mm thickness) with a quartz wool plug at each end of the bed. The capillary was 

then glued to a special-designed bracket so that gas could flow through. The 

capillary was heated with a heat blower placed directly under the reactor bed. The 

temperature set points were calibrated with a thermocouple placed inside an 

empty capillary before the experiments. Three MFCs together with automatic 4-

way valves (kept at 120 °C to remove traces of moisture) were used to control the 

flows of He (100%), O2 (100%), and either CH4 (2% in He), C2H6 (3% in He), or CO 

(5% in He). All flows were set to 5 ml/min, and the effluent was analyzed with an 

online MS. The reaction protocol is depicted in Scheme 3. Before the TPR ramp, the 

samples were heated to 500 °C in O2 and kept in these conditions for 2 h before it 

was first cooled (10 °C/min) to 200 °C and subjected to He for 30 min to clean away 

possible contaminants when switching the automatic 4-way valve between O2 and 

He. Then the samples were cooled further to 120 °C and kept in inert treatment 

(He) for 1 h before being exposed to the reducing agent. After reaching a steady 

trace (~20 min) in the MS, the samples were heated at 5 °C/min up to 550 °C. 

 

 

Scheme 3. Experimental protocol for in situ XAS during TPR experiments over Cu-MOR samples. 

The protocol consists of activation in oxygen at 500°C, followed by two cooling steps. First, the 

sample was cooled in oxygen until 200°C before a second cooling step to 120°C in inert (He). Then 

the samples were exposed to a reductive atmosphere (either CH4, C2H6, or CO) while the 

temperature was ramped up (5 °C/min) to 550°C. 
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The obtained data were treated by M.Sc. student, Beatrice Garetto, at the 

UniTo. The data were normalized to unity edge jump at the Cu K-edge by the 

Athena software from the Demeter suite [223].  XAS uniquely gives access to local 

structural information without any need for long-range order in the Cu site 

distribution [224, 225]. However, in presence of different Cu species in the zeolite, 

the technique will provide an average signal over all the Cu sites in the mixture. In 

this regard, Multivariate Curve Resolution - Alternating Least Squares (MCR-ALS) 

analysis represents a powerful method to deepen the characterization, by resolving 

individual contributions from pure Cu species. MCR-ALS allows the 

decomposition of an experimental matrix D into pure contributions, such as 

spectra S matrix and the corresponding concentration profile C matrix: 𝑫 = 𝑪 ∙ 𝑺𝑇. 

Initially, the number of principal components (PCs) must be determined following 

a critical assessment of the results in terms of spectroscopic and chemical-physical 

meaningfulness [226-228]. The principal results that MCR-ALS returns are 

concentration profiles and spectra of pure components. The generation of the pure 

components was performed by initial guesses efficiently managed by specific 

methods, such as SIMPLISMA [229]. In this work, the whole experimental energy 

range (8800-9727 eV), including both the XANES and the EXAFS spectral regions, 

of normalized and energy-aligned XAS spectra was analyzed by MCR-ALS. To 

determine the pure spectra, the normalized μ(E) XAS spectra, starting from the 

pretreatment step under static conditions in O2 at 500 °C, were organized in three 

datasets according to the reducing agent used during the TPR step, combining the 

datasets related to the two investigated Cu-MOR samples. MCR-ALS 

reconstruction was carried out using the MATLAB-based MCR-ALS Graphical 

User Interface (GUI) developed by Jaumot et al., using Matlab R2022a [230]. For 

further details on the specific method implementation and the ALS quality control 

parameters, the interested reader is referred to the supporting information (SI) of 

Paper IV. 
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Synopsis of Results 

4. Searching for Structure-Activity Relationships

Chapter 4 is the first of three chapters summarizing the results obtained in this 

thesis. Each chapter focuses on different parts of the uncharted territories in the 

research field of direct C–H activation over Cu-zeolites. In chapter 4, the reader is 

guided through a set of smaller stories, where the aim is to shed light on structure-

activity relationships found when investigating different framework 

compositions, topology, and acidity effects, as well as Cu-exchange and 

positioning. Many different spectroscopic and adsorption/desorption techniques 

have been applied to investigate the “black box”. The chapter is built up from 

Papers I, II, and III, and aims to summarize and connect the key findings from 

each paper in the bigger picture of methane-to-methanol research. 

Figure 14. Illustration of the idea behind chapter 4. Unraveling the zeolite “black box”. 
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4.1. SAPO-34 vs SSZ-13 

SAPO-34 is isostructural to SSZ-13, which has been tested in several studies for the 

MTM reaction [94, 96, 97, 103, 119, 200]. The SBUs in SAPO-34 are built from 

different elements than in SSZ-13 and SAPO-34 consequently has a slightly 

different framework polarity. Additionally, it is likely that the substitution 

mechanisms of Si in SAPO-34 leads to a different distribution of acid sites 

compared to SSZ-13. The zeotype SAPO-34 was investigated to understand the 

effect another composition could have on the Cu-speciation and consequently the 

MTM reaction, as most studies have focused on Cu-exchanged zeolites. 

H-SAPO-34 was received by SINTEF, and with the use of Cu(OAc)2 LIE, two 

samples, namely 0.08CuSAPO-34 and 0.25CuSAPO-34 with a Cu/Si = 0.08 and 0.25, 

respectively, was prepared. Herein, the Cu-exchanged SAPO-34 material was 

compared with a Cu-loaded SSZ-13 (Cu/Al = 0.50), named 0.50CuSSZ-13. All 

physicochemical analyses results of the SAPO-34 samples can be found in the SI of 

Paper I. Physicochemical data on 0.50CuSSZ-13 is reported previously by Pappas 

et al. [94] and Janssens et al. [215]. 

4.1.1. Utilizing Spectroscopy to Investigate the Cu-Speciation 

To study the nature of the Cu sites, several spectroscopic techniques were applied. 

rRaman was used to study the Cu species in an O2-activated state. With a blue laser 

(488 nm), several studies have reported the resonance effect of Cu-oxo species in 

zeolites, making rRaman a great technique to see fingerprints of CuxOy-moieties. 

FT-IR was applied to study the difference between the accessibility and 

reducibility of the Cu-sites in SAPO-34 and SSZ-13 by following the interaction of 

“self-reduced” CuI with CO at RT to selectively probe the Cu sites [231, 232]. 

Finally, in situ XAS was applied to support the findings made with rRaman and 

FT-IR.  
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rRaman spectra of activated, sealed capillaries were collected with a blue 

laser (488 nm) at RT. The resulting spectra of hydrated and activated 0.25CuSAPO-

34 (red) and 0.50CuSSZ-13 (blue) (measured previously by Pappas et al. [94]) are 

shown in Figure 15 (a). When comparing the spectra collected at RT to the spectra 

collected after O2 activation, several new bands are observed. These bands are 

correlated to CuII-oxo species that are resonantly enhanced by the blue laser. 

Frequencies and reasonable assignments are summarized in the SI of Paper I and 

are based on previous assignments on other Cu-zeolites [94, 97, 118, 233].  

Figure 15. (a) rRaman spectra of hydrated (dashed) and activated (solid) 0.50CuSSZ-13 (top panel) 

and 0.25CuSAPO-34 (bottom panel). The contributions from different CuxOy moieties are marked. 

Pink shading: [Cu(trans-μ-1,2-O2)Cu]2+, light grey shading: [Cu-(μ-O)-Cu]2+ and dark grey shading: 

[Cu(η1/η2-O2)]+. (b) FT-IR spectra of adsorbed CO at RT on 0.08CuSAPO-34 (light blue), 

0.25CuSAPO-34 (blue), and 0.50CuSSZ-13 (dark blue). The CO pressure was increased from 20 μbar 

to 20 mbar. The materials were activated for 1 h at 150 °C, 300 °C, and 450 °C. The spectra are 
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background subtracted and normalized to the framework overtones as well as to the Cu content 

(μmol/g). 

In total, four distinct CuII-oxo species with different spectroscopic vibrations 

were detected. The bands at 812, 524, and 587 cm-1 were assigned to a three-fold 

coordinated dicopper species, [Cu(trans-μ-1,2-O2)Cu]2+, while the shoulder at 620 

cm-1 is assigned to the closely related [Cu-(μ-O)-Cu]2+ [94]. The other two

vibrational features were assigned to monomeric end-on and side-on superoxo 

CuII species ([Cu(η1/ η2-O2)]+) [94, 118, 233]. In Cu-SAPO-34, only the vibrations of 

[Cu(trans-μ-1,2-O2)Cu]2+ and [Cu(η2-O2]+ were detected. Additionally, even though 

rRaman vibrations do not allow for any quantitative analysis of the Cu-species 

distribution, it is conspicuous that the most intense vibration in Cu-SAPO-34 

comes from a four-fold coordinated monocopper species ([Cu(η2-O2)]). This result 

indicates that the Cu-speciation is different in the two CHA-type frameworks. 

SAPO-34 appears to form only long-distance dimeric and isolated monomeric CuII-

oxo species. We conjecture this to be related to the more constrained distribution 

of Si in SAPO-34, leading to fewer Brønsted sites in proximity, which subsequently 

affects the Cu speciation.  

The vibrations related to CO being perturbed by the CuI sites are depicted 

in Figure 15 (b) and show the evolution of mono- and dicarbonyl species on Cu. 

Already at small doses of CO, a band is evolving at 2154/2155 cm-1 related to the 

vibration of monocarbonyl adducts (CuI-CO) [231, 232, 234]. The normalized 

intensity of the CuI-CO is more intense in the 0.08CuSAPO-34 sample compared to 

both the higher loaded Cu-SAPO-34 and the isostructural Cu-SSZ-13, indicating 

that a higher fraction of CuI sites is accessible by CO in the low-loaded Cu-SAPO-

34. It may also be the case that some of the Cu-sites in the high-loaded SAPO-34

and/or SSZ-13 samples are more resistant to self-reduction and therefore remain 

as CuII [120]. This is also supported by a higher “self-reduction” behavior in Cu-

SAPO-34, as observed with XAS performed during He-activation (See Paper I). 
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The bands at 2176/2178 cm-1 and 2148/2149 cm-1 develop with increasing CO 

pressure and are assigned to the symmetric and antisymmetric stretching vibration 

of dicarbonyl adducts (CuI-(CO)2) [231, 232, 234]. These species are more easily 

formed in 0.50CuSSZ-13, as seen from the higher intensity of the bands. The 

increased amount of dicarbonyl adducts suggests that 0.50CuSSZ-13 has more 

freely coordinated CuI species where the Cu has only two or three oxygen 

framework neighbors. These results corroborate the findings from rRaman 

spectroscopy, suggesting that more of the Cu in SAPO-34 exist as monomeric 

isolated Cu-sites, compared to SSZ-13. 

4.1.2. Comparing the CH4 Consumption 

Recently, temperature programmed reduction experiments with CH4 have been 

shown to be useful for optimizing reaction parameters based on material 

composition., By monitoring CH4-TPR on a set of zeolites (BEA, FAU, MOR, and 

ZSM-5) with XANES, van Bokhoven and coworkers showed that the Cu-sites in an 

FAU framework needed a higher temperature to be reduced [136]. With the 

support from NO and H2 adsorption studies with FT-IR, they were able to allocate 

the higher reduction temperature to more isolated Cu-sites [139]. As our 

spectroscopy results on Cu-loaded SAPO-34 and SSZ-13 imply that SAPO-34 

develops more monomeric Cu-sites, we similarly performed CH4-TPR on the 

samples to see if a difference could be observed. The consumption of CH4 is shown 

in Figure 16 (left panel), while the total oxidation to CO2 is reported in the right 

panel. The results affirm that the CH4 consumption starts at a substantially lower 

temperature in 0.50CuSSZ-13 (ca. 200 °C) than in 0.08CuSAPO-34 and 

0.25CuSAPO-34 (ca. 280 and 300 °C, respectively). This is supported by a later 

onset of the CO2 production temperature in Cu-SAPO-34 (right panel). The higher 

CH4 consumption temperature in Cu-SAPO-34 does mark a striking similarity to 

the behavior of Cu-FAU as observed by Sushkevich et al. [136], and supports the 

hypothesis of more isolated Cu-species in SAPO-34. It should be noted that both 
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the higher Al concentration in FAU zeolites, and the different framework polarity 

in SAPO-34 are both inducing a lower acidity of the Brønsted sites [235, 236], which 

we surmise to have the biggest impact on the different Cu-speciation observed. 

 

Figure 16. Inversed CH4 consumption of 0.50CuSSZ-13, 0.08CuSAPO-34, and 0.25CuSAPO-34 

measured by an online MS during a flow of CH4 while heating from 100 to 650 °C (ramp: 5 °C/min). 

The materials were activated at 500 °C in O2 for 8 h before the CH4-TPR experiment. The graphs 

have been normalized to the sample weight.  

4.1.3. Direct Methane to Methanol Conversion 

Having observed that the exchanged Cu-SAPO-34 behaved differently than 

0.50CuSSZ-13 in the presence of CH4, we decided to study the materials with two 

different protocols in the MTM reaction. As Pappas et al. have previously 

performed a study on the MTM reaction parameters over Cu-SSZ-13 [94], the 

optimized reaction procedure found there was used as a reference herein. Then, a 

second test was performed with a CH4 loading at 300 °C, instead of 200 °, as the 

CH4-TPR results showed that SAPO-34 needed a higher temperature to activate 

CH4. The complete test protocols are described in Table 4 in the experimental 

section, and the results are reported in Figure 17. In the left panel, the total yield of 

methanol (μmolMeOH/g) is shown as a function of the Cu content. The right panel 

shows the productivity, where the total amount of methanol is normalized to the 
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Cu content. The selectivity is not reported due to systematic errors affecting the 

quantification of COx species, however, qualitatively, it seemed only minor 

fractions of CO/CO2 were observed in the effluent during methane loading and 

H2O-assisted extraction. From the results reported in Figure 17, it is evident that 

the Cu-loaded SSZ-13 outperforms the Cu-SAPO-34 materials in the reference 

reaction (CH4 @ 200 °C). This is also in line with previous results obtained for the 

MTM conversion over Cu-SSZ-13 and SAPO-34, reported by Wulfers et al. [63]. 

The low productivity of Cu-SAPO-34 at the reference conditions also corresponds 

well with the presence of more highly coordinated monomeric Cu-sites in SAPO-

34, as these sites are assumed to be less active for CH4-activation [94], compared to 

dimeric three-fold coordinated CuII species. 

Figure 17. Representation of the performance of 0.08CuSAPO-34, 0.25CuSAPO-34, and 0.50CuSSZ-

13 at the reference conditions (CH4 @ 200 °C) and high-temperature CH4 loading (CH4 @ 300 °C). 

The panel on the left shows CH3OH yield in μmol per gram of zeolite. The panel on the right gives 

the CH3OH yield normalized to the Cu content (molMeOH/molCu). The estimated error from MTM 

conversion over Cu-SAPO-34 is shown as black error bars inside the bars.  

The performance observed after increasing the CH4-loading temperature was 

remarkable. A tenfold increase in the CH3OH yield over 0.08CuSAPO-34 and 

0.25CuSAPO-34 was observed. Contrary, the CH3OH yield from 0.50CuSSZ-13 

decreases significantly, indicating a loss in selectivity. The lower selectivity is 
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supported by the CH4-TPR experiments on 0.50CuSSZ-13 reported above, where 

the CO2 production is already at a large extent at 300 °C (Figure 16). The reported 

values for methanol production over Cu-SAPO-34 are in the lower range of Cu-

zeolites, however, the difference between the productivity after CH4 activation at 

300 °C vs 200 °C is significant and verifies the potential of CH4-TPR experiments 

being a descriptor for the reaction parameters and possibly the Cu-speciation. 
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4.2. MCM-22: An Unexplored Zeolite Framework for

MTM 

The previous section (4.1) gave insight into the effect a different framework 

elemental composition could have on the MTM activity. Another important 

measure is to investigate the effect structural differences among zeolites have on 

Cu-speciation and methanol productivity. As mentioned in the introduction, there 

are nearly 260 different zeolite structures with different combinations of SBUs 

leading to varying topologies. Thus far, there is still some uncertainty as to whether 

large or small pore ring systems are most effective for methane activation. 

In this subchapter, we have focused on a hitherto untested material for 

MTM, namely MCM-22. With the use of LIE, two Cu exchanged samples were 

prepared, namely 0.25Cu-MCM-22 and 0.30Cu-MCM-22. The Cu-loading was 0.26 

and 0.31 mmol/g, respectively. A range of characterization techniques like MP-

AES, N2-physisorption, SEM, pXRD, TGA, and XAS was applied to verify the 

integrity of the MCM-22 synthesis and Cu ion exchange. Details on this can be 

found in Paper II. The samples were tested in the conversion of methane to 

methanol following the reference conditions reported in the experimental section, 

and the yield shows that the sample with the highest Cu content also has the 

highest methanol activity (27 vs 20 μmolMeOH/g). However, when comparing the 

normalized productivity, the samples are much more similar (0.09 vs 0.08 

molMeOH/molCu). When comparing the values obtained herein to other tested Cu-

zeolites for methane to methanol, the values are lower than what is reported when 

using the same reaction protocol and setup. Depending on the framework, 

exchange method, Si/Al, and Cu/Al ratio, the productivities previously obtained 

for Cu-zeolites are in the range of about 0.10 – 0.47 [94, 114, 140]. The selectivity 

was about 75% for both samples, which is also in the lower region of what is 

typically observed with this reaction protocol over other Cu-zeolites [94, 114, 140]. 
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Previously, MCM-22 has been shown to be quite active for the MTO reaction 

by exhibiting a high selectivity towards propene [237]. In the MTO mechanism, 

there are generally two pathways suggested for methylation, a concerted and a 

stepwise route [238]. The latter leads to the formation of a methoxy intermediate, 

however, due to the complex channel structure of MCM-22 it is still debatable 

which of the mechanisms is dominant in this material [239]. A stepwise mechanism 

for MTO could indicate that the material can form and stabilize methoxy species 

at least on Brønsted sites, which do suggest that the material should be a candidate 

for the MTM reaction. Since our material characterization presented above indicate 

that the materials have been properly synthesized and exchanged with Cu, it 

became obvious that more investigations were needed to understand the reason 

for the low methanol production of these materials. As the two Cu samples had 

very similar Cu-loading and methanol productivity, we will mostly focus our 

discussion on the differences observed between the Cu-forms and the H-form.  

4.2.1. FT-IR Spectroscopy Provide Insight on the Cu-Speciation 

As with the Chabazite materials in subchapter 4.1, we performed CO-adsorption 

at RT with FT-IR spectroscopy on “self-reduced” samples to study the accessibility 

and reducibility of the Cu-species. In Figure 18, we show the region of interest 

(2250 – 2080 cm-1) from the experiments. Bands related to both monocarbonyl 

(2158/2151 cm-1) and dicarbonyl (2180/2176 cm-1 and 2151 cm-1) adducts are 

observed at different CO coverage. The two bands observed or dicarbonyl species 

are due to the symmetric and asymmetric stretch, respectively. Two distinct bands 

appear for the CuI-CO species as well as in the symmetric stretch of CuI-(CO)2. 

While usually only one band is observed for the monocarbonyl species in Cu-

zeolites [140, 141, 220, 232], this behavior has also been seen over Cu-BEA zeolites 

previously [232]. The two distinct bands indicate that in MCM-22 there are at least 

two structurally different Cu-sites, which is coherent with the sample having at 

least three major positions for Cu to be positioned, namely in the sinusoidal 10-
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ring channel, within the supercage, or on the external surface in the super cage 

half-cups. Frolich et al. have suggested that the low-frequency monocarbonyl band 

at 2151 cm-1 is linked to a higher coordinated Cu species than the high-frequency 

band [240]. The authors propose that the band at 2151 cm-1 is from Cu in the D6R 

at the bottom of the supercage, while the high-frequency band at 2158 cm-1 is 

coming from a more freely coordinated species situated at the center of the 

supercage. If the low-frequency band is from Cu in the D6R, this could lead to 

inactive sites for MTM, as has been shown in CHA zeolites [94, 155]. This could 

help explain why the Cu-MCM-22 samples have such a low C–H activation 

capacity. 

Figure 18. FT-IR spectra of the -CO stretch region after exposure to CO of the two Cu-exchanged 

MCM-22 samples, 0.25Cu-MCM-22 (a) and 0.30Cu-MCM-22 (b). The spectra are collected at RT

after stabilization of the equilibrium pressure at incremental doses of CO from ~50 μbar to 8 mbar. 

The samples were pre-treated in vacuum at 450 °C (1.5 h). The spectra are background subtracted 

by dividing on the pre-treated spectra and normalized to the framework overtone, as well as Cu-

content. The insets give a closer view of the marked area where the CO vibrations on Al3+ are found. 

In addition to the typical bands appearing for CO interacting with CuI, there 

are also two smaller bands appearing at slightly higher wavenumbers (2238 and 



76 

 

2224 cm-1). These bands are positioned at typical energies for CO interacting with 

extra-framework Al3+ (EFAl) sites [234, 241]. The observation of these bands 

suggests that there is some EFAl in the zeolite, which minimizes the number of 

Brønsted sites in the sample. This could have at least two potential implications on 

the MTM reaction. First, fewer Brønsted sites could minimize the amount of Cu 

exchanged in the samples. Indeed, LIE with both 0.01 and 0.02 M Cu(OAc)2 

solution led to very similar amounts of Cu exchanged. Although other methods to 

increase the Cu exchange was not attempted as higher loadings often lead to Cu 

clusters and nanoparticles, the similarity between the two materials obtained with 

different LIE solutions suggests that we have reached a maximum of Cu exchange 

sites. Secondly, it has been shown that the presence of Brønsted sites is important 

for stabilizing methoxy intermediates [178, 179], and if the accessibility to the 

remaining sites is somewhat blocked by the EFAl, this could both minimize the 

availability for Cu exchange but also reduce the stabilizing effect of Brønsted acid 

sites. Based on this, we will in the following section further investigate the effect 

of acid site distribution in the MCM-22 framework and by extension its effect on 

the Cu siting to unravel more about the influence these parameters have on the 

MTM reaction.  
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4.2.2. NH3-Adsorption Microcalorimetry 

To study the changes in acidic properties of MCM-22 before and after Cu exchange, 

NH3- and CH4-microcalorimetry experiments were performed in a joint project by 

PhD student Moses Mawanga at NTNU. These experiments were very important 

for discussing the full picture and have therefore been included herein. The results 

are reported in Figure 19. In the left panel, we show the differential heats of 

adsorption (ΔHads) vs the amount of adsorbed NH3, obtained for H-MCM-22 (a), 

0.25Cu-MCM-22 (b), and 0.30Cu-MCM-22 (c). Both a primary (solid squares) and 

a secondary (open triangles) adsorption experiment were performed for all three 

samples. If we first look at the differential heat of adsorption measured for the Cu-

free sample, there are three regions of interest marked with alternating light and 

dark grey colors. Initially, at very low coverage, there is a strong heat of adsorption 

(> 160 kJ/mol), which decreases sharply as the coverage increases. This is typically 

related to strong Lewis acid sites [242]. The second region of interest is a narrow 

area around ΔHads ≈ – 135 ± 15 kJ/mol that we allocate to the Brønsted acid sites 

[242]. The Al concentration of the H-MCM-22 applied herein is about 1.1 mmol/g, 

and as the second region diminishes already at about 0.25 mmol/g of adsorbed 

NH3, it is evident that the amount of homogeneously strong Brønsted acid sites is 

lower in this sample, compared to what would be expected from a zeolite with 

similar Al content. Indeed,  this region has previously been reported to be stable 

up to at least 0.8 mmol/g in an H-MOR with similar Al content (1.1 mmol/g) as our 

samples [243]. After the high enthalpy area, we enter the third region, where the 

heat of adsorption decreases gradually until the enthalpy for condensation of NH3 

is reached (ΔHc = –23.4 kJ/mol) at 1.4 mmol/g, close to the total Al value of 1.1 

mmol/g. The gradual decrease is linked with a set of heterogeneous acid sites [242], 

indicating that a large portion of the total amount of Al in the sample is either 

present as EFAl, as indicated already by the FT-IR spectra above, or more Brønsted 

sites in positions that lead to lower heats of adsorption.  
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Figure 19. Differential heats of adsorption (a-c) and adsorption isotherms (d-f) for NH3 on the three 

MCM-22 samples (a-c). Both primary (dark color, filled symbol) and secondary (light color, open

symbol) heat of adsorption curves adsorption isotherms is reported. The differential heats of 

adsorption (kJ/mol) are plotted against the NH3 adsorbed in μmol/g. The sharp horizontal line is 

representing the enthalpy for NH3 condensation. The adsorption isotherms are given as adsorbed 

NH3 in μmol/g per absolute pressure (mbar).  

If we shift our focus onto the Cu-exchanged samples, a broader region of 

heterogeneous sites is observed in a region of intermediate strength with ΔHads ≈ 

– 100 ± 20 kJ/mol up to about 0.6-0.7 mmol/g of adsorbed NH3. The “spikes”

observed are linked with the oxidation of NH3 on the pre-oxidized Cu-sites and 

the subsequent formation of CuI and mobile diamine CuI complexes [244-246]. 
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Since the strong Brønsted site enthalpy region is non-existing in the Cu-exchanged 

samples, we conjecture that Cu is exchanged first with the strongest Brønsted sites 

and possibly the few strong Lewis sites. This is very much in line with an earlier 

study by Chen et al., where the authors found evidence from NH3-TPD 

experiments that the strongest Brønsted sites are consumed in favor of a Cu site of 

intermediate strength [247]. As discussed above, the number of strong Brønsted 

acid sites observed herein was found to be much less than e.g. in a MOR with a 

similar Si/Al ratio. Given the high methanol productivity observed over Cu-MOR 

zeolites [120], we conjecture that adequately strong Brønsted sites are needed to 

form the active Cu-oxo species for MTM. The less strong acid sites likely lead to 

Cu-species that are either less active or inactive for methanol production. It could 

be that the Cu species are situated in less accessible positions like the sinusoidal 

10-ring, or that the Cu is positioned in the double 6-ring at the bottom of the 

supercages as conjectured from the FT-IR spectroscopy results. A third possibility 

is that the Cu is positioned on the outer surface in the half “cups” of the supercage 

and that there is not enough confinement or available Brønsted sites in these 

positions for the methoxy intermediates to stabilize on the Cu-sites. This 

hypothesis is supported by previous studies revealing the half cups to be one of 

the more likely sites for methylation reactions over MCM-22 [107]. In the Cu 

exchanged samples, the NH3 adsorption proceeds up to as much as twice the Al 

content, reaching an adsorption of around 2.3 mmol/g for both samples. If we 

expect some NH3 to still be adsorbed on the remaining Brønsted sites, as verified 

by FT-IR (see SI of Paper II) the higher amount of NH3 suggests that about three 

to four NH3 molecules are adsorbed per Cu site at our adsorption conditions (80 

°C). This high NH3 to Cu ratio cannot be explained solely by the formation of linear 

diamine CuI complexes (Z[Cu(NH3)2]+), and we, therefore, surmise that a 

combination of this and a four coordinated CuII complex (e.g. Z2[Cu(NH3)4]2+) are 

forming. This is supported by a thermodynamic study over Cu-SSZ-13 by Paolucci 

et al., where they find that Z2[Cu(NH3)4]2+ and Z[Cu(NH3)2]+ are the most stable 
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species (ΔG ≈ –90 kJ/mol) formed at 80 °C in an NH3 atmosphere [155]. Also, other 

forms of the tetraammine complex have been shown to exist where some of the 

NH3 ligands are switched out with oxygen-derived species like –OH groups [248]. 

In the right panel of Figure 19 (d-f), we have reported the ammonia 

adsorption isotherms. Both the primary and secondary adsorption are plotted. If 

we first view the adsorption isotherm for H-MCM-22 (d), the shape suggests that 

the adsorption follows a typical Langmuir isotherm or an L-shaped isotherm based 

on the classification by Giles et al. [249]. The secondary adsorption has the same 

shape, however reaching the plateau indicating saturation at less ammonia 

adsorbed than for the primary. For the Cu-exchanged samples, the primary 

adsorption isotherm has instead a peculiar S-shape. An S-shaped isotherm is 

usually consistent with a scenario where there are two or more competing 

mechanisms at play during the adsorption [250]. For the two Cu-exchanged 

samples herein, we conjecture two feasible scenarios. 1) Since NH3 adsorbs on both 

H-sites and Cu-sites, and we have seen two distinct Cu-sites from CO-adsorption

with FT-IR, the S-shape may come from a varying site selectivity depending on the 

coverage [250]. 2) The slow initial adsorption could also be due to the initial 

binding and complexation of NH3 at the strongly adsorbing Cu-sites [251]. Then, 

as the level of adsorbate increases and the negative effect caused by complex 

formation subsides, faster adsorption is observed at higher pressures, where also 

the Brønsted sites are covered. Whether it is scenario 1) or 2) that is occurring 

would need further investigations beyond the scope of this study, although, it 

cannot be ruled out that it is a combination of the two. Interestingly, it seems like 

the negative effect is no longer present for the second isotherm, and the shape is 

much more similar to the H-MCM-22 sample. Even so, the adsorption amount is 

still much higher in the Cu samples, indicating that both NH3 adsorbed to Brønsted 

sites and some of the NH3 ligands coordinated to Cu are desorbed during 

outgassing.  
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4.2.3. The effect of Cu on Framework Acidity 

To further support our findings from NH3-calorimetry, we also performed 

n-propylamine TPD experiments on the three samples. n-Propylamine can be used

to solely titrate the Brønsted acid sites of a zeolite due to an acid-catalyzed 

Hoffmann elimination of chemisorbed n-propylamine that releases propene (C3=) 

and NH3. The column named “C3=” in Table 5 gives the total amount of desorbed 

propene from the reaction. With the total Al in H- and Cu-MCM-22 being about 

1.0-1.1 mmol/g, and the quantity of propene observed only 0.46-0.66 mmol/g, we 

surmise that a large fraction of Al in the samples has to be EFAl sites. This is also 

in line with the FT-IR spectroscopy and microcalorimetry results presented above. 

The amount of propene desorbed is slightly decreasing from 0.66 mmol/g for the 

H-MCM-22 as the Cu-content increases. Specifically, 0.15 and 0.20 mmol/g

reduction for 0.25 and 0.30Cu-MCM-22, respectively. This is consistent with Cu 

exchanging some of the H-sites, however, given that the Cu concentration of the 

two samples is 0.26 and 0.31 mmol/g, we do speculate that Cu also exchanges some 

strong EFAl sites like the strongly adsorbing Lewis acid sites observed in the first 

region of the NH3 microcalorimetry results (Figure 19). Additionally, some 

propene could be confined within the zeolite framework or was subjected to 

undesired side reactions as we have observed to be possible over Cu-zeolites for 

another study in our lab, and also recently reported by Lashchinskaya et al. [252].  

NH3 TPD was also employed as NH3 can titrate both the Lewis and Brønsted 

acid sites in the samples. The NH3 desorption (TPD) values are in the range of 0.57 

– 0.76 mmol/g, with the desorbed NH3 amount slightly increasing with increasing

Cu content. The values are a bit low considering the Al content (~1.1 mmol/g), 

although in the same range and following the same trend as the values obtained 

from subtracting the primary and secondary isotherm to get the irreversible NH3 

adsorption with NH3 calorimetry (0.44 – 0.84 mmol/g). As the samples have either 
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been outgassed at 80 °C (adsorption) or 170 °C (desorption), we surmise that the 

“missing” acid site concentration is due to very weakly binding Lewis acid sites. 

 

Table 5. Density of acid sites obtained by n-propylamine TPD and NH3-TPD together with the 

irreversible NH3 adsorbed measured with calorimetry. The Al and Cu content is also reported for 

comparison. 

   

Density of  

acid sites  

(n-propylamine  

TPD) 

 

Density of 

acid sites  

(NH3 TPD) 

 

Irreversible 

NH3 

adsorption 

(calorimetry) 

Sample 

name 

Al  

(mmol/g) 

Cu  

(mmol/g) 

C3= 

(mmol/g) 

 

NH3 

(mmol/g) 

 

NH3 

(mmol/g) 

H- 

MCM-22 

1.07 - 0.66  0.57  0.44 

0.25Cu- 

MCM-22 

1.03 0.26 0.51  0.64  0.82 

0.30Cu- 

MCM-22 

1.03 0.31 0.46  0.76  0.84 

 

Lastly, it is also of interest to point out the peak desorption temperatures during 

the NH3-TPD experiments. As reported in Figure 20, the H-MCM-22 sample has a 

broad peak (maximum at 350 °C) assigned to Brønsted acid sites. Note, the broad 

nature of the peak is in line with the heterogeneity of acid site strengths first 

observed with NH3 calorimetry on the H-form. The two Cu exchanged samples, 

however, have three major peaks, specifically at 275, 350, and 450 °C. This is similar 

to what has been observed on a set of Cu-loaded MCM-22 materials previously by 

Chen et al. [247]. The peak at 350 °C reduces with increasing Cu-loading, 

supporting that this desorption temperature is linked with Brønsted acid sites. 

Based on the discussion above, we infer that the other two peaks come from NH3 



83 
 

molecules being desorbed from the Z[Cu(NH3)2]+ and Z2[Cu(NH3)4]2+ complexes 

residing after adsorption. According to the phase diagram reported by Paolucci et 

al. on Cu-SSZ-13 [155], and in situ XAS TPD experiments by Borfecchia et al. [248], 

we surmise that the low-temperature peak is mostly from NH3 desorbing from 

tetraammine derived complexes. This peak is stronger in the 0.30Cu-MCM-22 

which indicates that a higher concentration of Cu leads to more sites available for 

tetraammine complexation. As this requires more space, we could presume that 

this site is more easily accessible than the site forming diammine complexes. The 

broad high-temperature peak however is coming from a variety of sites stronger 

than the Brønsted acid sites and is likely the remaining NH3 desorbing from both 

diammine and tetraammine Cu complexes [155]. 

 

Figure 20. NH3-TPD profiles of H-MCM-22, 0.25Cu-MCM-22 and 0.30Cu-MCM-22. 
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4.3. Evaluating Cu-zeolites Prepared by SSIE for MTM 

To this point, I have shed light on structure-activity relationships coming from 

alterations to the framework composition. However, another important 

component of the puzzle is the Cu exchange. In this subchapter, I highlight the 

work of Paper III, where four different zeolite frameworks (MOR, BEA, ZSM-5, 

and FAU) are ion-exchanged using an alternative method to LIE that has been the 

preference in the field. SSIE is industrially a much simpler synthesis process than 

the various solution-based exchange procedures. Furthermore, by performing 

SSIE with CuI salts, it should be possible to obtain a higher exchange degree of Cu 

in the zeolite, possibly leading to a larger concentration of proximal Cu ions. Their 

proximity could make the formation of active sites for C–H activation more 

feasible. 

Details on the standard characterization of the solid-state ion-exchanged 

materials can be found in Paper III, but to summarize, techniques like MP-AES 

and EDX were used for elemental analysis, N2-physisorption to determine the 

specific surface area, and pXRD, SEM, and backscattered images to search for Cu 

outside the frameworks. The results showed that there is a heterogeneous 

distribution of Cu in the samples and possible pore blockage by larger 

agglomerates present. It was therefore surmised that even though the exchange 

led to a Cu/Al ratio of 0.8, it is not likely that all the Cu present in the samples 

contributes to C–H bond activation. It was, however, still of interest to look a bit 

more into the effect this high loading had on the nature of the Cu-sites, and 

consequently the methanol productivity. 

4.3.1. Performance Studies in the MTM Reaction 

The propensity of CuI-zeolites towards producing methanol from methane was 

investigated by following Test #1 reported in Table 4 in the experimental section. 

The methanol yield (μmolMeOH/g) and selectivity (%) of the four highly exchanged 
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CuI-zeolites as well as 0.30CuI-MOR (targeted during SSIE at Cu/Al = 0.30) are 

presented in Figure 21. CH3Cl was observed as a product of the reaction but has 

not been included in the quantified yield or selectivity. Cl is a remnant from SSIE, 

and in an EDX analysis after testing, it was observed that a large fraction of the Cl 

in the framework disappeared after one test, as shown in the SI of Paper III. All 

four highly exchanged samples show the ability to produce methanol, with CuI-

MOR having the highest yield. This is in line with what has been observed 

previously for this set of Cu-exchanged zeolite frameworks at similar reaction 

conditions [114, 136].  

 

Figure 21. Activity data for the methane to methanol reaction over the CuI-zeolites. The left axis 

gives the yield in µmol of the total amount of methanol per gram of zeolite. On the right axis is the 

selectivity. In the reaction protocol, the materials were exposed to the following gas flows (15 

ml/min) and temperatures; 100% O2 (500 °C, 8 h), 100% He (200 °C, 1 h), and then, isothermally, 

100% CH4 (3 h), 100% He (1 h), and 10% H2O in 10% Ne/He (~2 h). 

When comparing the highly exchanged samples with 0.30CuI-MOR, an 

even higher yield is observed. This becomes more evident if we compare the 
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normalized productivity as 0.30CuI-MOR has much less Cu in the system. The 

productivity of CuI-MOR and 0.30CuI-MOR is 0.03 and 0.10 molMeOH/molCu, 

respectively. The increase in productivity can likely be attributed to the formation 

of fewer nanoparticles and Cu agglomerates in the 0.30CuI-MOR sample. 

Alternatively, one could also argue that the increased productivity is related to a 

higher fraction of Brønsted sites present in this sample compared to the higher Cu-

loaded samples.  

To place the yields obtained in this study into perspective, the MOR zeolites 

can be compared with a thorough study by Dyballa et al. on MOR zeolites 

exchanged with LIE and incipient wetness [114]. When comparing the 

productivity of the SSIE MOR zeolites studied herein to the productivity obtained 

by Dyballa et al. (0.06 > 0.47), it is apparent that the SSIE exchanged MOR zeolites 

achieve only moderate methanol productivity. From these initial results, we find 

that a more precise method is likely necessary to obtain a high fraction of active 

sites. In the following subsection, we shall focus on the two CuI-MOR samples to 

clarify how the high Cu exchange affected the Cu-speciation besides forming Cu 

nanoparticles and agglomerates. To do so, we have investigated the samples with 

FT-IR spectroscopy to study the CuI formation and accessibility, as well as the 

Brønsted acidity. Finally, CH4-TPR, being so efficient for elucidating differences 

for different Cu-CHA framework types (subsection 4.1), was used to understand 

more about Cu reducibility. 

4.3.2. Investigating the Reducibility of the Samples 

The effects of the very high exchange degree achieved for the four zeolites (Cu/Al 

ratio of 0.8) on Cu speciation were studied using FT-IR spectroscopy. Figure 22 (a) 

depicts the ν(OH) stretching region of the spectra of CuI-MOR at RT after 

pretreatment at 450 °C in vacuum. The O–H stretching band connected to the 

Brønsted site (Si(-OH)Al) should be found at 3611 cm-1, as shown by the parent 

MOR zeolite in the figure. The lack of bands in this region indicates that all 
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Brønsted sites are covered by Cu. This is important to note, as it has previously 

been suggested that Brønsted sites are necessary to produce methanol [178, 179]. 

The evidence from the FT-IR spectra combined with the above-mentioned 

observation of methanol might suggest that some Cu-species are capable of 

selectively converting methane to methanol without facilitation by Brønsted sites. 

Yet, the formation of some Brønsted sites during the reaction protocol or possibly 

not detected in the FT-IR spectra cannot be ruled out at this point. 

 

Figure 22. (a) FT-IR spectra showing the ν(OH) stretching region of the H-MOR and CuI-MOR after 

pretreatment in vacuum at 450 °C. (b) FT-IR spectra showing the ν(CO) stretching region of CuI-

MOR, low loaded CuI-MOR (0.30CuI-MOR), and a LIE Cu-MOR (0.28Cu-MOR (LIE)), during CO 

adsorption. The spectra have been collected with increasing CO pressure (up to 8 mbar). All spectra 

are normalized to their framework overtone and background subtracted. The grey area represents 

the monolayer coverage. (c) CH4 consumption and CO2 production during TPR for CuI-MOR and 

0.30CuI-MOR. The graphs have been vertically adjusted for easier comparison.  
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To investigate the nature of the Cu-sites, CO-adsorption with FT-IR was 

performed. The samples were pretreated in vacuum to induce “self-reduction” of 

potentially oxidized Cu to CuI before being exposed to CO at RT to selectively 

probe the CuI-sites [195-199]. In this summary, we focus on the comparison 

between the highly exchanged (CuI-MOR) and the low exchanged MOR (0.30CuI-

MOR) samples, and their comparison to a sample prepared by LIE (Cu/Al=0.28 

and Si/Al = 11) also previously published [141]. The evolution of mono- and 

dicarbonyl adducts (not normalized to Cu content) is depicted in Figure 22. The 

band related to the formation of monocarbonyl species (2158/59 cm-1) is 

highlighted with a grey background [232]. As more CO is dosed onto the samples, 

a band starts appearing at 2177/78 and 2149/51 cm-1. These are the symmetric and 

asymmetric stretch of CuI-(CO)2, respectively, and are related to the formation of 

dicarbonyl species. In CuI-MOR, the band at 2149 cm-1 is distorted by a broad tail 

from the formation of a band/shoulder at around 2135 cm-1, which is likely due to 

the presence of Cu2O nanoparticles formed during the exchange procedure [232]. 

When comparing the intensity of the different stretches in CuI-MOR, 0.30CuI-

MOR, and 0.28Cu-MOR (LIE), it is evident the highly exchanged CuI-MOR sample 

has more available CuI to form monocarbonyl adducts, as the band intensity for 

monocarbonyl is higher, compared to 0.30CuI-MOR. However, when comparing 

the symmetric dicarbonyl band at 2178 cm-1, the two SSIE exchanged samples show 

approximately the same intensity, indicating that the same amount of CuI-(CO)2 is 

formed on the two samples. Albeit, as the spectra are not normalized to the Cu 

content, it is apparent that 0.30CuI-MOR has a higher ratio of Cu sites available for 

dicarbonyl formation. When matching both samples to the LIE sample, however, 

the LIE sample has markedly higher bands for the dicarbonyl adducts, even 

though it has the same Cu content as 0.30CuI-MOR. Higher CuI-(CO)2 intensities 

have been previously attributed to Cu-zeolites with a higher number of low-

coordination Cu sites that are more likely to be able to activate the C–H bond in 

methane [140]. This is also supported by much higher methanol productivity 
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measured for this sample (0.25 molMeOH/molCu) [114]. These findings indicate that 

the SSIE method, used for the CuI-zeolites herein, yields fewer Cu sites that are in 

a coordination state and position preferred for reaction with methane. We infer 

this to partially be due to less accessibility to the sites because of nanoparticle 

formation blocking the pores. This is supported by a significant lowering in the 

specific surface area measured for all the zeolites when exchanged with Cu. 

Another possibility is that some of the Cu sites are still coordinated to Cl (used for 

Cu exchange), thus limiting the coordination environment available for CO and 

only allowing for monocarbonyl species to form. The latter is corroborated by the 

observation of CuCl2 nanoparticles with pXRD after testing. 

To further explore the propensity of the samples for reaction with methane, 

CH4-TPR experiments were used. CH4-TPR results over all four highly exchanged 

zeolites is found in Paper III. To summarize, it is noteworthy that the onset of CH4 

consumption for the highly exchanged MOR, BEA and ZSM-5 seems to start 

around the same temperature, whereas the methane consumption occurs at 

considerably higher temperature for FAU. Sorting the materials based on the 

temperature of their maximum consumption rate gives CuI-ZSM-5 < CuI-MOR < 

CuI-BEA << CuI-FAU. This order is in line with the results previously reported by 

Sushkevich and van Bokhoven for CH4 consumption on ion-exchanged Cu-zeolites 

[136]. Further, a considerably larger quantity of methane is consumed over CuI-

MOR and CuI-FAU compared to the other two materials. Interestingly are FAU 

and MOR also among the most active zeolites for MTM (Figure 9).  

The CH4 consumption (top panel) and CO2 production (bottom panel) 

during CH4-TPR of CuI-MOR and 0.30CuI-MOR are depicted in Figure 22 (c). A 

few key observations are made when focusing on the most distinct differences that 

can be observed between the samples. First, the highly exchanged CuI-MOR has a 

significantly higher onset temperature for CH4 consumption compared to 0.30CuI-

MOR. Secondly, when investigating CO2 production, it can be observed that the 
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production of CO2 occurs as two peaks for the highly exchanged sample, with the 

onset of CO2 release occurring before appreciable methane consumption. Over 

0.30CuI-MOR, on the other hand, there is one main peak occurring at the time of 

CH4 consumption with just a broad shoulder towards higher temperatures. As 

there is a shift of methane consumption to higher temperatures for the CuI-MOR 

vs 0.30CuI-MOR, we presume that it is the second CO2 peak, which overlays well 

with the CH4 consumption, that is the CO2 production peak linked to CH4 

oxidation over MTM active species in CuI-MOR, and that the first peak is more 

likely to be from undetectably consumed methane that oxidizes and desorbs faster 

due to Cu nanoparticles or possibly the remaining Cl from SSIE. The late onset of 

CH4 consumption in CuI-MOR vs 0.30CuI-MOR is similar to what we observed for 

SAPO-34 when compared to SSZ-13, in subchapter 4.1. There, like Sushkevich et 

al. [136], we allocated the temperature difference to a higher fraction of monomeric 

Cu active sites, which require a higher temperature to activate methane. We could 

therefore conjecture that the higher Cu-loading in CuI-MOR has led to more 

monomeric Cu active sites. Another possibility that should be considered is that 

the higher amount of Brønsted sites in 0.30CuI-MOR aids in the reactivity towards 

methane, and that this is the reason behind the clear difference in CH4 

consumption temperature between the two MOR we observe herein, and not 

necessarily the formation of different types of Cu-oxo sites. Since it has been shown 

previously that Brønsted sites are important for stabilizing the methoxy 

intermediates, this is a plausible scenario [178].  
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5. C–H Activation: Understanding the Cu-Speciation

In the previous chapter, we showed that the use of TPR experiments could 

elucidate important material differences that affected the MTM activity. Moreover, 

coupled with the right characterization tools, TPR experiments have the potential 

to shed some light on the otherwise slow dynamic changes in the Cu-speciation 

when exposed to CH4. The following chapter is based on the results reported in 

Paper IV and has two target areas. First, we have used TPR experiments coupled 

with different spectroscopic techniques like UV-vis, FT-IR, and XAS, to search for 

minor differences within the same zeolite system (Cu-MOR) affecting the Cu-

speciation and subsequent methanol productivity. Secondly, to understand more 

about the mechanism during CuII reduction, both CH4-, C2H6-, and CO-TPR was 

performed. 

Figure 23. Illustration of the idea behind chapter 5. Different spectroscopic techniques are applied 

to shed light on Cu speciation during C–H exposure.  
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5.1. In situ XANES TPR: Finding Spectroscopic 

Fingerprints of Different Cu-Species 

The Cu-MOR materials applied herein have been well-tested in the MTM reaction 

and have been through various extensive characterization in a range of previous 

studies [94, 114, 120, 141, 142, 253]. 0.36Cu-MOR(11) and 0.18Cu-MOR(7) have 

different Si/Al and Cu/Al ratio, as well as different methanol productivity in the 

MTM reaction (Table 3 in the experimental section). Given the broad 

characterization history of these materials and their productivity difference, they 

presented as good candidates for the present study. 

At BM31 (ESRF), the samples were subjected to three different TPR 

protocols, by following Scheme 3, given in the experimental section. CH4, C2H6, 

and CO-TPR were performed accordingly, and XAS spectra were collected 

throughout the entire experiment. A qualitative overview of the obtained scans 

can be found in Paper V. As part of her master thesis, Beatrice Garetto (M.Sc.), at 

UniTo performed the MCR-ALS analysis on the in situ XAS data, and from that we 

obtained quantitative information on the Cu-speciation throughout the TPR 

experiments as this advanced data analysis technique provides detailed insight 

into the speciation and dynamics of the Cu species inside the zeolite [68, 254]. The 

MCR-ALS analysis yielded a total of six principal components. The pure XANES 

spectra of the six components are reported in Figure 24 (a), while their 

concentration profiles in the different experiments are reported in Figure 24 (b). A 

pictorial representation of possible Cu-species linked with the pure XANES 

spectra discussed is finally provided in Figure 24 (c). Firstly, focusing on the O2 

activation step of the protocol, two high-temperature (HT) CuII species, CuII_HT_a 

and CuII_HT_b, are recognized with very similar XANES signatures. The biggest 

difference is the shape and intensity of the WL, supporting a conserved 

coordination motif with only subtle differences in the first-shell bond distances 

and angles. It is plausible that they could stem from the same Cu-moiety, e.g., a 
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mono-μ-oxo dicopper(II) core, but docked at distinct exchange sites, also featuring 

different accessibility. The third CuII species, CuII_LT, is described as a low-

temperature (LT) CuII species since it increases in concentration with a decrease in 

temperature. CuII_LT is likely to be more highly coordinated than the high-

temperature species, based on the higher white-line (WL) intensity observed for 

this species. Interestingly, the growth of CuII_LT appears to correlate with a 

decrease in the concentration of CuII_HT_a, while CuII_HT_b remains almost 

stable. We conjecture that the concentration of CuII_LT increases with decreasing 

temperature due to a dynamic change in some of the CuII_HT_a species, leading 

to a change in coordination motif from three-fold to four-fold. The chemical nature 

of this four-fold coordinated CuII species, seen to increase in abundance also, once 

the feed is switched from O2 to He in the final cooling step before TPR, is puzzling. 

A tentative assignment starting from a mono-μ-oxo dicopper(II) core could entail 

bis-μ-hydroxo dicopper(II) formed upon interaction with residual H2O traces, 

favored as temperature decreases. This hydroxo-bridged dicopper(II) species is 

specifically discussed in enzymatic systems and complex formation [255, 256], but 

a similar hydration event forming trimeric Cu species in zeolites has also been 

suggested [159]. Alternatively, μ-η2,η2-peroxo-dicopper(II) species could be 

proposed as a way for the system to prevent self-reduction by using O2 molecules 

supplied in the first part of the cooling step. A minor peak in the typical CuI energy 

region (8983 eV) is visible in the pure CuII_LT XANES spectrum and is highlighted 

with an asterisk (*). This spurious spectral feature is an artifact from the MCR-ALS 

analysis due to a high abundance of CuI in the mix of Cu species, previously 

documented by Martini et al. [257]. When comparing the concentration profile for 

CuII_HT_a and CuII_HT_b between 018Cu-MOR(7) and 036Cu-MOR(11) during 

the O2 activation, they behave similarly throughout all experiments, however, with 

a higher concentration of CuII_HT_b in 018Cu-MOR(7). Importantly, this is fully 

consistent with previous results by Pappas et al., where a framework-coordinated 

CuII species with a Cu K-edge spectral signature consistent with CuII_HT_b, was 
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found to be more abundant in the more productive 018Cu-MOR(7) sample, and 

tentatively associated with the active site for the MTM reaction [120].  

 

Figure 24. (a) Global representation of the pure XANES spectra of Cu species obtained by MCR 

analysis, performed considering the whole dataset except for the ramp from RT to 500 °C during 

the activation step. The * symbol indicates an MCR reconstruction artifact. (b) Corresponding 

temperature-dependent concentration profiles for each Cu species, (c) Pictorial representation of 

the Cu species proposed to form during the experiment. Atoms color code: Cu, green; O, red; C, 

purple; Si, grey; Al, yellow. 

When focusing on the TPR step of the protocol, we note that new Cu-species 

develop, as CuI species form at the expense of CuII. Depending on the experiment, 

three distinct principal components were detected, where CuI_b and CuI_c formed 

exclusively in C2H6 and CO, respectively. The two species denoted as CuI_a and 
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CuI_b show similar spectral features, with a typical rising edge peak assigned to 

the 1s → 4p transition of CuI, and no trace of the d9 1s → 3d pre-edge peak (Figure 

24 (a)). The WL intensity is significantly lower than for the CuII species, indicating 

Cu sites with lower coordination numbers. Indeed, the spectral features are very 

similar to (quasi) linear Cu sites coordinated with two lattice oxygen atoms [258]. 

The minor modifications in the XANES spectral shape between CuI_a and CuI_b 

are likely related to small induced differences in bond length and/or minor 

rearrangements when the sites are perturbed by the different gaseous species (CH4 

vs C2H6). The XANES spectrum of the third CuI species, CuI_c, has very different 

spectral features from the other two, where the 1s → 4p peak is shifted towards 

lower energy values. When studying the concentration profile, Figure 24 (b), we 

observe how the species reaches a maximum of about 260 °C species and then 

slowly diminishes up until ~400 °C. Due to the change in the coordination 

environment of this species compared to CuI_a and CuI_b, we conjecture the 

species is related to mono- or dicarbonyl complexes forming in the presence of CO, 

as CO is known to be stable on CuI species in zeolites [219, 259]. A small fraction 

of CuI_c appears to be stable above 400 °C for 036Cu-MOR(11), however, this 

quantity falls within the uncertainty typically associated with MCR-ALS 

reconstruction (~10% of total Cu), and can therefore not be ascertained as a stable 

species [257]. 

Lastly, we note that when the CuI species start forming in the CH4- and 

C2H6-TPR experiments, we see the consumption of CuII_HT_b slightly before the 

consumption of CuII_HT_a. This observation indicates that CuII_HT_b is more 

easily reduced upon alkane activation, and as this is the dominant CuII species in 

the most MTM active 018Cu-MOR(7) sample, we hypothesize the Cu reducibility 

to be linked with the activity of the samples. This hypothesis is considered even 

more closely in the following section when we attempt to look more meticulously 

at the overall reduction trends during the TPR ramp. 
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5.2. Coupling Cu
II

 Reduction with Reactant 

Consumption and Product Formation 

To elucidate more easily the minor differences in the TPR protocol between the 

two MOR compositions and the different substrates, we looked into the reduction 

of CuI as a function of temperature. The data points were derived by summing the 

fractions of all the pure CuI species as determined by the MCR-ALS analysis above 

for each XANES spectrum collected. Herein, we report the first derivative of the 

trace (d(CuI tot.)/dE) to emphasize the reduction rate. The CuII reduction is also 

compared to the reactant consumption and (over-oxidized) product formation. 

The results are given in Figure 25. Foremost, comparing the rate of CuII reduction, 

we observe that the onset of Cu reduction varies depending on the substrate in the 

order of CO < C2H6 < CH4, where the CH4 atmosphere leads to the highest reduction 

temperature. This is quite natural given the stronger bond dissociation energy of 

CH4 (439 kJ/mol) compared to C2H6 (422 kJ/mol) [19]. As the behavior of Cu in CO 

is so different, we will discuss further the CO-TPR event at the end of the section, 

and for now, focus on the results obtained with the two alkanes as reducing agents. 

Interestingly, we observe that 018Cu-MOR(7) appears to have a marginal 

temperature region initially, where Cu is reduced faster than for 036Cu-MOR(11). 

This is consistent with the CuII_HT_b species reducing faster than the other CuII 

species, as observed in the previous section. This earlier reduction behavior in 

018Cu-MOR(7) could be sought-after evidence of more readily reducible species 

in the highly active Cu-MOR material [114, 120]. A high “self-reduction” potential 

has been linked directly to the materials’ methanol productivity in other 

framework topologies like Cu-exchanged FER and CHA [94, 140]. This however, 

has not been observed for the Cu-MOR zeolites presented herein, as previously 

reported results have indicated that 018CuMOR(7) has more “self-reduction” 

resistant species, which then were coupled with well-distributed Cu-oxo species 

with high coordination and uniform bond lengths [120, 141]. It should be noted, 
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however, that the above-mentioned studies concern the reducibility of Cu-zeolites 

in either vacuum or inert atmosphere. Conversely, herein we are linking the high 

methanol productivity of 018Cu-MOR(7) directly to the reducibility of the Cu 

species in a methane atmosphere. This elucidates the importance of working with 

as relevant conditions as possible. Moreover, the higher reducibility observed for 

018Cu-MOR(7) herein is in full agreement with Lomachenko et al. who found that 

more CuII reduced to CuI after methane loading for the 018CuMOR(7) material 

compared to 036Cu-MOR(11), when investigating the samples with XAS in a full 

MTM cycle [142].  

Figure 25. (a-c) Comparison of the first derivative of the CuI-fraction (top panel) to the CO2 

formation (middle panel) and reactant consumption (bottom panel) during the TPR protocol with 

(a) CH4, (b) C2H6, and (c) CO. The MS trace used for CO2 is m/z = 44, while m/z = 15, 26, and 28 is

used for CH4, C2H6 and CO, respectively. The MS traces have been normalized to the sample weight 

and Cu content. *The CO2 trace for 0.36Cu,H-MOR(11) during C2H6-TPR has been collected in a 

parallel experiment in the home laboratory, due to technical problems with the trace obtained 

during the XAS experiment.  
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Upon comparing the reduction rate of CuII to the substrate consumption and CO2 

production obtained simultaneously (Figure 25), interesting features are found. 

First, during CH4-TPR, both CO2, as well as the consumption of CH4, appear in the 

same temperature window as the CuI formation. This direct link between CH4 

consumption, CO2 production, and CuI formation contrasts with previously 

reported results by Sushkevich et al. [136]. They observed a temperature region 

where CH4 was consumed before CO2 production over Cu-MOR (200 > 325 °C) and 

signified this window to be linked with oxidation processes of partially oxidized 

methane intermediates. However, as we observe the complete oxidation occurring 

simultaneously with CuI formation and CH4 consumption, we speculate that with 

a continuous temperature ramp, the over-oxidation occurs too fast to be singled 

out from the CH4 consumption and CuII reduction in a meaningful way. 

Nevertheless, about 10% of the total CuI fraction is forming before the onset of CH4 

consumption (< 250 °C). We postulate this minor CuI fraction, yet very close to the 

uncertainty of the MCR-ALS method, to possibly come from a “self-reduction” of 

CuII to CuI, as made possible by an electron-rich environment after O2 activation 

where O2- ions have remained stabilized in the framework [260]. We must point 

out that the results also show small traces of CO2 produced in this low-temperature 

window. However, we allocate this to an effect of the low signal resolution caused 

by the small amounts of material and gas flows used in the experiment. Also due 

to this, we cannot exclude the possibility that some CH4 (not visible in the CH4 

trace) is being consumed already from around 200 °C when Cu is being reduced. 

Regardless, some CuI is forming before consumption also during C2H6-TPR, 

especially discernible for 018Cu-MOR(7), supporting the “self-reduction” event 

suggested above. Another intriguing observation during C2H6-TPR is that there is 

a secondary region, where no more ethane is being consumed, but there is still a 

reduction of Cu, as well as continued production of CO2. This behavior indicates 

that when ethane acts as a substrate, there are secondary oxidations with ethane 
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derivatives that are less potent reducing agents, reacting on remaining CuII sites 

that did not react directly with ethane or were somehow not accessible to ethane. 

Coming back to the CO-TPR protocol, two reduction regions are observed. 

The primary reduction starts directly upon contact with CO and leads to ca. 80% 

of reduced CuII. Then as the temperature increases, a secondary reduction event 

happens at higher temperatures, involving the residual fraction of ca. 20% of total 

Cu. In contrast to the behavior of the Cu-zeolites in an alkane atmosphere, it 

appears the Cu-sites in 036Cu-MOR(11) reduce overall in a lower temperature 

range than 018Cu-MOR(7). Focusing on the CuII reduction, we surmise that the 

first, broad reduction peak is linked with the above-suggested formation of CuI-

(CO)x (x = 1 or 2). This is also well supported by a clear consumption of CO, and a 

smaller CO2 production coming from the oxidation at the Cu-oxo sites. Then, 

during the high-temperature reduction event, we do see a much larger fraction of 

CO2 being produced in combination with a smaller consumption of CO. As most 

Cu already has been reduced to CuI at this point, we postulate that the production 

of CO2 is linked with trapped CO2 being released as the temperature increases, or 

possibly the release and oxidation of CO from CuI-carbonyls. This could proceed 

via a reaction with residual O2- present, or by a disproportionation reaction 

between two CO molecules in a Boudouard reaction [261]. As we do not have any 

evidence for the formation of elemental C, the latter reaction pathway is only 

speculations by the authors at this point.  

5.3. Complementary in situ UV-vis TPR Experiments 

To support the observations presented in the previous sections, a complementary 

experiment was performed in-house with a purpose-designed in situ UV-vis setup. 

The UV-vis spectra were obtained in diffuse reflectance mode during a CH4-TPR 

experiment for both 018Cu-MOR(7) and 036Cu-MOR(11) and are reported in 

Figure 26. Interestingly, we are seeing the biggest changes in the UV-vis spectra in 
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the same temperature window as for the XANES results presented above. It can be 

observed that at about 250 °C, three bands at 20250, 16850, and 13000 cm-1 grow, 

reaching a maximum at about 325 °C. This is also approximately the temperature 

at which a maximum is observed for CH4 consumption and CuI formation rate 

during the XAS experiment. At 325 °C, the bands decrease again, giving the biggest 

evidence of reduction from CuII to CuI, as this is to be expected when the Cu ion 

goes from a d9 to a d10 configuration and the d-d electron transfer becomes 

forbidden. When the temperature reaches about 400 °C, the changes slow down, 

and mostly temperature-induced shifts in the LMCT region (25000-45000 cm-1) are 

observed from 450-550 °C [116]. 

Figure 26. In situ UV-vis spectra were obtained during a TPR protocol with CH4 for the two Cu-

MOR samples. The spectra are overlayed, with a thicker line and different colors used for every 50 

°C to clarify the change in the spectra throughout the protocol. Blue colors are for low temperatures, 

red for intermediate temperatures, and dark grey for high temperatures. 

The growth of the bands in the d-d region between 250 and 325 °C, 

especially visible in 036Cu-MOR(11), is counter-intuitive, as it could be interpreted 

as an increase in the abundance of CuII species. However, the combination of these 

three bands shares similarities with the so-called “multiplet” formation also 
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observed previously in Cu-CHA during O2 activation [232]. The literature suggests 

that the multiplet formation is linked with a diluted CuII species with a very strong 

extinction coefficient [262]. Interestingly, it is evident from the band at 38500 cm-1 

that the species must also affect the LMCT region, as there is no evidence of 

reduction here before the temperature reaches 325 °C. Nevertheless, we conjecture 

that even though this species is forming, it is likely to involve a minor fraction of 

total Cu ions, and there is still a reduction process occurring before T = 325 °C, as 

evidenced by the XAS experiments. To the best of our knowledge, the observation 

of a multiplet has not previously been reported for Cu-MOR. The CuII species is 

temperature dependent, and forms, contrary to Cu-CHA, in a CH4 atmosphere. 

Why this species is much more prominent in 036Cu-MOR(11) than in 018Cu-

MOR(7) would only be subject to speculation at this point, but it is alluring to 

suggest it is linked with the CuII_HT_b, as this is much more abundant in the 

036Cu-MOR(11) sample. 

5.4. Confirming the Formation of Cu
I

-CO with in situ 

FT-IR Spectroscopy Measurements 

To verify that the CuI_c component indeed is from CuI-(CO)x formation, and 

whether it is linked with mono- or dicarbonyl species, we performed in situ CO-

TPR experiments coupled with FT-IR spectroscopy on a pre-oxidized 018Cu-

MOR(7) sample. The results are reported in Figure 27 (a). As the CO atmosphere 

is introduced to the sample, a band associated with CuI-CO adducts on Cu-MOR 

zeolites is evolving slowly at 2158 cm-1 [234]. Additionally, we observe the presence 

of the gaseous CO molecules by the presence of rotational-vibrational branches on 

either side of the CuI-CO band. The maximum intensity of these branches is 

marked with an asterisk (*). Then, as the temperature increases, the monocarbonyl 

band increases, until a maximum is reached at about 350 °C. The intensity of the 

band at 2158 cm-1 reflects both the amount of CuI (growing according to the 

reducing effect of CO) and the stability of the CuI-CO adducts. For this reason, it is 
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not directly coinciding with the evolution of the CuI_c component, which is found 

to have a maximum at about 300 °C (Figure 24 (b)), however, clearly present up to 

at least 400 °C. The formation of a CuI-CO band on a Cu zeolite with no CuI as 

evidenced by XAS, suggests that at 120 °C, CO is instantaneously able to reduce 

some CuII species to CuI, that are then able to form the CuI-CO adduct and form 

CO2. This is consistent with the reduction of CuII, the early consumption of CO, 

and the subsequent formation of CO2, as observed above when performing the 

parallel CO-TPR/XAS experiment.  

 

 

Figure 27. (a) FT-IR spectra obtained during CO-TPR. Spectra are background subtracted. (b) A 

comparison of the fraction of CuI-CO species found with XAS throughout the TPR protocol (CuI_c), 

and the corresponding CuI-monocarbonyl fraction calculated from Beer-Lambert law by 

integrating the band 2158 cm-1. The error bars (grey band) are given as the standard deviation 

determined from three different baseline positions on the rotational-vibrational features when 

obtaining the integrated area.  

To more quantitatively compare the 2158 cm-1 band from FT-IR to the CuI_c 

component, we calculated the CO concentration from the integrated feature at 2158 

cm-1 by applying Lambert-beers law given in eq. ( 6 ), Deplano et al. recently 

determined the molar attenuation coefficient, ε, for monocarbonyl species forming 

on Cu-ZSM-5 zeolites [219], and as long as the band shape of the CuI-CO band is 
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similar, this value should be somewhat comparable for other zeolite systems. We 

therefore used this value for our calculations herein. By dividing the calculated CO 

concentration by the total Cu concentration of the system we indirectly find the 

fraction of CuI-CO species with FT-IR. The results are reported in Figure 27 (right 

panel) and inadvertently give a strong correspondence with the CuI_c 

concentration determined by XAS. Both traces gives a maximum CuI-CO 

formation (~300 °C) of about 55% of the total Cu concentration in 018Cu-MOR(7). 

At this temperature, almost 80% of the Cu in the sample has become CuI (Figure 

25), indicating that some CO species have already desorbed, leaving bare CuI sites. 

The CO reduction on CuII sites is a two-electron process, and should therefore only 

be possible on Cu-dimers, or possibly two isolated CuII species nearby [263]. WT-

EXAFS results, performed by Beatrice Garetto at UniTo and reported in Paper IV, 

revealed that all detectable CuII species in the sample after O2 activation were 

dicopper(II) moieties (or proximal CuII monomers), also in line with previous 

literature proposals [15, 120, 170, 171]. Overall, these results show that a very large 

fraction of the CuII species in MOR are dimeric species after O2 activation, and do 

not need to be made mobile with e.g. an NH3 molecule to form the dimers, as 

suggested for other zeolite systems, like CHA [264, 265]. We note that there is a 

small shift in the temperature profile for the CO/Cu trace (calc. from absorbance) 

compared to CuI_c, however, we allocate this to the different setups utilized, 

causing small variations in the measured temperature. Additionally, we explain 

the slower CO desorption in the FT-IR setup to the vast difference in the sample 

environment. FT-IR was measured on a thin wafer, while XAS was performed on 

a pelletized sample in a capillary reactor. The different pellet morphology and 

sample environment leads likely to a slower diffusion through the sample in the 

FT-IR cell compared to the capillary. 
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6. C2H6 Activation 

In chapters 4 and 5, we investigated the structural and mechanistic effects the 

zeolite framework and Cu-speciation can have on the MTM reaction. This research 

has added input to the methane activation literature. As we observed in chapter 5, 

the Cu-zeolites can also activate the C–H bond in other alkanes at an even lower 

temperature than in CH4. In this third chapter, we use the understanding obtained 

for MTM in the work presented herein, but also over the last two decades by other 

groups, to expand on the use of Cu-zeolites towards other C–H reactions, 

specifically, the activation of ethane. This chapter is based on the results reported 

in Paper V, and in this fundamental study, we report a new pathway for ethane 

conversion over Cu-zeolites by exploring the structural and compositional 

requirements for an effective reaction. 

 

Figure 28. Illustration of the idea behind chapter 6. Expanding the MTM stepwise reaction 

mechanism towards other C–H activation reactions.   
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6.1. C–H Activation in a Stepwise Reaction Protocol 

For ethane activation, 0.36Cu,H-MOR(11), also used for the TPR study in chapter 

5, has been the reference sample. Furthermore were Cu-ZSM-5, Cu-SSZ-13, and a 

range of MOR zeolites with different compositions tested for ethane activation. All 

samples have been tested in the MTM reaction, and are well characterized [94, 114, 

219]. Relevant elemental composition and MTM activity of the materials are 

summarized and reported in the SI of Paper V. 

The protocol applied for ethane activation is based on the optimized MTM 

protocol by Pappas et al. [94], altered with a slightly lower activation time (3 h vs 

6 h) and temperature (150 vs 200 °C). The full protocol (Test #2) is given in Table 4 

in the experimental section. Already from our initial results on 0.36Cu,H-MOR(11), 

it was evident that the sample was able to activate the C–H bond in ethane. As 

reported in Figure 29 (a), The main product was ethylene, with ~95% hydrocarbon 

selectivity. When following the productivity throughout three reaction cycles, the 

reactivity seems to be quasi-stable, with only a small decrease in ethylene yield 

(Figure 29 (b)).  

Figure 29. (a) Hydrocarbon selectivity as determined with an FID detector. (b) Ethylene yield 

(μmolC2H4/g) obtained for three consecutive reaction cycles. 
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6.2. Screening of the Material Properties 

Having shown that we produce ethylene over a Cu-zeolite, we set forth to 

elucidate the necessary site requirements for ethylene production. To do so, 

0.36Cu,H-MOR(11) was used as reference material and compared to a variety of 

materials. Figure 30 shows the yield of ethylene obtained over different material 

topologies and zeolite compositions and several interesting features of the reaction 

can be observed. 0.36Cu,H-MOR(11) is used as reference material for the 

discussion. First, the reaction was performed over three test materials. A Cu-

loaded silica (5wt%Cu-SiO2) containing CuO clusters, a Cu-loaded silica alumina 

with similar Al and Cu content as the reference material that contains [AlO4]- for 

Cu and H exchange, and an H-MOR zeolite (a porous zeolite framework with acid 

sites, but no Cu). They all yielded negligible amounts of ethylene and other 

products, confirming that both well-defined Cu sites and the zeolite framework 

with restricted exchange sites, are necessary to promote the activation of ethane. 

Further, a Na-based, Cu-exchanged MOR zeolite (0.32Cu,Na-MOR(11)) with 

similar Cu-content as the reference material, but less Brønsted sites, displayed a 

similar ethylene yield and product distribution. This implies that the Brønsted sites 

are not that crucial for ethylene production. This contrasts with previous findings 

for the MTM reaction that show that the Brønsted sites play an important part in 

stabilizing methoxy intermediates for methanol production [178, 179]. A Cu-

loaded ZSM-5 with similar Cu/Al and Si/Al as our reference material produced a 

significantly lower yield, and thus lower productivity (0.10 molC2H4/molCu). This is 

somewhat surprising, as ZSM-5 has been proposed in other ethane activation 

reactions, e.g. exchanged with Pt, Zn, Ga, or Fe [212, 266-268]. Nevertheless, the 

same trend between the zeolites has also been observed in the MTM reaction [269], 

highlighting the similarity of the two reactions. Also a Cu-loaded SSZ-13 was 

tested in the reaction and proved less productive than both MOR and ZSM-5 (0.07 
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molC2H4/molCu). This evidences a trend, where the productivity increases with 

increasing pore size: CHA (8r) < MFI (10r) < MOR (12r). 

When employing a Cu-MOR with both a lower Si/Al and Cu/Al ratio (0.18Cu,H-

MOR(7)) that previously has been found to be a quintessential material for 

methanol production in the MTM reaction [120], unremarkable results are found 

when ethane is the reactant. This indicates that the Cu species in 0.18Cu,H-MOR(7) 

are more efficient at activating methane than ethane, which is surprising given the 

higher reactivity of ethane (the bond dissociation energies of the first C–H bond in 

CH4 and C2H6 are 439 vs 422 kJ/mol, respectively [19]). Based on this conspicuous 

difference, and the lack of a detrimental effect of Na, we conjecture that there might 

be some subtle differences in the site requirements for methane and ethane 

activation. 

 

Figure 30. (left axis) Bar plot comparing the ethylene yield (μmolC2H4/g) produced over different materials. On the right 

axis, the ethylene productivity (molC2H4/molCu) is plotted against the Cu content. The line connecting the symbols is for 

visual guidance. 
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When comparing the reference to a sample based on the same zeolite but 

with lower Cu content (0.19Cu,H-MOR(11)) it is evident that 0.36Cu,H-MOR(11) 

has the highest yield. The normalized ethylene productivity of the Cu-loaded 

zeolites (molC2H4/molCu) is plotted on the right axis of Figure 30. The productivity 

is the same for all four MOR samples (~0.20 molC2H4/molCu), suggesting that 

regardless of Si/Al ratio or Cu content, the number of active sites increases linearly 

with the amount of Cu present. In contrast, a volcano-type behavior is typically observed

within the same range of Cu content for MTM with the productivity peaking at intermediate Cu-loadings [85, 120]. This 

major difference between the two reactions again indicates different Cu site requirements for C–H activation in 

ethane vs methane. 

6.3. Mechanistic Insight from FT-IR Spectroscopy 

To study the interaction of the ethylene product with the materials, 0.36Cu,H-

MOR(11) and H-MOR were investigated with FT-IR spectroscopy upon 

incremental doses of ethylene. The full spectra, including a more detailed 

description, are reported in SI of Paper V, while the ν(C–H) stretch region is shown 

in Figure 31. Below 3000 cm-1, several new bands evolve for H-MOR(11), but not 

for the Cu-containing sample. These bands are related to the formation of saturated 

CH2 (2928 and 2857 cm-1) and CH3 (2960 and 2873 cm-1) groups, indicating that 

ethylene starts to be polymerized in the H-MOR zeolite. This has also been shown 

to occur over other H-zeolites [270]. Interestingly, this behavior is only observed 

in the pure, protonic zeolite, and not in the Cu-containing sample, even though 

0.36Cu,H-MOR(11) still has a significant amount of Brønsted sites. We posit that 

the ability of the Cu-exchanged zeolites to suppress oligomerization might be the 

key to the high ethylene selectivity. When Cu-zeolites are used in the ethane-to-

ethylene (ETE) reaction, the ethylene-derived intermediates are stabilized on the 

Cu-sites, thus preventing further oxidation or chain growth. 
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Figure 31. Normalized and background subtracted FT-IR spectra of the ν(C–H) stretch region 

obtained for adsorbed ethylene at RT on H-MOR(11) (top panel) and 0.36Cu,H-MOR(11) (bottom 

panel).  

6.4. Reaction Pathways 

Based on the experimental data obtained, we have tried to identify possible 

reaction routes for ethylene formation from ethane over activated Cu-sites. The 

reaction pathways considered are displayed in Scheme 2. There are in principle 

three pathways for ethylene formation, marked (1) – (3) in Scheme 2. Pathway (1) 

involves the direct dehydrogenation of ethane and the formation of molecular 

hydrogen in an endothermic reaction. However, as we have shown that oxidized 

Cu species are an important factor for ethylene production, and since also C2 

oxygenates are observed as (minor) byproducts, it is considerably more likely that 
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the reaction proceeds via an ethoxy intermediate. Accordingly, two exothermic, 

oxidative reaction pathways, (2) and (3), are proposed. Analogous to methoxy 

formation in the MTM reaction, ethane could react with some type of CuxOy-

moieties leading to ethoxy formation. Pathway (2) is a direct oxidative 

dehydrogenation of ethane via ethoxy intermediate species. Water facilitates the 

desorption of ethylene, and H2O (or possibly H2 if the Cu is re-oxidized in this step) 

is formed as the byproduct.  

 

Scheme 4. Possible routes derived from the experimental data obtained herein for the ETE reaction. The colored box 

marks the dehydration process. 

 

 

Pathway (3) involves C2 oxygenates (ethanol and possibly diethyl ether 

(DEE) from dehydration) as free intermediates. Initially formed ethoxy species are 

detached from the active site upon contact with water. Then, a dehydration process 

occurs, either instantaneously at the acid sites or some point down the bed and 

ethylene is the main product detected in the effluent. To confirm the likelihood of 

dehydration, we exposed 0.36Cu,H.MOR(11), 0.32Cu,NaMOR(11), and H-
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MOR(11) directly to ethanol after activation in oxygen, which indeed led to a 

significant formation of ethylene over all three materials. Pathway (3) is supported 

by the observation of trace amounts of ethanol in the effluent. We consider it 

unlikely that ethanol is formed from acid-catalyzed hydration of ethylene in 

pathway (2) as the product distribution was found to be the same over both Na-

based and H-based Cu-MOR and thus unaffected by the density of Brønsted acid 

sites. Additionally, since an oxidative dehydrogenation to ethylene, as suggested 

by pathway (2), should be feasible without the addition of H2O, it is more 

conceivable that the reaction is proceeding via ethanol formation (pathway (3)). 

Consequently, the main experimental observations favor reaction pathway (3), and 

we surmise that the reported ethane activation protocol results in the formation of 

ethoxy intermediates. We note that this might lay the foundation for a search for a 

process to form ethanol directly from ethane, by looking for the right reaction 

conditions and metal-zeolite.  

6.5. Elaborating on the Cu-oxo Site Requirements 

Beyond what we report in Paper V, we have also looked into the effect of different 

activation treatments. The initial screening of materials and diverging productivity 

trends demonstrated the likelihood of different Cu-sites being active for ETE and 

MTM. The consensus in the field of MTM research is for CuxOy-moieties to form in 

the framework after O2 activation, and that these are the species responsible for 

methane activation [67]. Recently, it has been suggested that the oxygen in 

methanol comes from a reaction with H2O in the extraction step, and not the CuxOy-

sites [101-103, 125], leading to a new-found insight into the reaction mechanism 

and the role of the Cu sites. To study more deeply the nature of the Cu sites in the 

ETE reaction, 0.36Cu,H-MOR(11) was subjected to three consecutive activation 

cycles in an inert atmosphere (He) instead of oxygen. It has been shown that 

activating Cu-zeolites in He leads partially to the “self-reduction” of CuII to CuI. 

Based on this, the hypothesis would be that activating Cu-zeolites in He leads to 
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fewer CuII sites and subsequently lower productivity. And indeed, for several Cu-

zeolite systems in the MTM reaction, this is the case [94, 140]. The results obtained 

after He activation for three cycles are presented in Figure 32, directly compared 

to the corresponding results from O2 activation that was also presented in Figure 

29. Quite remarkably, the yield of ethylene is largely identical for all three cycles,

irrespective of the activation procedure. Indeed, the activity with He activation 

seems even more stable than when the sample was activated with O2.  

Figure 32. Bar plot comparing the ethylene yield obtained over three cycles when exposed to O2 or 

He during the activation step. 

These results open up a can of questions that should be discussed. Firstly, if 

it is assumed that CuxOy-moieties, as suggested in Scheme 4, are necessary to 

activate ethane and produce ethylene in the Cu-loaded zeolites, the quasi-stable 

ethylene yield suggests that H2O may contribute to the formation of the active Cu-

oxo sites needed in this reaction. This has also been shown to be possible for the 

MTM reaction, mostly at higher methane pressures to compensate for some active 

sites poisoned by water [101, 102, 125, 201]. Although, somewhat difficult to 

explain is the high activity observed already in the first cycle. This suggests that 

when activating in He, oxidation would only be possible from moisture in the 
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atmosphere before loading the reactor, or possibly from small impurities entering 

the reactor upon cooling after high-temperature treatment. We could speculate at 

this point that the sites available for ethane activation are less prone to “self-

reduction”. Given a productivity of 0.20 molC2H4/molCu, this would be about 40% of 

the total Cu. Indeed, in chapter 5, Figure 25, we saw that the ethane consumption 

finished when only half the CuII sites had been reduced to CuI, supporting the 

hypothesis that only a set of sites are capable of ethane activation. It could be 

imagined that the ethoxy species, being larger than methoxy is only stabilized at 

certain positions. Similar behavior has been observed also in methanol 

carbonylation reactions, where it was shown by Corma and coworkers that the T-

sites around the 12-ring were not able to stabilize the acetyl intermediate and 

formed other kinetically favored products [271]. However, if the acetyl 

intermediate was placed inside the 8-ring side-pocket at the T3 site and pointing 

out towards the 12-ring channel, it would have enough confinement from the 

framework, without being sterically hindered, to selectively form acetic acid. With 

an ethoxy intermediate being about the same size as the acetyl intermediate, this 

could be a plausible explanation for the low productivity. It should be emphasized 

here that these are all just speculations at this point and that more investigation on 

the Cu-speciation during O2 and He activation is necessary. 

6.6. Systematic Study of the Reaction Parameters 

The positive effect of water presence in alkane activation over zeolites has also 

previously been shown in a publication by Hensen et al., where they use DFT 

calculations to show that water stabilizes the reaction intermediates and thus 

increases the reaction rate for steady-state alkane activation over Ga-ZSM-5 [272]. 

To start understanding the requirements, also other parts of the stepwise protocol 

were scrutinized to find the optimum conditions for ethane activation. All 

experiments were performed on the reference material, 0.36Cu,H-MOR(11) 

sample, and the reference protocol was the following: O2 (8 h) at 500 °C, flushing 
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in He (1 h), followed by C2H6 (3.5 h) at 150 °C, before the sample was again flushed 

in He (1 h), and lastly reacted with steam (2 h). The results from changing one 

parameter at a time are reported in Figure 33, and show the changes in ethylene 

productivity as an effect of the ethane loading time and temperature, as well as the 

He activation time and temperature. Since He activation was found to be as 

effective for productivity as O2-activation, the effects of changing exposure time 

and temperature during the activation were only investigated for the He activation 

protocol.  

Figure 33. Normalized ethylene productivity (molC2H4/molCu) obtained during a systematic study of 

the reaction conditions. The change in productivity is reported vs the exposure times (left column 

- squares) and the temperature (right column - circles) for the He activation (top panel - blue) and

ethane reaction step (bottom panel - orange). The water extraction step was always kept isothermal 

to the ethane exposure temperature. The grey lines are only present as a guide for the eye. 
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The results from altering the exposure time at high temperatures show the 

importance of a prolonged time at high temperatures to obtain the highest 

productivity. This indicates that the oxidation process is slow, similar to what has 

been found for the MTM reaction [94].  One likely reason is that strongly adsorbed 

water needs a certain temperature to be released or dehydrogenated to form Cu-

oxo species, as it otherwise poisons the active sites [273]. Thus, the removal of these 

strongly bound water species may have a significant impact on Cu-speciation, and 

consequently, the productivity. Searching for an optimal temperature in the range 

between 300 and 400 °C could be an aid to find an adequate temperature to 

perform a continuous or isothermal chemical looping approach for ethane 

activation over Cu-loaded zeolites with only ethane and H2O as reactants, while 

still keeping the selectivity high. Furthermore, when altering the exposure time to 

ethane, also here, a somewhat lengthy exposure time was necessary. However, the 

ethane activation observed herein is much faster than methane activation in the 

same protocol, as Pappas et al. deemed an exposure time of 6 h necessary to 

optimize the MTM reaction protocol over Cu-CHA [94]. In this study, only 50 mbar 

partial pressure of ethane was used, and the effect of having a higher partial 

pressure was not investigated. In the study by Pappas et al. it was shown that a 

higher partial pressure of methane had a positive effect has on the MTM reaction, 

so this should be kept in mind for future studies on improved productivity, e,g. in 

the search of a continuous reaction over the Cu-zeolites [94]. Lastly, when 

comparing the ethane loading temperature, it is evident that the materials can 

produce some ethylene already at 105 °C. Then, as the temperature increase, there 

is peak productivity at 200 °C, before it drops again towards 260 °C.  

Combined, the results indicate that a steady-state approach could be 

achievable, however, a compromise must likely be made when searching for the 

optimal activation temperature while maintaining a decent selectivity toward the 

desired products.   
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7. Conclusions and Perspectives

In the following section, the results presented in chapters 4-6 are bound together 

beyond the individual stories to provide a coherent picture of this work's overall 

findings and implications (Figure 34). 

Figure 34. Illustration of the insight obtained with this work for the application of Cu-zeolites in C–

H activation and oxidation reactions. Among other things, we have learned more about the Cu-

speciation by studying the zeolite framework composition. Spectroscopy studies have shed light 

on the dynamic behavior of the Cu-sites when exposed to reducing agents. And finally, exploring 

the activation of another alkane over Cu-zeolites have shown that the versatility of the Cu-sites in 

C–H activation reactions.  

7.1. Cu Speciation 

The work presented in this thesis has provided new insight into the debate on Cu-

speciation. In our study on Cu-SAPO-34, the spectroscopic evidence from rRaman, 

FT-IR, and XAS pointed to more isolated and highly coordinated CuxOy-species 

forming in SAPO-34 vs SSZ-13. With results from rRaman spectroscopy, we could 

even propose a monomeric side-on superoxo CuII ([Cu(η2-O2)]) to be the most 

prominent CuxOy-species forming in SAPO-34. The [Cu(η2-O2)] species was 

proposed as the most likely four-coordinated species in SAPO-34 instead of bare 

CuII sites coordinated to two framework Al in the D6R. Bare CuII species have been 

proposed to form in Cu-SSZ-13 [155], but due to limited options to substitute Si in 
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the D6R of SAPO-34, it is less likely that highly coordinated species come from 

such bare CuII sites.  

Upon studying Cu-loaded MCM-22 with CO-adsorption FT-IR 

spectroscopy, we found evidence of at least two spectroscopically different Cu 

species forming in the pore structure. One of them was linked with Cu located in 

the D6R at the bottom of the supercage and based on the inactivity of these sites in 

CHA zeolites, the formation of these was proposed as one of the reasons why only 

a moderate C–H activation was observed over the Cu-MCM-22 zeolite. 

 In chapter 5, we combined information obtained with UV-vis and FT-IR 

spectroscopy with XAS to study the speciation of Cu-MOR under the effect of a 

reducing agent. MCR-ALS analysis on the obtained XANES spectra obtained 

during CH4-TPR revealed in total three distinct CuII species with three-/four-fold 

coordination and one linear CuI species. The four-fold coordinated CuII species was 

shown with additional EXAFS analysis (Paper IV) to be a bis-μ-hydroxo 

dicopper(II) species formed from the threefold dicopper(II) cores upon interaction 

with traces of water in the feed when cooling. The bis-μ-hydroxo dicopper(II) 

species is also proposed in a recent theoretical study to be the most stable site in 

Cu-CHA at temperatures ≤ 250 °C [274]. During both C2H6- and CO-TPR, 

additional CuI species were found. The CuI species derived from C2H6-TPR is a 

linear CuI species slightly affected by a C2H6 atmosphere, while the CuI species 

found during CO-TPR was established as a chemisorbed CuI-CO intermediate by 

the combination of results from XAS and FT-IR. We were also able to verify the 

number of CuI-CO species formed throughout the TPR protocol by quantifying the 

absorbance observed with FT-IR. The CO results showed that the copper sites are 

almost completely dicopper species in Cu-MOR before reductant exposure. This 

was also verified with WT-EXAFS analysis of the pure Cu components (Paper IV). 

From UV-vis, it was observed an evolvement of a “multiplet” in the d-d region of 

036Cu-MOR(11). The multiplet bands were loosely assigned to a high-
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temperature, threefold CuII species much more present in 036Cu-MOR(11). With 

this study, we have pushed the boundaries for how MCR-ALS analysis can be used 

to explore and learn more about metal species' chemical and structural evolution 

in complex mixtures. By also coupling this with complementary and strengthening 

techniques, like UV-vis and FT-IR spectroscopy, we conjecture these tools will 

continue to be very important in the MTM advancement as well as in many other 

reactions where the complex superimposition of different phenomena have led to 

inconclusive results thus far. 

In summary, our studies on Cu-speciation show that although different sites 

are forming depending on the zeolite framework and composition, not all sites are 

equally active toward methanol formation. The site that best fits the spectroscopic 

evidence as the most active site for C–H activation at low temperature (200 °C) and 

ambient pressure is dimeric, e.g. mono-µ-oxo dicopper(II) or possibly two 

proximal monomeric CuII-OH sites. The results have also shown that other sites 

can become more active at higher temperatures, depending strongly on their 

closest environment. This we will discuss more in the following section. 

 

7.2. Confinement and Acidity Effects 

Chapters 4.1 and 4.3 provide insight into the C–H activation processes over 

different zeolite systems by comparing the onset of CH4 consumption during CH4-

TPR. Over Cu-exchanged CHA zeolites, CH4 is shown to be consumed at a higher 

temperature over Cu-SAPO-34 compared to Cu-SSZ-13. Additionally, when a 

zeolite system was fully exchanged with Cu, that being FAU, BEA, ZSM-5, or 

MOR, a higher CH4 consumption temperature was observed compared to a sample 

with less Cu and thus more Brønsted sites present. Correspondingly, the same 

behavior was also observed when comparing the two SAPO-34 samples with 

different Cu concentrations, albeit within a smaller temperature range. Sushkevich 
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et al. have shown that Cu-MOR with lower Al concentration (Si/Al = 11 vs 7) self-

reduces in He at higher temperatures while, on the contrary, very small differences 

were observed when the Si/Al ratio was kept constant and different Cu 

concentrations were compared [139]. Combined with their observation that FAU 

zeolites reduce (both in He and CH4) at higher temperatures compared to BEA, 

ZSM-5, and MOR [136], the authors assigned the observed higher C–H activation 

temperature to zeolites that form more isolated Cu-species. Based on the 

spectroscopic evidence, this also seemed to be a plausible explanation as to why 

Cu-SAPO-34 reduces at higher temperatures than Cu-SSZ-13. The observation of 

more isolated Cu-sites, and hence fewer options to form dimeric Cu-species, were 

allocated to the possibility that the substitution of Si leads to the formation of some 

neutral Si islands, and thus fewer cation exchange sites and remaining Brønsted 

acid sites. It is also likely that the different framework polarity in SAPO-34 induced 

by the different atomic compositions (Al+P vs Si) affects the preferred siting for 

Cu. 

From this picture, two possible explanations for higher C–H activation 

temperature can be inferred. One option is that the isolated Cu-sites have weaker 

reactivity possibly induced by a lower electrophilic nature than multimeric species 

and therefore require higher temperatures to attack the C–H bond. Another 

explanation is that the Cu-sites’ capacity to attack the C–H bond is weakened by a 

lower stabilization effect in the cages/channels around the Cu-site due to either 

weaker or fewer Brønsted acid sites. The latter is supported by the observation that 

SSIE Cu-MOR zeolites fully exchanged with Cu have a higher CH4-consumption 

temperature than the same parent material with less Cu and more available 

Brønsted acid sites. A similar argument can be used for FAU zeolites that 

Sushkevich et al. showed to have high C–H activation temperatures [136], as the 

large number of Al sites present in FAU weakens the Brønsted acid site strength 

[235]. However, we also saw that the fully SSIE Cu-FAU had a higher CH4 
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consumption temperature than the other SSIE zeolites (See Paper III). This 

indicates that even with few to null Brønsted sites present, the same trend was 

observed between FAU and ZSM-5, BEA, and MOR, and is therefore supporting 

more the idea that isolated Cu-sites lead to a higher C–H activation temperature.  

In a small calorimetric study on CH4-adsorption over Cu-MCM-22 (see 

details in Paper II), we observed that CH4 interaction with the active sites at around 

the temperatures needed for C–H activation is very weak (low heats of 

adsorption). The weak interaction of CH4 with the Cu-sites support the need for a 

stabilizing effect around the Cu-sites. We surmise that both the electrophilic nature 

of the Cu-sites, induced by the specific exchange site and/or the specific shape and 

composition of the site, and the surrounding Brønsted acid sites affect the capacity 

of a Cu-site to activate the C–H bond in methane. I.e., in addition to stabilizing 

intermediates [178, 179], the surrounding Brønsted sites existing in MTM active 

Cu-zeolites increase somehow the interaction between methane molecules and the 

active sites so that C–H bond breaking can more easily occur.  

The importance of available and sufficiently strong Brønsted acid sites was 

further corroborated in our study on MCM-22 zeolites. With this work, we showed 

that there were only a limited number of homogeneously strong Brønsted acid sites 

in MCM-22 before Cu exchange. These strong Brønsted sites were the first to be 

exchanged with Cu and were likely the sites leading to a Cu-oxo speciation 

available for C–H activation. Based on the discussion above related to the effect of 

Brønsted site strength on C–H activation, it could be hypothesized that the 

remaining Brønsted acid sites in MCM-22 were too weak or too few to provide the 

necessary support needed to increase the moderate methanol productivity. 
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7.3. Unlocking Activity Through Structural Insight 

In Figure 35, the productivity obtained over Cu-SAPO-34, Cu-MCM-22, and the 

SSIE Cu-zeolites is compared to the previously tested Cu-zeolites in this project. 

The methanol productivities obtained over the hitherto uncharted materials and 

exchange methods presented in this thesis are moderate, at most, when compared 

to the previously explored zeolites. Nevertheless, what we have attempted to show 

with our work is that by searching for the rationale behind the inefficiency, new 

insight was obtained. Beyond allowing us to understand more about the effect of 

Brønsted acid sites on the C–H activation, the work presented here has also 

provided insight into how productivity can be improved. 

Figure 35. Overview of the methanol productivities obtained over the zeolites presented herein 

(right side of the stapled line) compared to previously reported data using similar experimental 

protocols and setup. The arrows indicate improved productivity after specific adjustments (see 

text). 

SSIE-exchanged zeolites had a very low activity towards methanol 

formation when fully exchanged with CuI. Interestingly, however, some 

productivity was observed, indicating that some sites can activate the C–H bond 

and stabilize the methoxy species without the need for Brønsted acid sites even at 
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200 °C. By controlling the amount of Cu exchanged via SSIE, we were able to obtain 

much higher methanol productivity. With results from elemental analysis, FT-IR 

spectroscopy, and CH4-TPR we showed that this was partially due to a higher 

fraction of active and accessible Cu-oxo species but also due to the presence of 

more Brønsted sites in the sample with lower Cu concentration.  

The higher C–H activation temperature observed over Cu-SAPO-34 led us 

to consider CH4-TPR as a possible descriptor for the reducibility of the Cu-sites in 

zeolites. By changing the CH4-loading temperature from 200 to 300 °C we observed 

more than a tenfold increase in methanol yield (from 1 to 12 μmolMeOH/g) for 

0.08CuSAPO-34. These results allow us to propose that CH4-TPR could be an 

important tool to screen for the most optimal metal-exchanged zeolite catalyst, 

which could be especially useful upon tuning the reaction conditions, e.g. for 

steady-state purposes. 

In chapter 5, we compare two MOR zeolites with already well-known 

properties and MTM behavior. Having observed that CH4-TPR can act as a 

descriptor for the C–H activation temperature, we wanted to explore the 

sensitivity of TPR to separate between two zeolites of the same MOR structure 

where both samples have well-distributed Cu-species and remaining Brønsted 

acid sites. By coupling the transformation of CuII to CuI, as observed with XAS and 

complementary UV-vis, with the evolution of the CO2 and CH4 MS fragments, we 

found an unambiguous connection between the spectral changes and the MS traces 

for both samples, linking Cu reduction directly to CH4 activation. Additionally, a 

small but consistent difference was observed between the two MOR compositions. 

The sample with the highest methane activity in MTM (018Cu-MOR(7)) showed a 

tendency to have a faster reduction at low temperatures compared to 036Cu-

MOR(11). This allowed us to connect reducibility to MTM activity for MOR 

zeolites, which has previously been dubious due to “self-reduction” resistant Cu 

species in the highly active 018Cu-MOR(7). Although not elaborated on herein, it 
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should be mentioned that the observed link between CH4 activation and CuII 

reduction fits well with the literature suggesting that the MTM reaction follows a 

mechanism involving a CuII/CuI redox pair (see chapter 2 in the introduction). 

7.4. C–H Activation 

In the last result section, we expand the scope of using Cu-zeolites in C–H bond 

activation by applying them to another light alkane. For the first time, we report a 

low-temperature, ambient pressure, and highly selective pathway to form ethylene 

from ethane. The reaction is akin to the well-investigated, stepwise MTM reaction, 

with about the same temperature needed for C–H activation, but there are also 

marked differences between these two reactions. Screening of several Cu-loaded 

zeolites indicates that the active site requirements are different for the two 

substrates, which is supported by the trends observed during CH4- and C2H6-TPR 

experiments presented in chapter 5. There, it was observed that only about half of 

the CuII sites were reduced during ethane consumption, while the rest of the Cu 

species were reduced by secondary oxidation of the ethane derivatives. This 

behavior was different from CH4-TPR, where the CH4 consumption and Cu 

reduction occurred approximately in the same temperature window. This 

observation indicates that some sites were either inaccessible or inactive toward 

C2H6 activation. Preliminary studies also show that the active sites for ethane 

activation can be oxidized by traces of water, as the productivity is persistent 

across several cycles. This is in contrast to methane activation, where the 

productivity is reduced when water is the oxygen source unless a much higher 

chemical potential is used, i.e. by increasing the methane partial pressure [125]. By 

deducing possible mechanisms, we find that our work is reconcilable with the 

formation of an ethoxy intermediate.  

Overall, these results provide the foundation for the use of Cu-zeolites in 

C–H activation and oxidation reactions beyond methane activation. 
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8. Suggestions for Further Work  

With the developments of advanced XAS analysis tools like MCR-ALS analysis 

and WT-EXAFS, we imagine that this can be used to determine the specific nature 

of the Cu-sites present in the zeolites and thus aid in determining the overall 

reaction mechanism for C–H activation. To improve the resolution beyond what 

we have shown in this work, some factors should be considered. 1) To synthesize 

a Cu-zeolite sample set with much more defined differences so that e.g. one sample 

has mostly monomeric sites, while another has mostly dimeric. 2) Combine XAS 

experiments with complementary techniques providing information on the Cu 

environment like rRaman spectroscopy, UV-vis spectroscopy, or pair-distribution 

function (PDF) analysis. PDF measurements would provide bond-length 

information on all possible atomic pairs in the system that, combined with EXAFS 

spectra, could unravel more specific structural information on the Cu species and 

their positions. 3) In the work herein, we have shown the importance of “close-to-

reality” experiments, and efforts should therefore be taken to find probes and 

experimental conditions that simulate best the reaction conditions.  

Based on the results presented thus far in literature and in this thesis, the 

effect the choice of oxidant (e.g. H2O or O2) has on Cu-speciation and the overall 

mechanism should be explored further. This could help explain why we are seeing 

different structure-activity relationships during CH4 and C2H6 activation.  

As a topic for further studies on ethane activation, we highlight a more 

detailed investigation of the reaction parameters that might enable the 

establishment of a steady-state process, similar to what has been recently described 

for methane, albeit at very low conversions. Having found that the ETE reaction 

requires only He/H2O to oxidize the Cu-zeolites, it could be imagined that the 

steady-state approach would be possible by co-feeding ethane and H2O, where 

H2O would displace the products and act as a soft oxidant for the reaction. 
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Based on the hypothesis that the ethane reaction, like CH4 activation, 

proceeds via an ethoxy intermediate, we propose that the selective formation of 

ethanol could be possible by tuning the reaction parameters. Based on the results 

presented herein, it is likely that a strong stabilization around the active sites is 

necessary, however, without compromising too much the product diffusion time.  

Another application area for Cu-zeolites, and especially Cu,H-MOR zeolites 

could be the direct activation of methane and CO + H2O to acetic acid and H2. This 

could either be attempted in a co-feeding process or a stepwise mechanism where 

the methoxy species are formed before exposure to CO and H2O. The overall 

reaction thermodynamics are unfavorable, however, the formation of the CuxOy-

sites and a stepwise protocol could potentially influence the activation barriers. 

To support the acidity discussion above, DFT calculations could be applied 

to study the effect surrounding Brønsted sites might have on the interaction of CH4 

with the active sites. 

Lastly, it should be mentioned that with today’s growth in machine learning 

methods, such techniques should also be developed to explore C–H activation and 

oxidation reactions over Cu-zeolites from a theoretical perspective. DFT 

calculations become costly and time-consuming due to the often complex nature 

of the unit cells, however, with machine learning the experimental time can be 

significantly shortened and this is, therefore, a potential new tool for the toolbox 

to use in combination with experiments.  
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Abstract: On our route towards a more sustainable future, the use of stranded and underutilized
natural gas to produce chemicals would be a great aid in mitigating climate change, due to the reduced
CO2 emissions in comparison to using petroleum. In this study, we investigate the performance
of Cu-exchanged SSZ-13 and SAPO-34 microporous materials in the stepwise, direct conversion
of methane to methanol. With the use of X-ray absorption spectroscopy, infrared (in combination
with CO adsorption) and Raman spectroscopy, we compared the structure–activity relationships
for the two materials. We found that SSZ-13 performed significantly better than SAPO-34 at the
standard conditions. From CH4-TPR, it is evident that SAPO-34 requires a higher temperature
for CH4 oxidation, and by changing the CH4 loading temperature from 200 to 300 ◦C, the yield
(µmol/g) of SAPO-34 was increased tenfold. As observed from spectroscopy, both three- and four-fold
coordinated Cu-species were formed after O2-activation; among them, the active species for methane
activation. The Cu speciation in SAPO-34 is distinct from that in SSZ-13. These deviations can
be attributed to several factors, including the different framework polarities, and the amount and
distribution of ion exchange sites.

Keywords: methane; methanol; zeolite; chabazite; spectroscopy; TPR

1. Introduction

Methane has become increasingly abundant as a carbon resource in recent years, and can be found
in numerous sources [1]. The utilization of methane for chemicals, however, is rather complicated, due
to the high stability of the molecule. The main method for converting methane in industry today is
with the steam reforming reaction to produce synthesis gas. Synthesis gas can further be converted
into valuable products, such as olefins, alcohols and ethers [2,3]. Nevertheless, the production of
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this intermediate gas requires large facilities, due to the economy of scale, and transportation from
remote areas is costly. These restrictions lead to the flaring of large amounts of associated petroleum
gas. Flaring of methane causes more than 300 million tons of CO2 to be released into the atmosphere
every year. The World Bank has set in motion a “zero routine flaring initiative” to eliminate all routine
flaring by the end of 2030 [4]. It is therefore of high interest to find a direct route for converting
methane into liquid products on-site for the utilization of such stranded gas. Some promising liquids
for further utilization are methanol and dimethyl ether (DME). Methanol may be used directly as a
gasoline additive and for electric power generation; it is also an important starting material in the
chemical industry for the production of highly demanded products, such as plastic, pharmaceuticals
and plywood [5]. DME is usually made from methanol dehydration, and is an important compound
for the future. DME has been extensively investigated the last decades as a more sustainable alternative
to regular diesel fuel and LPG (both products from oil refining). This is because the properties of DME
are quite similar to those of diesel and LPG, and therefore, only a few modifications are necessary to the
already existing infrastructure [6,7]. One of the most promising routes currently being explored by the
scientific community is the direct conversion of methane to methanol (DMTM). Many paths have been
proposed and tested. The main problem, however, is the challenge of overcoming the over-oxidation
of methanol to COx [3].

In nature, methane monooxygenase (MMO) enzymes convert methane directly into methanol
under ambient conditions over active Fe or Cu metal sites [8]. Taking inspiration from these enzymes,
metal-exchanged zeolites have been tested extensively for DMTM in a stepwise, stoichiometric reaction
process. It has been demonstrated that a wide variety of zeolites (e.g., MOR [9–13], CHA [14,15],
MFI [16,17]) are able to form stable and unique metal-oxo sites. In 2005, Groothaert et al. reported a
stepwise reaction procedure working with Cu-ZSM-5 and Cu-MOR zeolites activated in O2 for the
direct conversion of methane to methanol [16]. The reaction procedure usually consists of three steps.
First, an activation step at elevated temperatures (around 500 ◦C) is performed with an oxidant (e.g.,
N2O, O2) to create the metal-oxo sites. Subsequently, the temperature is lowered, before the methane
is reacted over the active sites. Last, methanol is extracted by sending steam through the reactor
isothermally, or by using a polar liquid solvent at room temperature (RT). The highest productivity
achieved at atmospheric pressure thus far is 0.47 molMeOH/molCu, for a Cu-MOR zeolite [18,19]. If a
dinuclear active site is assumed, the theoretical limit is 0.5. It has been shown that there are a number
of factors that influence the productivity and yield of methanol in the reaction, with some of the more
important being the process parameters as well as the Cu speciation in the zeolite and the subsequent
reducibility [14,19–24].

The high-silica, chabazite zeolite, SSZ-13, has been tested extensively for the reaction. However,
the literature is scarce on the isostructural zeotype material SAPO-34. To the best of our knowledge,
only Wulfers et al. have tested this material in the stepwise DMTM conversion [15]. Since SAPO-34
is an industrial scale catalyst for the conversion of methanol to olefins (MTO) [25], and is widely
investigated as a Cu-loaded catalyst in NH3-assisted selective catalytic reduction (NH3-SCR) of
NOx [26], it became clear that a more extensive, comparative study on the reactivity of these materials
in the DMTM-conversion would be of high interest.

The CHA framework consists of double six-membered rings (D6R) stacked in an ABC-sequence
and interconnected with four membered rings (4MR). The resulting cages can be considered catalytic
converters, which are interconnected with eight-membered ring (8MR) windows (Figure 1a). CHA is an
ideal framework to work with, as the framework only has one crystallographically unique T-site [27,28].
Four different ion exchange sites have been determined in the CHA framework. Three of them point
towards the centre of the 8MR-window, while one is in a more constrained position pointing into the
D6R (Figure 1b) [29].
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framework. In SAPO-34, Si incorporation may follow different substitution mechanisms (SM). There 
are two main mechanisms, where one leads to the formation of one Brønsted acid site per Si (SM2), 
while the other leads to a Si-rich patch (SM3) [30]. The two mechanisms are illustrated in Figure 2. 
Due to the different paths, the amount of Si in the framework will most likely not correlate directly 
to the amount of ion exchange sites. Whether the Si mostly follows the SM2, SM3, or a combination 
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Figure 1. Representation of the CHA framework. The coloured areas in (a) marks the three different
ring types (4MR, D6R and 8MR) surrounding the cages. (b) illustrates the four different O-sites in the
framework. Colour code: grey: Si (SSZ-13) or alternating Al and P (SAPO-34), red: O, orange: Al
(SSZ-13) or Si (SAPO-34). Adapted from Borfecchia et al. [29].

In SSZ-13, the amount of ion exchange sites (i.e., Brønsted acid sites) is determined by the
Al-content. Conversely, the ion exchange sites in SAPO-34 are correlated to the amount of Si in the
framework. In SAPO-34, Si incorporation may follow different substitution mechanisms (SM). There
are two main mechanisms, where one leads to the formation of one Brønsted acid site per Si (SM2),
while the other leads to a Si-rich patch (SM3) [30]. The two mechanisms are illustrated in Figure 2.
Due to the different paths, the amount of Si in the framework will most likely not correlate directly to
the amount of ion exchange sites. Whether the Si mostly follows the SM2, SM3, or a combination of
these depends on the synthesis procedure [31].
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Pappas et al. reported a thorough investigation of Cu-exchanged SSZ-13 for the DMTM
reaction [14]. They combined characterization data from several spectroscopic techniques, together
with a detailed study of the process conditions to pinpoint structure-activity relations [14]. A set of
parameters were found to represent the optimal conditions for the conversion of methane (8 h in O2

(500 ◦C), 6 h in CH4 (200 ◦C), H2O-assisted extraction (200 ◦C)).
In the current work, two Cu-SAPO-34 samples, with low and high Cu loading, were tested for the

direct conversion of methane to methanol. When investigating the DMTM conversion, methanol and
DME should both be regarded as important products, and therefore, the reported methanol activity in
this study is given as the sum of methanol and DME observed in the extraction feed (MeOH = CH3OH
+ 2 × (CH3–O–CH3)). Due to practical reasons, the standard experiments performed in this study had
a shortened CH4-loading time of 3 h. All other parameters were kept equal to the optimal conditions
reached by Pappas et al. [14]. These results were then compared to a high loaded Cu-SSZ-13 material.
Furthermore, IR, Raman and XAS spectroscopies, as well as CH4-TPR have been employed to obtain a
deeper understanding of the differences between the two isostructural CHA-zeolites, with respect to
the nature of the Cu-sites and the effect of framework acidity.

2. Results and Discussion

2.1. Physicochemical Characterization

The Cu exchanged samples were prepared from the H-form of the materials. The introduction
of Cu was performed with Liquid Ion Exchange (LIE), as described in the experimental section.
In SAPO-34, it was not feasible to reach a high degree of Cu incorporation, and the highest amount of
Cu obtained was 1.58 wt% (Cu/Si=0.25). This amount was reached after three consecutive exchanges
according to a method reported by Vennestrøm et al. [32]. The calcining step between each exchange
should help the migration of Cu ions from the surface into the crystal.

Nomenclature and physicochemical characterization data, such as compositional information,
N2-physisorption data, and water content are reported in Table S1 in the supporting information
(SI). Scanning Electron Microscopy (SEM) (Figure S1) and X-ray Diffraction (XRD) (Figures S2 and
S3) analyses were performed for all the (Cu-)SAPO-34 samples and the results are reported in the SI.
SEM-images and XRD pattern of (Cu-)SSZ-13 have been reported previously [14]. No extra CuO phase
is observed in the materials, indicating that they are free of any large CuO agglomerates and that the
Cu exchange took place properly.

2.2. Direct Methane to Methanol Conversion

The exchanged Cu-SAPO-34 and SSZ-13 materials were investigated for the direct conversion of
methane to methanol. The test procedure is described in the experimental section (Test #1). The protocol
is based on optimal conditions reported in a previous study by Pappas et al. [14] on Cu-SSZ-13 materials
for the same reaction. The results are reported in Figure 3. On the left, the total yield of methanol
(molMeOH/gzeolite) is shown as a function of the Cu-content. The right panel shows the productivity,
where the total amount of methanol is normalized to the Cu-content. Minor fractions of CO/CO2 were
observed in the effluent during methane loading and H2O-assisted extraction.However, the yield of
the COx species has not been reported in this study due to high uncertainties in the obtained COx

values. From the results reported in Figure 3, it is evident that the Cu-loaded SSZ-13 outperforms
the Cu-SAPO-34 materials in the reaction. This is in line with previous results obtained for the
DMTM conversion over Cu-SSZ-13 and SAPO-34, reported by Wulfers et al. [29]. Another interesting
observation is that a higher loading of Cu in SAPO-34 does not increase the yield of methanol. Indeed,
a slightly higher productivity is seen for the low loaded sample, as observed in the right panel of
Figure 3. These results indicate that it is only a small fraction of the exchanged Cu in SAPO-34 that
contributes as active sites for methane conversion, and that an increase in Cu-content does not lead
to an increased amount of these active sites. A blind test was performed on both Cu-free SAPO-34
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and SSZ-13 under the same reaction conditions, and no methanol was detected in the effluent. This
confirms that the small amount of methanol observed for Cu-SAPO-34 in the tests is significant.
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Due to the structural similarities between the materials, the difference in performance was
unexpected. A deeper investigation with various spectroscopic techniques (IR, Raman and in situ XAS)
was therefore performed, with the aim of elucidating the Cu-speciation of the materials.

2.3. Utilizing Spectroscopy to Investigate the Cu-Speciation

2.3.1. Investigating the Cu(II)xOy Sites with Raman Spectroscopy

Resonance Raman (rRaman) spectra of activated, sealed capillaries were collected with a blue
laser (488 nm) at RT. The resulting spectra of hydrated and activated 0.25Cu-SAPO-34 (red) and
0.50Cu-SSZ-13 (blue) are shown in Figure 4. It is clear from the figure that a new set of bands arise
in the spectra when the material has been activated at high temperatures in static air. These bands
are correlated to Cu(II)xOy species that are resonantly enhanced by the blue laser. Frequencies and
reasonable assignments are summarized in Table S2. The assignment of the Cu(II)xOy-species in the
Cu-SSZ-13 material has been made previously [14]. For SAPO 34, the assignments presented below are
based on previous observations on Cu-SSZ-13, Cu-ZSM-5 and other compounds [14,17]. The band at
812 cm−1, together with the shoulders found at 524 and 587 cm−1 have been assigned to a three-fold
coordinated dicopper species [Cu(trans-µ-1,2-O2)Cu]2+, which is based on bands appearing at similar
positions in Cu-loaded SSZ-13 (830, 510 and 580 cm−1), observed by Pappas et al. and Ipek et al. [14,33].
It is worth noting that the resonance enhancement of this dicopper-species is very clear in Cu-SSZ-13,
while in Cu-SAPO-34, the features are only observed as minor contributions. The strongest band in
Cu-SAPO-34, at 549 cm−1 is assigned to the symmetric vibration of Cu-O in a side-on superoxo Cu(II)
species. The corresponding ν(O–O) mode of the same species is observed at 1006 cm−1. These bands
are assigned by analogy with the rRaman results by Solomon and co-workers, reporting signals at
554 and 1043 cm−1 for Cu-superoxo species in homogeneous model compounds [34]. Pappas et al.
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also found bands indicating the presence of side-on superoxo Cu(II) and mono-µ-oxo dicopper(II)
([Cu–(µ-O)–Cu]2+) in Cu-SSZ-13 [14]. No bands corresponding to these species were found to be present
in Cu-SAPO-34. The assignment of the observed bands indicates that there are significant differences
between SSZ-13 and SAPO-34 with respect to the types of Cu(II)xOy complexes formed in the materials,
even though they possess the same CHA framework topology. Pappas et al. have suggested that
three-fold coordinated Cu(II) sites may be the most favourable geometric sites for methane conversion,
which is the most pronounced species appearing in SSZ-13 (trans-µ-oxo dicopper(II)) [14]. The more
pronounced species appearing in Cu-SAPO-34 is a monomeric site with a four-fold coordination
(side-on superoxo Cu(II)), and these sites are assumed to be less active for CH4-activation [14].
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2.3.2. IR Spectroscopy Measurements of Adsorbed CO

By dosing CO on the Cu-samples, it is possible to selectively follow the interaction of CO with
distinct Cu(I) sites in the sample. Importantly, by probing at RT, the CO interaction with Brønsted
acid sites is not detectable [35,36]. Figure 5 shows the evolution of the mono- and dicarbonyl species
on Cu. Already at small doses of CO, there is a band evolving at 2153 cm−1. This band is due to the
vibration of monocarbonyl adducts (Cu(I)-CO) [35–37]. Since the spectra have been normalized to the
framework vibration overtone mode (1868 cm−1 (SSZ-13) and 1853 cm−1 (SAPO-34)), weighted on the
Cu-content and background subtracted, the intensities of the bands can be directly compared for the
samples with different Cu-loading. Interestingly, it can be observed that the 0.08CuSAPO-34 has a
higher intensity of the band at 2153 cm−1, which could be caused by a higher fraction of Cu(I) sites that
are accessible by CO. It may also be the case that some of the Cu-sites in the high-loaded SAPO-34
and/or SSZ-13 samples are more resistant to self-reduction and therefore remain as Cu(II) [19].
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As the amount of CO increases, the bands at 2176 cm−1 and 2148 cm−1 develop. These
bands are assigned to the symmetric and antisymmetric stretching vibration of dicarbonyl adducts
(Cu(I)(CO)2) [35–37]. It is clear that these species are more easily formed in 0.50CuSSZ-13, as seen from
the higher intensity increase of these bands. The larger amount of dicarbonyl adducts indicates that
0.50CuSSZ-13 has more freely coordinated Cu(I) species, where the Cu has only two or three oxygen
framework neighbours. These findings support what is already observed from Raman spectroscopy.
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Figure 5. FT-IR spectra of adsorbed CO at RT on 0.08CuSAPO-34 (orange), 0.25CuSAPO-34 (red) and
0.50CuSSZ-13 (blue). The CO pressure was increased from 20 µbar to 20 mbar. The materials were
activated for 1 h at 150 ◦C, 300 ◦C and 450 ◦C. The spectra are background subtracted and normalized
to the framework overtones as well as to the Cu content (µmol/g).

2.3.3. IR Spectroscopy Measurements During Heating in O2

Pappas et al. observed evidence that [Cu(II)OH]+ sites exists in SSZ-13, and that they act as
precursors to form the active sites for the DMTM conversion [14]. When heating Cu-SSZ-13 in an
O2-atmosphere while collecting IR spectra, a band at 3650 cm−1 is clearly observed, and the intensity
of this band decreases with the increasing temperature. This band has previously been assigned to
be the fingerprint for Z[Cu(II)OH] vibration [36,38,39], supporting the existence of these species and
suggesting that they are likely to be precursors for other species. We therefore chose to perform the
same treatment on 0.25CuSAPO-34, to see if these species exist in Cu-SAPO-34. However, as can be
observed in Figure 6, it is clear that no such band exists in this sample. The only features that can be
observed in the spectra are two bands at 3622 and 3594 cm−1, which are related to the ν(O–H) mode of
Brønsted acid sites [38,40,41].
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2.3.4. In Situ X-ray Absorption Spectroscopy

To investigate the oxidation state and average coordination of the Cu species, in situ X-ray
absorption spectroscopy (XAS) measurements at the Cu K-edge were performed on the highest
Cu-loaded SAPO-34 (0.25CuSAPO-34). The obtained spectra were compared with XAS spectra of
0.50CuSSZ-13 collected under similar conditions, see Figure 7. The spectra were collected after
pre-treatment in He at 500 ◦C (dashed lines) and then after further exposure to O2 for 2–3 h (solid lines).

He activation of the materials results in a peak at 8983 eV, corresponding to the characteristic 1s
→ 4p transitions of Cu(I) ions [14,38,42–44]. The spectrum of the He-activated material shows a highly
developed Cu(I) state in Cu-SAPO-34, indicating that the Cu in the material undergoes “self-reduction”
to a large extent [14,38]. The higher intensity of the peak at 8983 eV could indicate that the degree
of self-reduction of Cu-SAPO-34 is even higher than for Cu-SSZ-13, however, it could also be due
to a different coordination of Cu(I)-states in the two materials. Under the latter assumption, one
would expect a higher fraction of linear or quasi-linear Cu(I) species in Cu-SAPO-34, while Cu(I) ions
with higher coordination and/or lower O-Cu-O bond angles would be expected after He-activation in
Cu-SSZ-13 [45]. Moreover, it has also previously been suggested that SAPO-34 has a higher reducibility
than SSZ-13, as seen by H2-TPR experiments by Gao et al. [46]. A higher reducibility of SAPO-34
also supports the higher intensity observed for monocarbonyl adducts adsorbed on the low loaded
SAPO-34 material compared to SSZ-13.

After the material is contacted with O2, a high fraction of Cu(I) is oxidized to Cu(II), as seen by
the decrease of the peak at 8983 eV. The change to Cu(II) is further supported by the increase of the
dipole-forbidden 1s→ 3d transition of Cu(II) ions, appearing in the pre-edge region at 8977 eV (inset
in Figure 7a) [38,39,41,47]. In Cu-SAPO-34, it can be observed that some of the Cu remains as Cu(I)
after exposure to O2. This can be seen from the remaining peak at 8983 eV. It is also evident that the
average coordination number of both samples is higher in the O2-activated state compared to the
He-activated state, evidenced by a higher white line (WL) intensity [14,38]. The overall shape of the
XANES and EXAFS spectra after O2-activation of the two compounds is very similar, suggesting similar
Cu environment. Nonetheless, some difference is observed in the WL, which appears to be slightly
higher and with a somewhat different shape for Cu-SSZ-13 than for Cu-SAPO-34. This observation is
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further supported by the higher intensity of the first shell of the EXAFS spectra (Figure 7). This EXAFS
feature is linked with Cu–O single scattering (ss) paths involving framework (Ofw) and possibly extra
framework (Oef) oxygen atoms in the first coordination shell of Cu ions [14]. As evidenced from the
dipole-forbidden 1s→ 3d transition in the pre-edge region, there is more Cu(II) present in SSZ-13
than in SAPO-34 after O2-activation. More Cu in a higher oxidation state is usually linked with a
higher coordination number to O atomic neighbours in the first shell, which consequently explains
the observed difference in the shape and intensity of the XANES WL as well as the higher first shell
intensity of the FT-EXAFS spectra for SSZ-13 and SAPO-34 recorded after O2-activation.
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2.4. Comparing the CH4 Consumption

Based on the Raman and IR spectroscopies, we suggest that more highly coordinated Cu-species
are hosted in SAPO-34. If this is combined with the knowledge that SAPO-34 has a more restricted
placement of Si in the framework, which leads to fewer acid sites in close proximity, it can be
suggested that more of the Cu in SAPO-34 exists as monomeric isolated Cu-sites, compared to SSZ-13.
Recently, van Bokhoven and coworkers performed CH4-TPR on various zeolites, as well as monitored,
with XANES, the Cu(I) formation in MOR zeolites with different Cu-loadings and were able to
show that more isolated Cu-sites need a higher temperature to be reduced [20,21]. Based on these
observations, we similarly performed CH4-TPR on the SAPO-34 and SSZ-13 samples investigated in
this work. The consumption of CH4 is shown in Figure 8, while the total oxidation to CO2 is reported
in Figure S4. It is clear from the results that the CH4-consumption starts at a substantially lower
temperature in 0.50CuSSZ-13 (ca. 200 ◦C) than in 0.08CuSAPO-34 and 0.25CuSAPO-34 (ca. 280 and
300 ◦C, respectively).
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Figure 8. Inversed CH4 consumption of 0.50CuSSZ-13 (blue), 0.08CuSAPO-34 (orange) and
0.25CuSAPO-34 (red) measured by an online MS during flow of CH4 while heating from 100 to
650 ◦C (ramp: 5 ◦C/min). The materials were activated at 500 ◦C in O2 for 8 h prior to the CH4-TPR
experiment. The graphs have been normalized to the sample weight.

2.5. Optimization of the Test Parameters

Based on the differences in CH4-oxidation temperature observed in the TPR profiles, we changed
the test parameters by increasing the CH4-loading temperature from 200 to 300 ◦C for the two SAPO-34
materials (Test #2 reported in Table 1). The performances thus obtained are plotted in Figure 9 together
with the previous results for clarity. Interestingly, after increasing the CH4-loading temperature, we
observe a tenfold increase in the CH3OH-yield over 0.08CuSAPO-34 and 0.25CuSAPO-34, while
the CH3OH-yield from 0.50CuSSZ-13 decreases significantly, indicating a loss in selectivity, as also
suggested from CO2 production observed with CH4-TPR experiments (Figure S4). When normalizing
the yield to the Cu-content, 0.08CuSAPO-34 reaches even a higher productivity than that observed for
0.50CuSSZ-13 at a 200 ◦C CH4-loading temperature. The parent materials, H-SAPO-34 and H-SSZ-13,
were also tested with a 300 ◦C CH4-loading temperature. Both parent samples had a productivity of less
than 2 µmol/g, proving that the productivity of the materials derive from the O2-activated Cu-species.
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temperature CH4-loading test conditions (Test #2-represented by green circled triangles). The panel
on the left shows CH3OH yield per gram of zeolite. The panel on the right gives the CH3OH yield
normalized to the Cu content (molCH3OH/molCu). Colours: 0.08CuSAPO-34 (orange), 0.25CuSAPO-34
(red) and 0.50CuSSZ-13 (blue). The estimated error from DMTM conversion over the Cu-SAPO-34
materials in Test #1 is shown as black error bars inside the squares.

3. Materials and Methods

3.1. Material Synthesis

The synthesis and ion exchange procedure for the SSZ-13 zeolite (Si/Al=15) is reported in a
previous article [14], while the synthesis procedures performed on (Cu-)SAPO-34 ((Al+P)/Si=15) is
described below.

The parent SAPO-34 was synthesized according the synthesis route reported by Mertens [48].
The final gel had a molar ratio of 0.3 SiO2/1 Al2O3/1 P2O5/1 TEAOH/35 H2O. First, orthophosphoric
acid, (85 %, Merck), tetraethyl ammonium hydroxide (TEAOH, 35 %, Sigma-Aldrich) and deionised
water were mixed. The mixture was then heated to 30 ◦C, after which silica (ludox-AS-40, 40 % SiO2,
DuPont) and alumina (Pural SB, 76% Al2O3, SASOL) were added under continuous stirring, before
aging at 30 ◦C for 2 h. Thereafter, the aged gel was transferred into Teflon lined autoclaves, and heated
to 165 ◦C, and kept there for 72 h with rotation. The heating rate was 5 ◦C/h. Last, the reaction was
stopped by quenching, and the obtained powder was washed well with deionised water before drying
over night at 95 ◦C. The proton form of SAPO-34 was obtained by calcining the material in static air
at 600 ◦C for 15 h. The heating rate was 2 ◦C/min, starting from room temperature (RT). Liquid ion
exchange (LIE) was performed to incorporate Cu. For the low loaded material (Cu/Si=0.08), a 0.02 M
CuAc2-solution was prepared and stirred with the material (60 mL solution/g of zeolite) at RT for
24 h. The pH of the solution was kept in the 5.5–6 range. After stirring, the material was washed and
centrifuged three times. The high loaded material was prepared in the same way, but the process was
repeated three times, with a calcining step between each round (600 ◦C, 15 h, 2 ◦C/min). The CuAc2

solution used in the first round was 0.02 M. For the second and third round, a CuAc2-solution resulting
in a Cu/Si ratio of 0.5 was used (0.008 M).
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3.2. Characterization

Powder X-ray diffraction patterns of the materials, before and after Cu-incorporation were
obtained on a Bruker D8 Discover Diffractometer with a Cu Kα radiation (λ = 1.5406 Å).

Thermogravimetric analysis was used to find the dry weight of the Cu-exchanged materials. For
all measurements, a small platinum crucible, filled with a small amount of sample (around 25 mg),
was placed inside a Stanton Redcroft furnace. The samples were heated to 300 ◦C with a heating rate
of 2 ◦C/min. The material was kept at 300 ◦C for 30 min and then slowly cooled to RT.

Specific surface area and pore volume were measured by N2-adsorption experiments, performed
at −196 ◦C on approximately 40 mg of sample, by estimating the BET isotherm. The data were collected
on a BelSorp MINI instrument. The materials were first pre-treated in vacuum (1 h at 80 ◦C, and 2 h at
300 ◦C). The p/p0 range used for the BET surface area was 0.0–0.1.

Scanning electron microscopy (SEM) was used to investigate the crystal morphology. The images
were collected on a Hitachi SU8230 in deceleration mode. Energy dispersive X-ray (EDX) was used
to obtain the elemental composition of the materials (e.g., Cu/Si and (Al+P)/Si). A small amount of
powder was pressed (5 tons) into a self-supporting wafer, and placed on a carbon tape on top of a
carbon holder, prior to the EDX-measurements.

CO-adsorption at RT was characterized by IR spectroscopy on 0.08CuSAPO-34, 0.25CuSAPO-34
and 0.50CuSSZ-13, in order to investigate the interaction of CO adsorbed on the Cu-sites. Each material
was pressed into a self-supporting wafer (11.3 mg/cm2) and placed inside a gold envelope. The material
was pre-treated in a vacuum for 1 h at 150 ◦C, 1 h at 300 ◦C and 1 h at 450 ◦C. After cooling, small
amounts of CO were dosed repeatedly into the cell at RT, until reaching about a CO equilibrium
pressure of 20 mbar. A spectrum was recorded after each dosing.

Raman spectroscopy measurements were used to investigate Cu–O and O–O vibrations in the Cu
exchanged SAPO-34 and SSZ-13 materials. The samples were investigated at RT, both as-synthesized
(hydrated), as well as in sealed capillaries after activation in static air atmosphere. For measuring
the activated samples, boron-silicate glass capillaries (0.5 mm diameter and 0.01 mm wall thickness)
containing the studied materials were heated to 550 ◦C, with a 3 ◦C/min ramp and kept overnight (14
h) at the same temperature. The capillaries were then sealed with a flame gun while hot, and then
slowly cooled to RT. The spectra were collected with a blue laser (488 nm) and recorded with a Horiba
LabRamanHR microscope, equipped with a Coherent Sapphire laser. The signal was dispersed over a
1800 lines/mm grating on a thermoelectrically cooled CCD detector. The excitation beam was focused
on the sample with a 50x objective lens.

In situ X-ray absorption spectroscopy (XAS) experiments were performed at the BM23 beamline of
the European Synchrotron Radiation Facility (ESRF) in Grenoble. The measurements were performed
in a Microtomo reactor cell designed by the ESRF Sample Environment group [49], integrated in
a dedicated gas flow setup. Before starting the measurements, the samples were transformed into
self-supporting pellets (ca. 85 mg/cm2) This leads to edge jumps in the 0.4-0.9 region and total
absorption µx = 2.5. The in situ procedure applied was as described previously by Pappas et al. [14],
where the samples were heated in He from RT to 500 ◦C with a heating ramp of 5 ◦C/min and a flow rate
of 100 mL/min. After activation, an O2 flow (100 mL/min) was introduced for 180 min. With the use of
a liquid N2-cooled flat Si(111) double-crystal monochromator, the Cu K-edge spectra were collected
in transmission mode. Ionization chambers filled with Ar and He were used to detect the incident
(I0) and transmitted (I1,2) X-ray intensities. The third ionization chamber (I2) was used to collect the
XANES spectrum of a Cu metal foil simultaneously with the samples. [50] After the samples had been
stabilised at constant temperature in static conditions, high quality EXAFS scans were collected. These
were acquired in the 8800–9955 eV range with an energy step of 5 eV in the pre-edge region, 0.3 eV in
the XANES region and a constant k step of ∆k = 0.035 Å−1 in the EXAFS region. With an integration
time of 1 s/point, the resulting acquisition of the whole spectrum was 17 min/scan. For analysis, all XAS
spectra were normalized to unity edge jump, and thereafter aligned in energy by applying the Athena
software from the Demeter package [51]. To characterize the static states, three/four consecutive XAS
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scans were collected, and after checking for signal reproducibility, the scans were averaged to the
corresponding µx(E) curves. The χ(k) EXAFS functions were extracted using the Athena program, and
by transforming the k2 χ(k) functions in the range of 2.4–13.0 Å−1, the Fourier-Transform (FT) EXAFS
spectra were obtained.

CH4-TPR experiments were performed using a U-shaped fixed bed reactor. The effluent was
monitored with an online Pfeiffer MS. About 100 mg of material was used for the measurements.
The flows of CH4 (100%), He (100%) and O2 (100%) were controlled by needle valve/rotameter
controllers and fed stepwise to the reactor with the use of stop- and 4-way valves. The total gas flow
was always 15 mL/min. The reaction protocol consisted of heating the material at 500 ◦C in O2 (8 h),
before the reactor was cooled to 100 ◦C, and flushed with He for 1 h. Then CH4 was introduced, while
the temperature was ramped (5 ◦C/min) to 650 ◦C.

3.3. Performance Tests

The direct conversion of methane to methanol over the materials was tested with a
purpose-designed setup. Before exposing the material to the test conditions, the samples were
crushed and sieved with a sieve fraction of 250–425 µm. 100 mg of the sample was transferred to a
straight quartz tube (i.d.=6 mm) containing a porous plug. The reactor was connected to the gas lines
inside a tubular oven. The reaction temperature was monitored by inserting a thermocouple placed
inside a quartz sheath at the top of the reactor bed. The flow of CH4 (100 %), He (100 %), O2 (100 %)
and a Ne/He mixture (10 % Ne in He) was controlled by MFCs and fed stepwise to the reactor with
the use of stop- and 4-way valves. To obtain approximately 10 % water in the Ne/He-stream passing
through the reactor, the mixture was bubbled through a saturator immersed in an oil bath heated to
45 ◦C (water vapour pressure ≈ 9.6 kPa).

The standard reaction procedure (test #1) consisted of dehydrating the material at 150 ◦C in He
(15 mL/min), before a flow of pure O2 was introduced, and the temperature increased to 500 ◦C with
a heating rate of 5 ◦C/min. The material was kept at 500 ◦C in O2 (15 mL/min) for 8 h. Then, the
temperature was decreased (5 ◦C/min) to 200 ◦C, and CH4 (15 mL/min) was purged for 3 h. Finally, a
10 % H2O-saturated Ne/He stream (14.9 mL/min) was introduced to extract the selectively oxidized
products out of the pores. The detected products were methanol, dimethyl ether (counted as two
methanol molecules) and some COx species. The reaction conditions are summarized in Table 1 below.

Table 1. Test conditions applied for the DMTM conversion.

He Activation
(◦C)

(Time(min))

O2 Activation
(◦C)

(Time(min))

CH4 Loading
(◦C)

(Time(min))

H2O-Assisted
CH3OH ext.

(◦C)
(Time(min))

Test #1 150
(~120)

500
(480) 200

(180)
200

(~120)

Test #2 150
(~120)

500
(480) 300

(180)
200

(~120)

The effluent from Test #1 (Table 1) were analysed with a Hewlett Packard 6890/6972 GC-MS.
This was equipped with a Supel-Q PLOT capillary column and the carrier gas was He. Analysis was
conducted isothermally at 125 ◦C and the analysis time was 3.5 min. Samples were injected every
4 min and repeated 30 times during extraction. Combined, the chromatography and mass selective
detector allow separation and accurate analysis of all relevant components in the effluent. For Test #2
(Table 1), an online Pfeiffer MS was used to analyse the effluent.
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4. Conclusions

To summarize, it has been observed that there are large differences in the Cu speciation of the two
CHA topology materials - SAPO-34 and SSZ-13 - as observed from XAS, Raman and IR spectroscopies.
These differences are due to several important factors. The polarity of the framework, induced by the
different framework components, is likely to have a large impact on the location and coordination of
the Cu-species. In addition, the multiple Si substitution mechanisms in SAPO-34 affect the amount
and distribution of ion exchange sites, leading to fewer Cu-sites in close proximity in SAPO-34 than in
SSZ-13. With CH4-TPR experiments, we supported the hypothesis that SAPO-34 has more isolated
Cu-sites, by observing that a higher temperature was needed to oxidize CH4. By changing the
CH4-loading temperature from 200 to 300 ◦C we observed more than a tenfold increase in methanol
yield from 1 to 12 µmol/g for 0.08CuSAPO-34. These results show that the framework polarity and
acid site proximity play an important role for the Cu-speciation. Furthermore, it is evident that the
redox properties of the materials are strongly influenced by the Cu-speciation. These results indicate
that CH4-TPR can function as a possible descriptor for the reducibility of the Cu-sites in zeolites, and
we suggest that CH4-TPR will be an important tool in future work for tuning metal-loaded zeolites
under different reaction conditions and finding the best suited process for direct conversion of methane
to methanol.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/2/191/s1,
Figure S1: SEM images, Figure S2: PXRD patterns of SAPO-34, Figure S3: PXRD patterns of Cu-SAPO-34,
Figure S4: CO2 production from CH4-TPR. Table S1: physicochemical characterization, Table S2: Raman
spectroscopy assignments.
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1 Physico-chemical characterization 

1.1 Elemental and N2-physisorption Measurements 

The results from standard characterization is reported in Table S1. The samples are denoted 

xCuSSZ-13 and yCuSAPO-34, where x is the Cu/Al ratio and y is the Cu/Si ratio. 

Table S1. Elemental composition, such as (Al+P)/Si [Si/Al], Cu/Si [Cu/Al] and Cu content was 

determined with Energy Dispersive X-ray Spectroscopy (EDX). N2-adsorption/desorption 

measurements recorded at -196 °C were used to find the specific surface area (m2/g) and total 

pore volume (VT). Thermogravimetric analysis was used to find the water content (%). 



Sample 

 

Exchange 

Method 

(Cu-salt) 

(Al+P)/Si 

[Si/Al]a 

Cu/Si 

[Cu/Al]a 

Cua 

(µmol/g) 

Water 

contentb 

(%) 

Specific 

surface 

areac 

(m2/g) 

VT
c 

(cm3/g) 

0.50Cu 

SSZ-13 

LIE 

(CuAc2)
 14.8 0.53 540 18 770 0.334 

0.25CuSAPO-

34 

LIE 

(CuAc2) 

(x3)d 

14.9 0.25 249 18 616 0.294 

0.08CuSAPO-

34 

LIE 

(CuAc2)
 14.9 0.08 87 14 690 0.306 

adetermined by EDX 
bdetermined with TGA 
cdetermined at p/p0 = 0.99 
dThe CuAc2 solution used in the first round was 0.02 M. For the second and third round, a 

CuAc2-solution resulting in a Cu/Si ratio of 0.5 was used (0.008 M). 

 

 

  



1.2 Scanning Electron Microscopy (SEM) 

Figure S1 shows the SAPO-34 morphology at different distances. 

Figure S1. SEM-images of H-SAPO-34 at different distances. The crystals of the copper incorporated SAPO-34 

materials were similar to the parent material, and are therefore not included.  

1.3 Powder X-ray Diffraction (PXRD) 

The PXRD patterns of the template containing and H-form SAPO-34 is reported in Figure S2. 

In Figure S3, the H-form SAPO-34 pattern is reported together with the Cu exchanged SAPO-

34 samples used in this study.  



Figure S2. PXRD pattern of the template containing SAPO-34 (turquoise), and the calcined 

SAPO-34 (black). The patterns are vertically shifted for clarity. 



Figure S3. PXRD patterns of the calcined parent material (black) as well as the Cu-exchanged 

SAPO-34 materials, 0.08CuSAPO-34 (orange) and 0.25CuSAPO-34 (red). The patterns are 

vertically shifted for clarity. 

 

1.4 CO2 production from CH4-TPR  

 

Figure S4 shows the product detected after fully oxidation of methane over the three Cu-CHA 

samples tested in this study.  

 

Figure S4. CO2 production profiles from total oxidation of CH4 over 0.50CuSSZ-13 (blue), 

0.08CuSAPO-34 (orange) and 0.25CuSAPO-34 (red), measured by an online MS during flow 

of CH4 while heating from 100 to 650 °C (ramp: 5 °C/min). The materials were activated at 500 

°C in O2 for 8 h prior to the CH4-TPR experiment. The profiles have been normalized to the 

sample weight. 

 

1.5 Raman Spectroscopy 

 

Table S2 is summary of the Cu(II)xOy species assigned to peaks observed in the Raman spectra. 

 

Table S2. Overview of bands correlating to Cu(II)xOy species observed in this study, and their 

comparison to assignments found in literature 



SAPO-34 SSZ-13 Coordination Cu(II)xOy-species Reference 

620 Three-fold [Cu-(μ-O)-Cu]2+ 
Ipek et al. 

[1] 

524 510 

Three-fold [Cu(trans-μ-1,2-O2)Cu]2+ 

Pappas et 

al. [2] 

587 580 

812 830 

549 
Four-fold [Cu(η2-O2)]

+ 

Pappas et 

al. [2] 

1006 1100 

1155 Three-fold [Cu(η1-O2)]
+ 

Woertink 

et al. [3] 
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Abstract With a stepwise mechanism for direct methane activation to methanol (MTM) over 

Cu-zeolites, it is possible to produce methanol with high selectivity. With this study, we apply 

adsorption/desorption experiments with n-propylamine, NH3 and CH4 as powerful techniques 

to learn more about the aciditiy and nature of the Cu sites within a hitherto untested material 

for MTM, namely MCM-22. The Cu-exchanged zeolites have a moderate performance in MTM 

(~0.10 molMeOH/molCu), and upon comparing to the activity of other zeolite frameworks, we 

use the results found for MCM-22 to search for structure-activity relationships. We show with 

CO-adsorption FT-IR spectroscopy experiments that there is more than one distinct Cu-site 

within MCM-22, where one of which is likely linked with inactive Cu species. NH3 

adsorption/desorption experiments disclose that the Brønsted acid sites before Cu exchange are 

few and heterogeneous in strength, leading to a low number of C-H activating Cu-oxo species. 

1. Introduction

As the emissions of fossil carbon and other gases leading to climate change increase, finding 

improved and more efficient routes for the chemical industry represents a pressing matter. One 

path would be to utilize more of the natural resources we already are recovering today. One of 

those under-utilized raw materials is methane. Since gas is expensive to transport from remote 

areas, finding a path for directly converting methane into a liquid, like methanol, without the 

need for creating synthesis gas (CO, H2) would be of great potential for the industry.(1) Several 

different routes have been suggested over the years, however, one of the more promising was 

suggested by Groothaert et al. back in 2005.(2) They showed that dimeric Cu-oxo species 

formed in ZSM-5 were able to activate the C-H bond in methane to form methanol. The type 

of reaction proposed is a cyclic reaction route that involves a high-temperature step in an 

oxidizer e.g. oxygen at ~500 °C forming CuxOy-moieties in the zeolite framework. Methane is 

then dosed onto the sample at around 200 °C at which point some of the Cu-sites are reduced 

to Cu+ by the formation of methoxy-species. Finally, methanol is extracted by passing steam 

through the reactor bed. With this method, very high selectivity is achieved because the 
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stepwise nature of the reaction protocol hinders the gas phase reaction between reactants and 

products, and hence avoids over-oxidation of the products. Since Groothaert et al., many 

different Cu-loaded zeolite frameworks have been tested for this reaction, with some of the 

more promising being MOR,(3-8) CHA,(9,10) FER,(11) FAU,(12) and MAZ.(13) Although 

many different frameworks have already been tested, there are still unresolved questions 

regarding the effect of the morphology, acidity, and homogeneity of the ion exchange site on 

the formation of the active Cu-sites, and hence the material’s activity towards methanol. With 

that in mind, we aimed to investigate MWW, more specifically, MCM-22, a hitherto untested 

material, for the methane-to-methanol (MTM) reaction. For other reactions, MCM-22 has been 

tested extensively as a large pore zeolite for methylation reactions.(14,15) MCM-22 has an 

MWW-type framework with 10-ring pore openings and two independent channels.(16) One 

channel is a sinusoidal 10-ring channel, while the other consists of layered super cages with 12-

ring diameter, interlinked by double 6-rings, and accessible through 10-rings. The channel and 

cage sizes are not that different from e.g. MOR, FAU, and MAZ zeolites that also have 12-ring 

pores, and MCM-22 often has properties similar to 12-ring zeolites.(17) However, one main 

difference is the complexity of the MCM-22 structure, causing the zeolite to have no less than 

8 different T-sites, while the others have 4, 1, and 2, respectively. Additionally, MCM-22 has 

an outer surface that consists of pockets formed by half a super cage. These pockets have been 

shown to hold some of the catalytic sites of MCM-22.(18)  

As the complex structure especially could influence the positioning of the Brønsted acid 

sites, and by extension the Cu-speciation, it was crucial to assess the acidity of the zeolite, with 

and without Cu. To that end, NH3-microcalorimetry, a powerful technique providing 

information on the heats of adsorption of various acidic sites as well as the adsorption isotherms 

was applied to study the H- and Cu-MCM-22. Cu-exchanged MCM-22 was synthesized, 

characterized, and tested for the MTM reaction. Further, CO-adsorption experiments with 

Fourier transform infrared (FT-IR) and X-ray Absorption spectroscopy was used to assess the 

nature of the Cu-sites beyond information obtained from basic characterization tools. NH3- and 

n-propylamine temperature-programmed desorption (TPD) experiments was then used in

comparison to the NH3-microcalorimetry to investigate the strength and homogeneity of the

active sites by comparing Cu- and H-exchanged MCM-22. Lastly, CH4-calorimetry

experiments were attempted to learn more about the C-H activation and adsorption process in

that step of the MTM reaction protocol.
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2. Results and Discussion

2.1. Material properties of H- and Cu-MCM-22

MCM-22 was synthesized in-house and Cu-exchanged by liquid ion exchange with Cu acetate.

To verify that the materials were pure and well exchanged, they were characterized with a suite

of different techniques like microwave plasma atomic emission spectroscopy (MP-AES),

powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), thermogravimetric

analysis (TGA) and N2-physisorption (For experimental details, see supporting information

(SI), section 1.1-1.2). The PXRD pattern of H-MCM-22 was refined against the MWW crystal

structure (Figure S1), and the result demonstrated that a pure MCM-22 zeolite crystal structure

was retained. In Figure 1 we report the comparison of H-MCM-22 to the Cu-exchanged

samples, and no peaks related to larger Cu nanoparticles and agglomerates are observed in the

PXRD pattern. The synthesized MCM-22 material had a typical morphology with the crystals

growing in the form of small, layered sheets packed together in larger, “rose-like”

agglomerates.(19)

Figure 1. PXRD powder patterns (left panel) of the three MCM-22 samples. The patterns are organized from 

bottom to top in the order of increasing Cu content. SEM images (right panel) of 0.25Cu-MCM-22. The four 

images show the crystal agglomerates of 0.30Cu-MCM-22 at different scales. 

All physicochemical data are reported in Table 1. For naming the materials, the following 

code has been applied; xy-MCM-22, where x is the Cu/Al ratio, and y is either H or Cu. 
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Table 1. Summary of synthesis, characterization, and test results of the different ion-exchanged MCM-22 zeolites 

discussed herein. The elemental composition was obtained with MP-AES and is reported as Si/Al, Cu/Al, Cu 

(µmol/g), and Cu wt%. 

Elemental analysis MTM test results 

Sample 

name 

Exchange 

conditionsa Si/Al Cu/Al 

Cu 

wt.%

Specific 

surface 

area 

(m2/g)b 

Water 

content 

(%)c 

Yield 

(μmol/g) 

Productivity 

(molMeOH/molCu) 

Selectivity 

(%) 

H- 

MCM-22 
- 15.0 - - 540 10 - - - 

0.25Cu-

MCM-22
LIE, 0.01 15.2 0.25 1.67 - 10 20 0.08 77 

0.30Cu-

MCM-22
LIE, 0.02 15.2 0.30 1.98 - 10 27 0.09 76 

aBoth the exchange method and molarity of the exchange solution are indicated here. bSpecific surface area is 

obtained by N2-physisorption experiments. cWater content obtained by TGA. 

2.2. Performance in the methane-to-methanol reaction 

The Cu-exchanged MCM-22 materials were, to the best of our knowledge, evaluated herein as 

hitherto untested materials for the MTM reaction. The reaction protocol is based on an 

optimized protocol by Pappas et al. on Cu-CHA.(9) The materials are first activated at 500 °C 

in O2 (500 °C), cooled to 200 °C, flushed with He (45 min) and exposed to CH4 (3 h). Then the 

sample is again flushed with He (45 min), before steam (10 % H2O in He), at the same 

temperature, is passed over the material to extract the products. The results from the tests are 

reported in Table 1. The production of total methanol is given per weight of the sample (yield, 

μmol/g) and per Cu content (productivity, molMeOH/molCu). Selectivity is given in % and 

reports the amount of total methanol obtained compared to the total effluent measured during 

the desorption with steam, where the byproduct of the reaction is CO2. The yield shows that the 

sample with the highest Cu content also has the highest methanol activity (27 vs 20 μmol/g), 

however, when comparing the normalized productivity, the samples are much more similar 

(0.09 vs 0.08). When comparing the values obtained herein to other tested Cu-zeolites for 

methane to methanol, the values are lower than what is reported when using the same reaction 

protocol and setup. Depending on the framework, exchange method, Si/Al, and Cu/Al ratio, the 

productivities previously obtained for Cu-zeolites are in the range of about 0.10 – 0.47.(9,11,20) 

The selectivity was about 75 % for both samples, which is also in the lower region of what is 

typically observed with this reaction protocol over other Cu-zeolites.(9,11,20)  

Previously, MCM-22 has been shown to be quite active for the methanol-to-olefin 

(MTO) reaction by exhibiting a high selectivity towards propene.(21) In the MTO mechanism, 

there are generally two pathways suggested for methylation, a concerted and a stepwise 

route.(22) The latter leads to the formation of a methoxy intermediate, however, due to the 

complex channel structure of MCM-22 it is still debatable which of the mechanisms is dominant 

in this material.(23) A stepwise mechanism could indicate that the material can form and 

stabilize methoxy species at least on Brønsted sites, which do suggest that the material should 

be a candidate for the MTM reaction. Since our material characterization presented above 
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indicate that the materials have been properly synthesized and exchanged with Cu, it became 

obvious that more investigations were needed to understand the reason for the low methanol 

production of these materials. 

2.3. Employing XAS and FT-IR spectroscopy to study the nature of the Cu-sites 

2.3.1. Investigating the oxidized state of Cu after activation 

It has previously been shown that a pure Cu2+ state is important before methane loading to get 

the highest MTM performance possible. It was therefore essential to investigate the oxygen-

activated state of the Cu-exchanged materials with XAS. In Figure 2, we report the results 

obtained over activated samples sealed in capillaries. Both the XANES and EXAFS correspond 

well with an almost pure Cu2+ state, as there is no evidence for the spectral features of Cu+. A 

detailed description of the relevant features is reported in SI, section 2. 

Figure 2. XANES (left panel) and FT-EXAFS (right panel) spectra of the two Cu-exchanged MCM-22 samples, 

0.30Cu-MCM-22 (blue) and 0.25Cu-MCM-22 (red). The spectra are obtained at RT on capillaries activated at 500 

°C in air overnight and sealed at high temperature.  

The spectral features of the two samples investigated are very similar. A slightly higher 

white line and first shell peak is observed in the XANES and FT-EXAFS spectra for 0.30Cu-

MCM-22. This could indicate a marginally higher coordination number around the Cu atoms

as well as more uniform bond lengths in this sample. Such trends have previously been

suggested to be correlated with higher methanol productivity, however, the difference is so

small herein that such a correlation should not be ascertained without a deeper

investigation.(24)

2.3.2. CO-adsorption on Cu+ sites with FT-IR spectroscopy 

To understand more about the effect of zeolite structure on the Cu speciation, the samples were 

first treated by activating in vacuum to induce “self-reduction” of the Cu-sites to Cu+,(25,26) 

and then probed with CO at RT during FT-IR spectroscopy measurements. This has shown to 

be a helpful tool in studying the Cu sites of zeolites.(11,27,28) At room temperature, it is only 

Cu+-carbonyl species that are stable enough to be observed in an FT-IR spectrum. In Figure 3 

we show the region of interest (2250-2080 cm-1) from the experiments. 0.25Cu-MCM-22 can 



6 

be seen in Figure 3 (a), while 0.30Cu-MCM-22 is shown in Figure 3 (b). 0.30Cu-MCM-22 is the 

sample with the highest Cu-loading, and slightly higher productivity. Looking at both samples, 

it is clear that as CO is dosed initially, two bands appear at 2158 and 2151 cm-1. While it is 

usually only observed one band for Cu+-monocarbonyl species in Cu-zeolites, for Cu-loaded 

MCM-22, two distinct bands are growing.(11,27-29) This has also been seen for Cu-BEA

zeolites.(29) The two distinct bands indicate that in MCM-22 there are at least two structurally

different Cu-sites, which is coherent with the sample having at least three major positions for

Cu to be positioned, namely the sinusoidal 10-ring channel, within the supercage, or on the

external surface in the supercage half-cups. Interestingly, at low CO coverage, in 0.30Cu-

MCM-22, there seems to be more CO interacting with the Cu species giving rise to the high

wavenumber band (2158 cm-1) relative to the band at 2151 cm-1, while in 0.25Cu-MCM-22, the

intensities of these bands are more similar. When the CO dosage increases to almost full

monolayer coverage (marked by the grey area in Figure 3), the opposite trend is observed for the

two samples. The fact that the sample with the lowest Cu/Al ratio has a higher band intensity

of the high-frequency band at monolayer coverage has also been observed previously by Frolich

et al.(30) They correlate the high-frequency band to a trigonal planar Cu+ species coordinated

to two framework oxygen and one CO molecule. The low-frequency band, however, is a bit

more uncertain, but they suggest it be linked to a higher coordinated Cu species. The authors

also observe this band diminish as the temperature is increased, suggesting that the Cu+ species

shift to a trigonal planar configuration. The authors indicate that the low-frequency band is in

a more constrained position, possibly at the double 6-ring at the bottom of the supercage, while

the high-frequency band is coming from a species situated at the center of the supercage.

Interestingly, it has been shown for CHA zeolites that Cu situated in the double 6-ring could

lead to inactive Cu-sites for the MTM reaction, where the amount of Cu situated in the double

6-ring depends on the Si/Al and Cu/Al ratio.(9,31) If the low-frequency band is linked to Cu in

double 6-rings and this leads to inactive Cu also in MCM-22, this could help explain why the

Cu-MCM-22 samples presented here have such a low C-H activation capacity.

Figure 3. FT-IR spectra of the -CO stretch region after exposure to CO of the two Cu-exchanged MCM-22 

samples, 0.30Cu-MCM-22 (blue) and 0.25Cu-MCM-22 (red). The spectra are collected at RT after stabilization 

of the equilibrium pressure at incremental doses of CO from ~50 μbar to 8 mbar. The samples were pre-treated in 

vacuum at 450 °C (1.5 h). The spectra are background subtracted by dividing on the pre-treated spectra and 

normalized to the framework overtone, as well as Cu-content. The insets give a closer view of the marked area 

where the CO vibrations on Al3+ are found.  
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As the CO dosage is increased beyond monolayer coverage, three new bands start 

appearing corresponding to the symmetric and asymmetric stretches of dicarbonyl species 

interacting with Cu+. The symmetric stretch is observed as two separate bands, corresponding 

to the two structurally different sites at 2180 and 2176 cm-1. The asymmetric stretch, however, 

is observed as a small downward shift and merging of the monocarbonyl bands into a more 

single narrow band at about 2151 cm-1. Few differences are observed for the two samples as the 

dicarbonyl species are formed suggesting that the availability for dicarbonyl formation is about 

the same in the two Cu-exchanged samples. 

In addition to the typical bands appearing for CO interacting with Cu+, there are also 

two smaller bands appearing at slightly higher wavenumbers (2238 and 2224 cm-1). These 

bands are positioned at typical energies for CO interacting with extra-framework Al3+ (EFAl) 

sites.(32,33) The observation of these bands suggests that there are some extra-framework Al 

in the zeolite, which reduce the amount of Brønsted sites able to form in the sample. This could 

have at least two potential implications on the MTM reaction. First, fewer Brønsted sites could 

minimize the amount of Cu exchanged in the samples. Indeed, LIE with both 0.01 and 0.02 M 

Cu(OAc)2 solution led to very similar amounts of Cu exchanged. Although other methods to 

increase the Cu exchange was not attempted as higher loadings often lead to Cu clusters and 

nanoparticles, the similarity between the two materials obtained with different LIE solutions 

suggests that we have reached a maximum of Cu exchange sites. Secondly,  it has been shown 

that the presence of Brønsted sites is important for stabilizing methoxy intermediates, and if the 

accessibility to the remaining sites is somewhat blocked by the EFAl, this could both minimize 

the availability for Cu exchange but also reduce the stabilizing effect of Brønsted acid sites. 

Based on this, we found it interesting to further investigate the effect of acid site distribution in 

the MCM-22 framework and by extension its effect on the Cu siting to unravel more about the 

influence these parameters have on the MTM reaction. 

 

2.4. NH3-adsorption microcalorimetry 

To study the changes in acidic properties of MCM-22 before and after Cu exchange, NH3-

adsorption microcalorimetry experiments were performed. NH3 was initially chosen as the 

probe molecule since both Brønsted and Lewis acid sites should adsorb the NH3 molecule. The 

heat evolved during adsorption should give some insight into the strength of the adsorption site 

as well as the heterogeneity of the acid sites. The results are reported in Figure 4. In the top 

panel, we show the differential heat of adsorption (ΔHads) vs the amount of adsorbed NH3, 

obtained for H-MCM-22 (a), 0.25Cu-MCM-22 (b), and 0.30Cu-MCM-22 (c). Both a primary 

(solid squares) and a secondary (open triangles) adsorption experiment were performed for all 

three samples. If we first look at the differential heat of adsorption measured for the Cu-free 

sample, there are three regions of interest marked with alternating light and dark grey colors. 

Initially, at very low coverage, there is a strong heat of adsorption (> 160 kJ/mol), which 

decreases sharply as the coverage increases. This is typically related to strong Lewis acid 

sites.(34) The second region of interest is a narrow area around – (150 - 120) kJ/mol that should 

be correlated to a set of homogeneous acid sites like the Brønsted acid sites.(34) The Al 

concentration of the H-MCM-22 applied herein is about 1.1 mmol/g, and as the second region 

diminishes already at about 0.25 mmol/g of adsorbed NH3, it is evident that the amount of 

homogeneously strong Brønsted acid sites is lower in this sample, compared to what would be 

expected from a zeolite with similar Al content. Indeed,  this area has previously been reported 
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to be stable up to at least 0.8 mmol/g in an H-MOR with similar Al content (1.1 mmol/g) as our 

samples.(35) After the high enthalpy area, we enter the third region, where the heat of 

adsorption decreases gradually with coverage until the enthalpy for condensation of NH3 is 

reached (ΔHc = –23.4 kJ/mol). This is linked with a set of heterogeneous acid sites,(34) 

indicating that a large portion of the total amount of Al in the sample is either present as EFAl, 

as indicated already by FT-IR spectroscopy, or more Brønsted sites with lower heat of 

adsorption possibly due to lower accessibility.  

If we shift our focus onto the Cu-exchanged samples, a few interesting changes are 

noteworthy. The first and second region of strongly adsorbing sites and Brønsted acid sites 

seem to be non-existing. However, a broader region of heterogeneous sites is observed in a 

region of intermediate strength with ΔHads ≈ – (120 - 80) kJ/mol. This region is observed up to 

about 0.6 mmol/g of adsorbed NH3 for 0.25Cu-MCM-22 and almost 0.7 mmol/g for 0.30Cu-

MCM-22. The “spikes” or heat fluctuations observed in this region can be speculated to be due

to the oxidation of NH3 from a reaction with the pre-oxidized Cu species. This would release

additional heat, and influence the heat of adsorption measured.(36) Such fluctuations have also

been observed previously on a different system by Arrigo et al.(37) The oxidation of NH3 would

also lead to some of the Cu-sites being reduced to Cu+. Giordanino et al. propose a possible

reaction pathway at low temperatures (120 °C) that involves the oxidation of two NH3

molecules to N2 and H+, and this reaction provides the electrons needed for the reduction of

Cu2+ to Cu+.(38) They further suggest that the reduced Cu sites could interact with NH3

molecules to form mobile, linear diammine Cu+ complexes. The formation of Cu+ and the

mobility of diammine Cu+ complexes would introduce structural rearrangements, which again

could influence the differential heats measured during adsorption.

Since the strong Lewis and Brønsted site enthalpy region is non-existing in the Cu-

exchanged samples, we conjecture that Cu is exchanged first with the strongest Brønsted sites, 

as well as a few strong Lewis sites. This is also supported by NH3-TPD experiments by Chen 

et al., indicating that the strongest Brønsted sites are consumed in favor of a Cu site of 

intermediate strength.(39) As discussed above, the number of strong Brønsted acid sites 

observed herein was found to be much less than e.g. in a MOR with a similar Si/Al ratio. Given 

the high methanol productivity observed over Cu-MOR zeolites,(24) we conjecture that 

adequately strong Brønsted sites are needed to form the active Cu-oxo species for MTM. The 

less strong acid sites likely lead to Cu-species that are either less active or inactive for methanol 

production. It could be that the Cu species are situated in less accessible positions like the 

sinusoidal 10-ring, or that the Cu is positioned in the double 6-ring at the bottom of the 

supercages as conjectured from the FT-IR spectroscopy results. A third possibility is that the 

Cu is positioned on the outer surface in the half “cups” of the supercage and that there is not 

enough confinement or available Brønsted sites in these positions for the methoxy intermediates 

to stabilize on the Cu-sites. This hypothesis is supported by previous studies revealing the half 

cups to be one of the more likely sites for methylation reactions.(18) 

In the third region, below – 80 kJ/mol, another interesting phenomenon appears for the 

NH3 adsorption over Cu-loaded MCM-22. In the H-form, the sample reaches the NH3 enthalpy 

of condensation at about the same amount of NH3 adsorbed (1.4 mmol/g) as there is Al in the 

sample (1.1 mmol/g). However, for the Cu exchanged samples, the adsorption continues in this 

low enthalpy region for up to as much as twice the Al content, reaching an adsorption of 2.3 

mmol/g and 2.4 mmol/g for 0.30Cu-MCM-22 and 0.25Cu-MCM-22, respectively. If we expect 

some NH3 to still be adsorbed on the remaining Brønsted sites, as observed to still be present 

in Cu-sample from the OH-region of the FT-IR spectra (Figure S2), the higher amount of NH3 
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adsorbed suggests that about three to four NH3 molecules are adsorbed per Cu site at our 

adsorption conditions (80 °C). This high NH3 to Cu ratio cannot be explained by the formation 

of linear Cu+ complexes (Z[Cu(NH3)2]
+) alone, and we, therefore, conjecture that a combination 

of this and a four coordinated Cu2+ complex (e.g. Z2[Cu(NH3)4]
2+) are forming. This is 

supported in a thermodynamic study over Cu-SSZ-13 by Paolucci et al., where they find that 

the tetraammine complex, in addition to Z[Cu(NH3)2]
+, is the most stable species (ΔG ≈ –90 

kJ/mol) formed at 80 °C in an NH3 atmosphere.(31) Also other forms of the tetraammine 

complex could exist, where some of the NH3 ligands are switched out with oxygen-derived 

species like –OH groups.(40)  

Figure 4. Differential heats of adsorption (a-c) and adsorption isotherms (d-f) for NH3 on the three MCM-22 

samples (a-c). Both primary (dark color, filled symbol) and secondary (light color, open symbol) heat of adsorption 

curves adsorption isotherms are reported. The differential heats of adsorption (kJ/mol) are plotted against the NH3 

adsorbed in μmol/g. The sharp horizontal line is representing the enthalpy for NH3 condensation. The adsorption 

isotherms are given as adsorbed NH3 in μmol/g per absolute pressure (mbar).  

In the bottom panel of Figure 4 (d-f), we have reported the ammonia adsorption 

isotherms, where the coverage of adsorbed ammonia is plotted against the pressure. Both the 

primary and secondary adsorption are plotted. If we first view the adsorption isotherm for H-

MCM-22 (d), the shape suggests that the adsorption follows a typical Langmuir isotherm or an 

L-shaped isotherm based on the classification by Giles et al.(41) The secondary adsorption has

the same shape, however reaching the plateau indicating saturation at less ammonia adsorbed

than for the primary. The difference between the primary and secondary adsorption isotherm

gives the number of irreversible adsorption sites at 80 °C, which is an indication of the density

of strong acid sites in the sample, such as Brønsted acid sites and strong Lewis acid sites. The

subtracted isotherms for H-MCM-22, 0.25Cu-MCM-22, and 0.30Cu-MCM-22 are plotted in

Figure S3. For the Cu-exchanged samples, the primary adsorption isotherm has a peculiar S-

shape. An S-shaped isotherm is usually consistent with a scenario where there are two or more

competing mechanisms at play during the adsorption.(42) For the two Cu-exchanged samples

herein, we conjecture two feasible scenarios. Since NH3 adsorbs on both H-sites and Cu-sites,

and we have seen two distinct Cu-sites from CO-adsorption with FT-IR, the S-shape may come
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from a varying site selectivity depending on the coverage.(42) Another scenario arrives from 

the above observation that NH3 forms Cu complexes. The slow initial adsorption would then 

be due to the initial binding and complexation of NH3 at the strongly adsorbing Cu-sites.(43) 

Then, as the level of adsorbate increases and the negative effect caused by complex formation 

subsides, faster adsorption is observed at higher pressures, where also the Brønsted sites are 

covered. Interestingly, it seems like the negative effect is no longer present for the second 

isotherm, and the shape is much more similar to the H-MCM-22 sample. Even so, the adsorption 

amount is still much higher in the Cu samples, which indicates that it is likely both the NH3 

adsorbed to Brønsted sites as well as some of the NH3 ligands coordinated to Cu that are 

desorbed during outgassing. Which of the two scenarios explained is occurring would need 

further investigations beyond the scope of this study, although, it cannot be ruled out that it is 

a combination of the two.  

2.5. The effect of Cu on framework acidity 

To further support our findings from NH3-calorimetry, we also performed n-propylamine TPD 

experiments on the three samples. n-Propylamine can be used to solely titrate the Brønsted acid 

sites of a zeolite due to an acid-catalyzed Hoffmann elimination of chemisorbed n-propylamine 

that releases propene (C3=) and NH3. The column named “C3=” in Table 2 gives the total amount 

of desorbed propene from the reaction. With the total Al in H- and Cu-MCM-22 being about 

1.0-1.1 mmol/g, and the quantity of propene observed only 0.46-0.66 mmol/g, we surmise that 

a large fraction of Al in the samples has to be extra-framework Al3+ sites. This is also in line 

with our microcalorimetry results presented above. The amount of propene desorbed is slightly 

decreasing from 0.66 mmol/g for the H-MCM-22, as Cu-content increases. Specifically 0.15 

and 0.20 mmol/g reduction for 0.25 and 0.30Cu-MCM-22, respectively. This is consistent with 

Cu exchanging some of the H-sites, however, given that the Cu concentration of the two 

samples is 0.26 and 0.31 mmol/g, we do speculate that Cu also exchanges some strong EFAl 

sites like the strongly adsorbing Lewis acid sites observed in the first region of the NH3 

microcalorimetry results (Figure 4). Additionally, some propene could be confined within the 

zeolite framework or was subjected to undesired side reactions as we have observed to be 

possible over Cu-zeolites for another study in our lab, and also recently reported by 

Lashchinskaya et al.(44) 
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Table 2. Density of acid sites obtained by n-propylamine TPD and NH3-TPD together with the irreversible NH3 

adsorbed measured with calorimetry. The Al and Cu content is also reported for comparison. 

Acid site 

concentration 

from 

n-propylamine

TPD 

Acid site 

concentration 

from NH3 TPD  

Irreversible 

NH3 adsorption 

from 

calorimetry 

Sample name 

Al 

concentration 

(mmol/g) 

Cu 

concentration  

(mmol/g) 

C3= 

(mmol/g) 

NH3 

(mmol/g) 

NH3 

(mmol/g) 

H-MCM-22 1.07 - 0.66 0.57 0.44 

0.25Cu-MCM-22 1.03 0.26 0.51 0.64 0.82 

0.30Cu-MCM-22 1.03 0.31 0.46 0.76 0.84 

NH3 TPD was also employed as NH3 can titrate both the Lewis and Brønsted acid sites 

in the samples and should be comparable to the results from the microcalorimetry experiment 

(last two columns of Table 2). The NH3 desorption (TPD) and adsorption (microcalorimetry) 

values reported are in the range of 0.57 – 0.76 and 0.44 – 0.84 mmol/g, respectively. The values 

are a bit low considering the Al content (~1.1 mmol/g), although in the same range and 

following the same trend as the values obtained from measuring the irreversible NH3 adsorption 

with NH3 calorimetry. The amount of NH3 desorbed during the TPD experiments indicates that 

the total density of acid sites (Brønsted and Lewis) increases with increasing Cu content. As 

one Cu-site (Lewis site) would substitute either one or two Brønsted sites, there has to be 

something extra that contributes to the increased acid density. We surmise that the increased 

irreversibly adsorbed NH3 in the Cu-zeolites compared to the H-form is coherent with Cu-sites 

forming Cu-ammine complexes that are strongly adsorbing, as described above. We also 

observe that more NH3 is measured with NH3 calorimetry compared to TPD. We attribute this 

to a higher quantity of more weakly adsorbed sites and possibly more Cu-ammine complexes 

remaining after outgassing at 80 °C (between the primary and secondary adsorption), compared 

to the amount remaining after flushing at 170 °C in He before the TPD experiment. 

Lastly, it is also of interest to point out the peak desorption temperatures during the NH3-

TPD experiments. As reported in Figure 5, the H-MCM-22 sample has a broad peak (maximum 

at 350 °C) assigned to Brønsted acid sites. Note, the broad nature of the peak is in line with the 

heterogeneity of acid site strengths first observed with NH3 calorimetry on the H-form. The two 

Cu exchanged samples, however, have three major peaks, specifically at 275, 350, and 450 °C. 

This is similar to what has been observed on a set of Cu-loaded MCM-22 materials previously 

by Chen et al.(39) The peak at 350 °C reduces with increasing Cu-loading, supporting that this 

desorption temperature is linked with Brønsted acid sites. Based on the discussion above, we 

infer that the other two peaks come from NH3 molecules being desorbed from the Z[Cu(NH3)2]
+ 

and Z2[Cu(NH3)4]
2+ complexes residing after adsorption. According to the phase diagram 

reported by Paolucci et al. on Cu-SSZ-13,(31) and in situ XAS TPD experiments by Borfecchia 

et al.,(40) we surmise that the low-temperature peak is from NH3 desorbing from tetraammine 

derived complexes. This peak is stronger in the 0.30Cu-MCM-22, which indicates that a higher 

concentration of Cu leads to more sites available for tetraammine complexation. As this requires 

more space, we could presume that this site is more easily accessible than the site forming 
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diammine complexes. The broad high-temperature peak is likely to come from Cu sites with 

different strengths, however stronger than Brønsted acid sites. This correlates well with species 

desorbing from both the diamine and tetraammine complexes.(31) 

Figure 5. NH3-TPD profiles of H-MCM-22, 0.25Cu-MCM-22 and 0.30Cu-MCM-22. 

2.6. Preliminary microcalorimetry experiments with CH4 

Thus far, the results reported herein indicate that Cu introduces some stronger adsorption sites 

to the zeolite, and we could hypothesize that it is the effect of these in addition to the redox 

capability that leads to selective methanol production from methane. As an additional 

experiment to broaden the scope of microcalorimetry experiments and obtain results that were 

directly applicable to the MTM reaction, we attempted microcalorimetry experiments with CH4 

at 300 °C to be close to the temperatures for methane activation in the MTM reaction. The 

results obtained for 0.30Cu-MCM-22 are reported in Figure 6, where (a) gives the adsorption 

isotherm, and (b) gives the corresponding heat of adsorption measured. The adsorption isotherm 

appears to be a straight line up to as much as 80 mbar of CH4, with no apparent adsorption or 

effect from the partitioning of CH4 when interacting with the zeolite confinement. Additionally, 

as observed in Figure 6 (b), where the adsorption heat appears close to – 5 kJ/mol for the entire 

adsorption experiment, there are no signs of CH4 oxidation on the Cu sites. In an earlier CH4 

microcalorimetry experiment by Yang et al.,(45) it was shown that the differential heat for CH4 

adsorption lay around 28 - 14 kJ/mol, depending on the H-zeolite. The values were constant 

with coverage, similar to what we observe herein. However, they observed slightly stronger 

heats of adsorption, possibly due to the lower temperature of their experiments (– 63.15 °C), 

which was done to obtain close to complete filling of the pores and cavities, leading to stronger 

interactions. The CH4 adsorption experiment reported here gives a picture of how weak the 

adsorption interaction of CH4 is with Cu-zeolites at the temperature of CH4 exposure in MTM, 

and could perhaps explain why only some types of CuxOy-moieties can activate CH4 in 

zeolites.(46) The results also indicate why it is easier to utilize more CuxOy-sites with a higher 

methane loading pressure (8-37 bar), as previously reported.(7,12,47-49) 
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Figure 6. Differential heats of adsorption (a) and adsorption isotherm (b) for CH4 over 0.30Cu-MCM-22. The 

adsorption isotherm is given as adsorbed CH4 in μmol/g per equilibrium pressure (mbar). Differential heats of 

adsorption (kJ/mol) are plotted against the CH4 adsorbed in μmol/g. 

3. Conclusions

This study investigated Cu-loaded MCM-22 as a hitherto unexplored material for the methane-

to-methanol reaction. The results suggested that the material was, indeed, able to form methanol 

from methane. To understand the impact of this unexplored zeolite structure on the methanol 

productivity, a deeper study of the material properties was executed. With the help of methods 

like SEM imaging, PXRD, and XAS on O2-activated samples, we showed that the Cu-zeolites 

had no discernible nanoparticles and that the Cu ions were well-distributed and redox-active. 

This suggested that the more moderate activity towards methanol compared to other zeolite 

systems was not a result of improper zeolite synthesis or ion exchange. It rather had to be 

connected with the Cu-speciation, and we, therefore, needed to study the possible implications 

from the framework topology on the Cu-speciation. To that end, CO-adsorption coupled with 

FT-IR spectroscopy, NH3-calorimetry, n-propylamine- and NH3-TPD experiments were 

applied as these were methods that gave comparable information about the cationic sites. We 

show that there are few homogeneously strong Brønsted acid sites in MCM-22 before Cu 

exchange and that these strong Brønsted sites are likely the sites leading to a Cu-oxo speciation 

available for C-H activation. CO-adsorption with FT-IR also reveals that there are at least two 

distinctly different ion exchange sites for Cu, where one is presumably linked with inactive Cu 

species in a double 6-ring at the bottom of the supercage. Combined, we hypothesize that the 

complex structure of MCM-22 led to few sites where all the requirements needed for selective 

C-H activation were present. Among the Cu-sites formed, a significant concentration was either

inactive, inaccessible to methane, or unable to stabilize reaction intermediates. Furthermore, as

a preliminary study, a CH4-calorimetry experiment also revealed that CH4 interaction is very

weak (low heat of adsorption), unraveling some of the reasons behind why specific CuxOy-sites

are needed to activate CH4. This study has shown that adequately strong acid sites before Cu-

exchange are important to form the active sites for methane activation to methanol. For MCM-

22, the lack of such sites is connected with the zeolite topology and forms an additional

contribution towards the search for optimal structures in the MTM reaction and for other C-H

activation reactions.
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4. Experimental details

4.1. Performance measurements

All MTM tests were performed on a purpose-designed setup previously used for the MTM 

reaction.(9,11,24,28) 100 mg of sample was weighed, sieved (425 – 250 µm) and placed in a 

linear quartz tube reactor (i.d. = 6 mm). A thermocouple inside the oven was used to control 

the temperature. The temperature setpoints were calibrated prior to the experiments by placing 

a thermocouple inside a quartz sheet touching a reactor bed while following a full protocol. A 

stepwise protocol was applied for the experiments. The gases were kept separate with the help 

of different MFCs for each gas, stop- and 4-way valves. The following protocol was applied: 

The sample was first activated in 15 ml/min O2 (100%) at 500 °C (8 h). Then the temperature 

was lowered (5 °C/min) to 200 °C, and He (100 %) was sent onto the sample (45 min) to flush 

the system. Then CH4 (100 %) was sent onto the sample (3 h), before a second flushing step in 

He (45 min) was initiated. Finally, a Ne/He (10 %/rest) flow saturated with 10 % water was 

sent onto the sample (2 h). An online quadrupole mass spectrometer (Ominstar GSD320, 

Pfeiffer) was connected to the outlet of the reactor to analyze the effluent. The quantitative 

analysis of the products (MeOH (m/z = 31), DME (m/z = 46) and CO2 (m/z = 44)) in μmol/g 

was obtained with the help of an external calibration bottle with known amounts of the products. 

The methanol yield is reported herein as MeOH + 2xDME. 

4.2. X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS) experiments were performed at RT on pre-sealed

capillaries (i.d. = 1.5 mm, thickness = 0.1 μm) at the Balder beamline at MAX IV in Lund,

Sweden. The samples were pretreated in open capillaries at 500 °C in air overnight and sealed

at high temperature before being cooled to RT. A Si(111) double-crystal monochromator was

employed, and the monochromator was calibrated against a pre-measured Cu-foil. Cu K-edge

spectra of the Cu-exchanged materials were collected in transmission mode, and ionization

chambers were used for detection. The EXAFS scans were acquired in the 8795 – 9730 eV

range, with an acquisition time of 3 min/scan. 6 scans were accumulated and merged by

averaging the μ(E) curves during analysis for better quality. 2 XANES scans per sample were

acquired separately in the 8815 – 9175 eV range, with an acquisition time of 45 s/scan. The

XANES scans were also merged for better data quality. For analysis, all XAS spectra were

normalized to unity edge jump, and afterwards aligned in energy with the help of Athena

software from the Demeter package.(50) By using the Athena program, the χ(k) and EXAFS

functions were extracted, and the Fourier-Transform (FT) EXAFS spectra were obtained by

transforming the k2 χ(k) functions in the range of 2.4 – 10.0 Å-1.

4.3. CO-adsorption coupled with Fourier transform infrared (FT-IR) spectroscopy 

CO-adsorption experiments on the Cu-exchanged samples were performed at RT, and measured 

on a Bruker Vertex 70 instrument, equipped with a Mercury-Cadmium-Telluride (MCT) 

detector. A thin, self-supporting wafer (~10 mg/cm2) of each sample was prepared and fitted 

inside a gold envelope. The envelope was placed in a low temperature vacuum cell with KBr 

windows before being ramped up (5°C/min) to 450 °C and kept for 1.5 h. After being cooled to 

RT, incremental amounts of CO were dosed onto the sample, while an IR spectrum were 

collected after every dose, until reaching the equilibrium pressure of about 8 mbar. 
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4.4. Adsorption Microcalorimetry (NH3- and CH4-adsorption) 

The adsorption of ammonia was carried out in a stepwise fashion. Small doses of ammonia 

were introduced to the sample placed in a quartz calorimetric cell maintained at 80 °C. The 

adsorption microcalorimetry setup comprised of manometric adsorption apparatus (with a 

dynamic vacuum of 10-5 mbar) coupled with a Tian-Calvet type heat flow calorimeter (Setaram 

C80, sensitivity 0.1 µW resolution). The setup measures the adsorption isotherms and 

enthalpies of adsorption simultaneously using stepwise introduction of the gas to the sample. A 

capacitance manometer (MKS Baratron 670A, range 0-10 Torr) was used to achieve pressure 

measurements. Heat flow signal observed upon introduction of gas to the sample was allowed 

to return to the baseline before introduction of subsequent dose. Integration of the heat flow 

signal was performed using Calisto v1.066 AKTS-Setaram software.  

Prior to each adsorption experiment, the samples were pretreated and activated 

following the following protocol. Typically, 0.2-0.3 g of sample was placed in the calorimetric 

cell. The sample was dried in argon at 160 oC for 1-3 hours, followed by a temperature ramp in 

pure oxygen at 5 oC min-1 to 500 oC. The sample was held at 500 oC for 480 minutes before 

cooling to 200 oC in oxygen flow. Once at 200 oC the flow was switched back to argon for 60 

minutes and later cooled to room temperature and isolated from external atmosphere to avoid 

exposing the activated sample to atmospheric humidity. The sample containing cell was 

transferred to the calorimeter, well maintained at 80 oC, and outgassed to a dynamic vacuum of 

10-8 mbar until a stable baseline was achieved. Successive micromolar doses of NH3 were

introduced to the sample until the sample became saturated (i.e., no noticeable changes in the

heat flow signal with more doses). Between the primary and secondary adsorption, the sample

was outgassed at 80 °C for ~10 h until the heat flow curve returned to baseline.

The same protocol was followed for CH4 adsorption, except that the adsorption 

temperature was set to 300 °C. 

4.5. Temperature programmed desorption (TPD) experiments 

n-Propylamine-temperature programmed desorption (TPD) experiments to study the amount of

Brønsted acid sites of both the protonic and Cu-exchanged material were performed on a home-

made flow set-up. The effluent from the desorption was detected by an online Pfeiffer Omnistar

quadrupole mass spectrometer. About 30 mg of sample was activated in a flow of synthetic air

(50 ml/min) for 1 h at 500 °C (ramp rate = 10 °C/min). The sample was then cooled to 170 °C

before exposed to N2 gas flow (50 mL/min) saturated with n-propylamine vapors for 1 h. All

excess n-propylamine was flushed from the system with N2 (66 ml/min, 4 h), before the

desorption protocol was initiated (ramping 10 °C/min in 66 ml/min N2 up to 500 °C). The total

amount of propene (m/z = 41) released from the system was quantified using a calibration gas

that was sent into the system at the end of the experiment.

NH3-TPD was performed on ca. 30 mg pelletized protonic and Cu-exchanged zeolite in 

a comparable manner to the n-propylamine-TPD. After an initial activation step in synthetic 

air, the sample kept at 170 °C was exposed to 2% NH3 in N2 (50 ml/min) for 4h. This was 

followed by flushing in inert N2 (66 ml/min) for 4h before heating to 575 °C (10 °C/min) in N2. 

The amount of NH3 released (m/z = 16) was quantified using the calibrant 2% NH3 in N2 upon 

stabilizing at the end of the adsorption step. 
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1. Experimental section

1.1. Material preparation 

The as-made form of MCM-22 was synthesized according to the method reported by Corma et 

al. [1]. To obtain the H-form (H-MCM-22), the as-made material was mixed 3 times with 1 M 

NH4NO3 solution (stirred for 2 h @ 70 °C between each time). Then the material was washed 

and centrifuged, before being calcined at 500 °C overnight (16 h). For Cu exchange, two 

materials were made with different Cu-loading. The H-MCM-22 was mixed with either 0.02 

M (to make 0.30Cu-MCM-22) or 0.01 M (to make 0.25Cu-MCM-22) Cu(OAc)2-solution (60 

ml solution/g of zeolite) and stirred at room temperature (RT) overnight (~25 °C). Afterward, 

the materials were washed and centrifuged 3 times, before drying at 70 °C. Lastly, the samples 

were calcined at 500 °C overnight (16h) to remove excess hydrocarbons. 0.25Cu-MCM-22 and 

0.30Cu-MCM-22 have a Cu/Al ratio of 0.25 and 0.30 respectively. 

1.2. Standard characterization 

Microwave Plasma Atomic Emission Spectroscopy (MP-AES) was used for the elemental 

analysis. Prior to analysis, 1 mL 15 % hydrofluoric acid (HF) was used to dissolve 20 mg of 

the sample in a Teflon liner for 1 h. The use of hydrofluoric acid requires special precautions 

(Safety note). A light was centered on the Teflon liner to verify that all solid material were 

dissolved. 5 wt% H3BO3 was added to quench excess fluoride anions. Then the solution was 

diluted with 50 mL water, and an Agilent 4100 MP-AES instrument was utilized to analyze the 

solution. To determine the amount of Si, Al, and Cu in μmol/g, external calibration curves 

based on elemental standards were employed.  

With Thermogravimetric Analysis (TGA), the water content (in %) of the samples was 

measured. A Netzsch STA 449F Jupiter system was employed for weight measurements. 10-

15 mg of the materials were added to Pt crucibles and heated to 300 °C with a ramp of 2 °C/min. 

The protocol was performed in a flow of synthetic air (20 ml/min O2 and 40 ml/min N2).  

Scanning Electron Microscopy (SEM) images were obtained using a Hitachi SU8230 

microscope. The acceleration voltage was set to 2 kV and the emission current to 10 μA. 

Powder X-ray Diffraction (PXRD) patterns of all materials were obtained with a Bruker 

D8 Discovery diffractometer with Cu Kα radiation (λ = 1.5418 Å). The materials were 

measured on full plate sample holders and analyzed with θ = 2- 40° on a timescale = 8. The H-

MCM-22 material was refined against an MWW.CIF file obtained from the IZA database [2]. 

The refinement was performed with BIOVIA Materials Studio. 

N2-physisorption isotherms were measured to obtain the specific surface area of the H-

form material. Prior to measurement, the sample was pretreated in vacuum at 300 °C for 10 h. 

A BELSorp Maxi volumetric gas adsorption instrument (MicroTrac MRB) was used to 

measure the sample at −196 °C. To obtain the specific surface area, the Brunauer-Emmett-

Teller (BET) approximation was used in a p/p0 range relevant for microporous materials as 

defined by Llewellyn et al. [3].  



2. Fitted PXRD pattern of H-MCM-22

Figure S1. Fitting for the experimental H-MCM-22 PXRD pattern against the MWW structure. 

3. Detailed analysis of the XANES/FT-EXAFS features

The Cu K-edge XANES spectra reported in Figure 2 (main text) show very typical 

spectroscopic fingerprints of a pure Cu2+ state within the zeolite. This observation is based on 

a number of Cu K-edge studies in previous Cu-zeolites [4-10]. The feature observed on the 

rising edge at 8985 – 8990 eV is from the 1s → 4p transition of three/four-fold coordinated 

Cu2+ sites. At 8977 eV, a small peak is observed on the pre-edge, arising from the dipole-

forbidden 1s → 3d transition in d9 Cu2+ ions, confirming that the 1s → 4p transition stems from 

Cu2+. Additionally, there is no clear feature at 8983 eV, which would be from the 1s → 4p 

transition of linear Cu+ species.  

The k2-weighted, phase uncorrected, Fourier transform of the EXAFS spectral region 

(FT-EXAFS) of the two samples is reported in the left panel of Figure 2 (main text). There, the 

spectral resolution gives three well-defined maxima from the three first shells in the R-space. 

The shape and position of the peaks are similar to those observed by Pappas et al. for Cu-CHA 

[6], and by following their assignment, we can suggest that the first shell corresponds to Cu – 

O single scattering (SS) paths with two framework oxygen and one extra-framework oxygen. 

Then, the second peak is likely coming from second shell interactions with framework (T-sites) 



or Cu–Cu scattering in CuxOy species. The third peak in the R-space is suggested to stem from 

Cu–Cu scattering in CuxOy moieties with longer distance between the Cu species. 

4. FT-IR spectroscopy

Figure S2 shows the OH stretch region of H-MCM-22 and 0.30Cu-MCM-22. The band at 3749 

cm-1 is from silanols (Si-OH), while the band at 3621 cm-1 is from the O-H stretch vibration at

Brønsted acid sites. After Cu-exchange, the latter band has clearly diminished indicating the

exchange of Cu onto the sample. Nonetheless, there is still a significant amount of Brønsted

acid sites left in the material.

Figure S2. FT-IR spectra from the OH-stretch region of vacuum activated (@ 450 °C) H-MCM-22 and 0.30Cu-

MCM-22.



5. Subtracted adsorption isotherms

Figure S3. Subtracted (primary minus secondary) adsorption isotherms of the three investigated MCM-22 zeolites. 
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to this. Several different reaction routes have been proposed 
for this, although one of the more promising ones is a step-
wise cyclic conversion route over metal-loaded zeolites, and 
especially Cu-zeolites. This is because the stepwise cyclic 
conversion route facilitates for the separation of product 
and oxidant to prevent over-oxidation [1–3]. This method 
includes a high temperature (~500°C) oxidation step of the 
Cu-zeolite in O2 before the temperature is reduced to 200 °C 
and the resulting material is then reacted with CH4. This 
reduces some of the Cu-oxo sites (mono- and dimeric Cu 
moieties) formed after O2-activation, and methoxy interme-
diates are formed on these sites. Finally, steam is required 
to extract methanol from the zeolite pores. On the quest of 
optimizing the reaction, a large array of Cu-zeolites have 
been investigated. Among the most investigated are MOR 
[4–6], CHA [7, 8], and ZSM-5 [9, 10]. MOR has been found 
to be one of the most active zeolites with methanol produc-
tivities close to 0.5 molMeOH/molCu [11, 12]. This is often 
viewed to be the highest obtainable productivity, given a Cu 

1 Introduction

A lot of research effort has been dedicated over the last 
decades to find a small-scale conversion route for underuti-
lized methane, due to its potential impact on climate change 
mitigations. The direct conversion of methane to methanol 
(MTM) is one of the highly explored research areas related 

Karoline Kvande
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Abstract
Direct conversion of methane to methanol (MTM) over Cu-zeolites is a so-called “dream reaction” for the chemical 
industry. There is still a lot that can be done in order to optimize the reaction by e.g. achieving a deeper understand-
ing of the reaction mechanism and the nature of the Cu-sites. In this study, we investigated a solid-state ion exchange 
method to incorporate CuI ions into zeolites (MOR, BEA, ZSM-5 and FAU), as a more scalable technique. The solid-state 
ion exchange led to a Cu/Al ration of about 0.8, however with a heterogeneous distribution of Cu. Regardless, Fourier 
transform-infrared spectroscopy still revealed that most Brønsted acid sites were exchanged in all four samples. Further, 
CH4-temperature programmed reaction experiments showed that some Cu-sites formed were reactive towards CH4, with 
CuI-MOR and CuI-FAU having the largest CH4 consumption. Ultimately, the CuI-zeolites were tested in the MTM reac-
tion and proved capable of producing methanol, even without the presence of Brønsted sites. A MOR with lower Cu/Al 
ratio (0.30) was also tested for comparison, and as this sample obtained a much higher productivity than the CuI-MOR 
with high Cu-loading (0.10 vs. 0.03 molMeOH/molCu), it was demonstrated that some fine-tuning is necessary to obtain the 
active Cu sites for methane activation.
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to methanol ratio of two-to-one [13, 14]. This ratio is based 
on the active site being a dicopper active site (Cu-O-Cu or 
Cu-O-O-Cu), or the combination of two monomeric sites 
(Cu-OH) [11, 15]. It has been found that both the zeolite 
framework and placement of Cu have large impacts on the 
formation of the active sites and as a consequence, the activ-
ity towards methanol formation [12]. Therefore, finding 
new materials and synthesis methods is still very important 
in the attempts to optimize the MTM process. In literature, 
the Cu loading into zeolites is mostly performed via liq-
uid ion exchange or incipient wetness methods with CuII 
salts, both giving well-dispersed Cu-zeolites, however only 
in lab scale quantities [4, 16]. For industrial application, it 
would be much more beneficial to use a simpler exchange 
method like solid-state ion exchange (SSIE). SSIE is also 
relevant for the selective catalytic reduction of NOx with 
NH3, and to that end, Vennestrøm and Shwan et al. have pre-
viously investigated a novel method to perform SSIE with 
CuO/Cu2O in an atmosphere of NO/NH3 [17, 18]. Therein, 
they suggest that the Cu-oxo species are formed at low 
temperatures due to the formation of mobile [Cu(NH3)2]+ 
complexes.

In this study, we have prepared CuI exchanged zeolites 
via SSIE with CuICl (CuI-BEA, -FAU, -MOR and -ZSM-5) 
and tested the materials in the methane to methanol reaction. 
Le et al. have previously shown that SSIE with CuII(acac)2 
instead of CuICl over mordenites lead to a higher yield of 
methanol [19]. However, when exchanging CuI ions instead 
of CuII ions into the zeolites, it is theoretically possible to 
obtain a Cu/Al = 1, thus maximizing the possible Cu-oxo 
sites. A similar protocol using SSIE with CuICl to exchange 
H-mordenites for the MTM reaction was previously applied
by Bozbag et al., however, they did not explore the possibil-
ity of fully exchanging the materials, and used Cu/Al ratios
around 0.35 [20]. The SSIE method discussed in this study
have also been used to synthesise CuI-exchanged FAU zeo-
lites that have been investigated as a catalyst for C–C bond
Glaser-type homocoupling reactions by Kuhn et al. [21].
Furthermore, the Cu I-FAU zeolite has been shown to be
applicable as a catalyst in several other types of organic syn-
thesis [22–26]. This truly shows the adversity of Cu-sites
in zeolites. To fully study the effect of this SSIE synthesis
method for the MTM reaction, the samples were subjected
to elemental analysis, and investigated with CO-adsorption
coupled with Fourier Transform-Infrared (FT-IR) spectros-
copy to understand if the increased amount of Cu led to
changes in the Cu speciation. Furthermore, CH4-TPR exper-
iments, shown to be a helpful tool in optimizing the MTM 
reaction both in terms of setting the reaction parameters as 
well as understanding material properties, were performed 
[27, 28]. Finally, the samples were tested in the methane 
to methanol reaction and compared to previously obtained 

results with the same reaction protocol in order to assess 
their performance. The target with this investigation is to 
understand whether it is possible to form methanol from 
methane when most Brønsted sites are exchanged with Cu, 
or if this alters the properties of the Cu-sites to an extent 
where C-H activation is no longer possible. Further, we also 
aim to clarify the importance of minimizing the formation 
of Cu agglomerates and nanoparticles to obtain a high meth-
anol productivity.

2 Methods

2.1 Solid-state Cu-exchange

The four zeolite materials used as starting material in this 
study were commercially available and received in the 
NH4-form. The four zeolite frameworks were FAU (USY) 
zeolite (Zeolyst International (CBV500), Si/Al = 2.9), 
MOR zeolite (CBV21A, Si/Al = 10.3), BEA zeolite (Zeo-
chem International (ZEOCAT PB/H), Si/Al = 12.5–17.5) 
and ZSM-5 zeolite (Zeolyst International (CBV5020), 
Si/Al = 25). The H-form was obtained by calcining the 
NH4-form for 12 h at 550 °C in static air. To obtain the 
expected CuI-exchanged forms of the samples, a solid-state 
ion exchange was performed by mixing 1 g of dry zeolite 
with a calculated amount of CuCl (Aldrich, > 99% purity, 
melting point: 430 °C) to obtain a specific Cu/Al ratio, where 
the Cu exchange degree was about 80%. The samples were 
named CuI-FAU, CuI-MOR, CuI-BEA, and CuI-ZSM-5. All 
samples were made with an intended Cu/Al ratio ≈ 0.8. One 
Cu-MOR was made with a lower Cu/Al ratio (~0.30) for 
comparison. This was named 0.30CuI-MOR. To limit the 
exposure to moisture, the mixture was rapidly ground with 
a mortar and pestle before being loaded into a tubular reac-
tor and connected to a flow setup. The powder mixture was 
heated to 350 °C (1 °C/min) and held isothermally for 3 d. 
N2 was used as a purging gas (40 ml/min) to remove the 
gaseous HCl formed during the reaction.

2.2 Standard characterization

Microwave Plasma Atomic Emission Spectroscopy (MP-
AES) was used for elemental analysis of the sample. Before 
analysis, 20 mg of sample was dissolved in 1 mL 15% 
hydrofluoric acid (HF) in a Teflon liner for 1 h. Safety note: 
The use of hydrofluoric acid requires special precautions. 
To verify that all of the solid material was dissolved, a light 
was shone through the thin wall of the Teflon liner. After 
quenching excess fluoride anions by adding an appropriate 
amount of 5 wt% H3BO3, the solution was diluted with dis-
tilled water (50 mL). An Agilent 4100 MP-AES instrument 
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was used to analyze the solution, and the amount of Si, Al 
and Cu in µmol/g was quantified with external calibration 
curves based on commercial elemental standards.

Scanning Electron Microscopy (SEM) combined with 
backscattered electron (BSE) imaging was used to inves-
tigate the samples for Cu nanoparticles before and after 
activity testing. A Hitachi SU8230 microscope was used to 
obtain the images using an acceleration voltage of 1 kV and 
a 10 µA current. On the same instrument, Energy Dispersive 
X-ray (EDX) was used as a secondary elemental analysis to
determine the ratio of Cl in the sample in relation to the Cu
content before and after testing. The distribution of Cu on
the sample was investigated with EDX mapping.

Thermogravimetric Analysis (TGA) was used to measure 
the water content (in %) of the samples. For this, a Netzsch 
STA 449 F Jupiter system was applied to measure the sam-
ple weight. The materials were heated to 300 °C with a ramp 
rate of 2 °C/min in a flow of synthetic air (20 ml/min O2 and 
40 ml/min N2).

X-ray Diffraction (XRD) patterns of the tested materials
were obtained using a Bruker D8 Discovery diffractometer 
with a Cu Kα radiation (λ = 1.5418 Å). The materials were 
grinded, and evenly dispersed to make a flat surface on a 
glass plate sample holder. The experiments were run in a 
2θ range of 2–50° with a step size of 0.02 °/s at ambient 
conditions.

N2-physisorption isotherms was used to determine the 
specific surface area of the samples. The measurements 
were conducted on a BELSorp Maxi volumetric gas adsorp-
tion instrument (MicroTrac MRB) at − 196 °C. The samples 
were pretreated by evacuation at 300 °C for 10 h. The spe-
cific surface areas were calculated by using the BET approx-
imation in a p/p0 range relevant for microporous materials 
as defined by Llewellyn et al. [29].

2.3 CO-adsorption with Fourier transform-infrared 
(FT-IR) spectroscopy

For the CO-adsorption FT-IR experiments, the samples 
were pressed (2–3 tons) into thin wafers (~11.3 mg/cm2) 
and carefully placed into gold envelopes. Then the gold 
envelope was placed into a T-shaped cell with KBr win-
dows. The cell was connected to vacuum and pretreated at 
450 °C for 90 min after a ramp of 5 °C/min from room tem-
perature (RT). After cooling back down to RT, the setup was 
placed into a Bruker Vertex 80 FT-IR instrument and incre-
mental doses of CO was sent onto the sample until reaching 
an equilibrium pressure of ~8 mbar. A spectrum was col-
lected after each dose.

2.4 Activity measurements in the methane to 
methanol reaction

All samples were tested in the methane to methanol reac-
tion. 100 mg of sample (sieve fraction: 425 − 250 μm) were 
loaded into a linear quartz reactor (i.d. = 6 mm) and then 
connected to a gas manifold controlled by Mass Flow Con-
trollers (MFC). The gas feeds were sent stepwise onto the 
sample, controlled by stop- and 4-way valves. Water was 
connected to the gas line through a bubbler immersed in an 
oil bath kept at 45 °C. All gas lines were heated to ~140 °C 
to avoid any condensation in the lines. The effluent was ana-
lyzed with an online Pfeiffer Mass Spectrometer after the 
reactor. All gas flows were adjusted to 15 mL/min, using a 
flow meter. In a flow of 100 O2, the sample was heated to 
500 °C (5 °C/min) and kept there for 8 h. Then the tempera-
ture was reduced to 200 °C, and 100 He was used to flush 
out excess O2 for 1 h. After that, a flow with 100 CH4, was 
sent onto the sample for 3 h. Another round with He flush 
for 1 h was performed, before a 10 H2O saturated 10 Ne/He 
stream was sent onto the sample for 2 h. The mass fragments 
of MeOH (m/z = 31), DME (m/z = 46) and CO2 (m/z = 44) 
was quantified using calibration curves from obtained using 
a calibration gas mixture with known amounts of all the 
components. To obtain the accurate yield, the sample weight 
was corrected by withdrawing the water content of the sam-
ples (measured with TGA). The total yield (µmol/gzeolite) of 
MeOH is given as the amount of MeOH + 2 ~ DME. In the 
text this will be referred to as total amount of methanol.

2.5 CH4-Temperature programmed reaction (TPR)

For the CH4-TPR experiments, the same setup as for testing 
was used. After pretreating the samples in O2 in the same 
manner as above, the temperature was lowered to 105 °C, 
and He was sent onto the sample to flush away all excess 
O2 for 1 h. Then 15 mL/min 5% CH4/He was sent onto the 
sample for 20 min isothermally, before a ramp up to 550 °C 
with 5 °C/min was started. The temperature was recorded 
simultaneously with a thermocouple placed in a thin quartz 
sheet on top of the sample bed. The output of the reactor was 
analyzed with an online MS.

3 Results and Discussion

3.1 Basic characterization by MP-AES, EDX, SEM, 
XRD and N2-physisorption

Solid state ion exchange (SSIE) is industrially a much sim-
pler synthesis process than various solution-based exchange 
procedures. Furthermore, by performing the SSIE with CuI 
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lower Al content than indicated by the manufacturer in this 
sample. A full report on the elemental analysis from MP-
AES is presented in Table 1.

Figure 1 depicts the SEM and backscattered electron 
images obtained for the four samples. In CuI-BEA and 
CuI-ZSM-5, Cu nanoparticles can be observed as bright 
spots in the backscattered electron images, as pointed out 
by the red circles. In the regular SEM images of CuI-MOR 
and CuI-FAU, even larger agglomerates of Cu are observed. 
This was also corroborated with EDX mapping, which 
showed big agglomerates of Cu outside the framework (Fig. 
S1). These images indicate a very heterogeneous distribu-
tion of Cu in the materials and demonstrates the possible 
drawback of SSIE as exchange procedure.

salts, it would be possible to obtain a higher exchange degree 
of Cu in the zeolite, possibly leading to a larger concen-
tration of copper in close proximity. Their close proximity 
could make the formation of active sites for C-H activation 
more feasible. To investigate the resulting Cu-zeolites after 
SSIE, MP-AES and EDX was used for elemental analysis, 
N2-physisorption was applied to determine the specific sur-
face area, and SEM and backscattered images was used to 
search for Cu outside the frameworks. A more extensive 
characterization on the effect of the SSIE has been per-
formed on the CuI-exchanged FAU sample previously by 
Kuhn et al. [21]. For three of the zeolites, the SSIE yielded 
Cu-loaded zeolites with a molar Cu/Al ratio ≈ 0.8. CuI-BEA 
ended up over-exchanged with a Cu/Al = 2, due to the much 

Table 1 Chemical composition of the materials obtained with Microwave Plasma Atomic Emission Spectroscopy (MP-AES).
Sample name Si/Al Cu/Al Al wt% Al (mmol/g) Cu wt% Cu (mmol/g)
CuI-ZSM-5 18.4 0.78 2.3 0.86 4.2 0.67
CuI-BEA 35.7 2.0 1.2 0.45 5.9 0.92
CuI-MOR 12.0 0.89 3.5 1.3 7.2 1.1
CuI-USY 2.9 0.74 12 4.3 20 3.2
0.30CuI-MOR 11.8 0.31 3.5 1.3 2.5 0.40

Fig. 1 SEM and Backscatter (BSC) images of the materials. The top row shows the presence of nanoparticles observed with Backscattering imag-
ing (bright spots in the red circles). Bottom row shows larger agglomerates visible in regular SEM images
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by larger agglomerates present around the pores. Therefore, 
even though the exchange led to a Cu/Al ratio of 0.8, it is 
not likely that all the Cu present in the samples will contrib-
ute to C-H bond activation.

3.2 CO-adsorption with FT-IR spectroscopy

The effects of the very high exchange degree achieved for 
the four zeolites (Cu/Al ratio of 0.8) on Cu speciation were 
studied using FT-IR spectroscopy. Figure 2 depicts the 
ν(OH) stretching region of the spectra at RT after pretreat-
ment at 450 °C in vacuum. O-H stretching bands connected 
to Brønsted sites (Si(-OH)Al) should be found in the region 
between 3700 and 3550 cm-1. The lack of bands in this 
region indicates that all Brønsted sites are covered by Cu, 
except a broad band in the CuI-FAU sample. A comparison 
between the parent MOR and the Cu-exchanged MOR for 
this region can be found in the SI (Fig. S3). The bands at 
~3750 cm-1 are related to silanols (Si-OH) in the samples. 
The non-existing Brønsted site vibrations should be noted, 
as it has been previously suggested that Brønsted sites are 
necessary to produce methanol, as shown with the help of 
FT-IR and NMR spectroscopy by Dyballa et al. as well as 
Sushkevich et al. [30, 31]. The effect of the lacking Brøn-
sted sites on the performance of the materials will be dis-
cussed in-depth later in this paper.

Dosing CO at RT onto the pretreated materials can deter-
mine if the high Cu/Al ratio has an impact on the nature of 

In addition to the heterogeneous distribution of Cu, ele-
mental analysis with EDX revealed that a significant frac-
tion of Cl was found in all samples as a remnant from the 
SSIE.

The specific surface area of all samples were obtained 
using N2-physisorption, and compared to the specific sur-
face area of the H-form (Table S1). It is apparent that there 
is a reduction in surface area (> 10%) for most of the sam-
ples after the Cu exchange. This loss in surface area could 
indicate that the formation of nanoparticles and the large 
excess of Cu contributes to a partial pore blockage for reac-
tants. This is substantiated by the specific surface area of 
the MOR sample with a smaller Cu/Al ratio, 0.30CuI-MOR 
being much higher than for the higher Cu-loaded CuI-MOR 
sample.

XRD of the as-synthesized FAU has previously shown 
that the framework is intact after the Cu exchange and HCl 
release [21]. Herein, we have measured the XRD pattern of 
the tested samples. The patterns are presented in Fig. S2. The 
patterns obtained indicate that 0.30CuI-MOR, CuI-MOR, 
CuI-ZSM-5 and CuI-FAU has kept the structural integrity 
after testing. However, it should be noted that impurities of 
both CuCl2 and CuO was present in the highly exchanged 
samples, as evidenced by some additional peaks at 2θ = 16, 
32 and 40°.

The basic characterization of the solid-state ion 
exchanged materials reveal that there is a heterogeneous 
distribution of Cu in the samples and possible pore blockage 

Fig. 2 FT-IR spectra showing the ν(OH) stretching region of the four CuI-zeolites after pretreatment in vacuum at 450 °C
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found in the SI (Fig. S4). By first comparing the high and 
low loaded CuCl exchanged samples, it is evident the highly 
exchanged sample also have more available CuI to form 
monocarbonyl adducts, as the band intensity for mono-
carbonyl is higher in the CuI-MOR sample compared to 
0.30CuI-MOR. However, comparing the symmetric dicar-
bonyl band at 2178 cm-1, the two samples show approxi-
mately the same intensity, indicating that the same amount 
of CuI-(CO)2 is formed on the two samples. It is important 
to note that these values are not normalized to Cu content, 
indicating that 0.30CuI-MOR has a higher ratio of Cu sites 
available for dicarbonyl formation. Even so, when compar-
ing both samples to the LIE sample published previously by 
Pappas et al., it is evident that the LIE sample has markedly 
higher bands for the dicarbonyl adducts, even though it has 
the same Cu content as 0.30CuI-MOR. Higher intensities of 
the symmetric and asymmetric stretch for CuI-(CO)2 have 
been previously attributed to Cu-zeolites with a larger con-
centration of low-coordination Cu sites, more likely to be 
able to activate the C-H bond in methane [40]. This indi-
cates that the SSIE method used for the CuI-zeolites herein, 
yields fewer Cu sites that are in a coordination state and 
position preferred for reaction with methane, compared to 
LIE. This could partially be due to less accessibility to the 
sites because of nanoparticle formation blocking the pores 
as observed with the reduction in specific surface area for 
all the zeolites. Another possibility is that some of the Cu 
sites are coordinated to Cl, thus limiting the coordination 
environment available for CO and only allowing for mono-
carbonyl species to form. The latter can also be corroborated 
by the observation of CuCl2 nanoparticles with XRD after 
testing.

3.3 Investigating the redox properties with CH4-TPR

To further explore the propensity of the samples for reaction 
with methane, CH4-TPR experiments were used. This tech-
nique probes the redox properties of the materials. FT-IR 
indicated the lack of Brønsted acid sites in the material, 
while CO adsorption showed that only some of the Cu sites 
were available to form dicarbonyl adducts. Such adducts 
have been linked to efficient methane activation [41]. With 
CH4-TPR, it is possible to determine if these properties 
affect the reactivity of materials towards methane. Figure 4 
shows the CH4 consumption (a) and the CO2 production (b) 
against temperature during CH4-TPR over the four materials 
highly exchanged materials. In Fig. 4 (c) and (d), CuI-MOR 
is compared to 0.30CuI-MOR.

The CH4 consumption trace obtained with this method 
should be considered to be only semi-quantiative, due to 
the quite small changes of the intensity of the methane m/z 
fragments. We will therefore focus on the most distinct 

the Cu-sites and their accessibility. CO will only form stable 
adducts with CuI ions and not CuII ions at RT. Therefore, 
ideal conditions would be to ensure that all Cu ions in avail-
able, redox active sites, are oxidation state 1+, and hence 
able to react with CO. To do so, the Cu I-exchanged samples 
were pretreated at 450 °C under vacuum prior to the CO-
adsorption measurements, as this has been shown to induce 
“self-reduction” of CuII to CuI in zeolites [32–36].

In Fig. 3, IR absorption spectra of all four samples dur-
ing CO adsorption is shown. The background subtracted 
spectra have been normalized to the sample weight. The last 
spectra in all four series is recorded at ~8 mbar equilibrium 
CO pressure. These precautions ensure a fair comparison 
when discussing the band intensities of the four samples. 
As the samples are exposed to incremental doses of CO, the 
bands typical for mono- and eventually dicarbonyl adducts 
on CuI sites will be formed [37]. The band(s) related to the 
formation of monocarbonyl species are highlighted with a 
grey background. This appears as a growing band at 2158 
and 2157 cm-1 for CuI-MOR and CuI-ZSM-5, while for 
CuI-FAU and CuI-BEA, the monocarbonyl species form 
two distinct bands at 2161/2147 and 2159/2151 cm-1. These 
two separate bands have previously been correlated in liter-
ature to two structurally distinct Cu-sites [37, 38]. CuI-BEA 
seems to have fewer accessible Cu-sites, as shown by the 
lower intensity for the monocarbonyl bands for this mate-
rial than the corresponding band(s) for the other zeolites. 
This is also corroborated by the appearance of the band at 
2143 cm-1 at high coverages for the CuI-BEA sample, since 
this is the vibrational frequency of gaseous CO, indicating 
that all possible adsorption sites are already covered. We 
postulate that this is related to the low Al concentration, and 
hence high Cu ion loading on this sample, relative to avail-
able exchange sites, resulting in the formation of copper 
agglomerates.

As more CO is dosed onto the samples, a band starts 
appearing in the 2178–2182 cm-1 region. This is the sym-
metric stretch of CuI-(CO)2, and is a clear indication that 
dicarbonyl species are forming. For all samples, the asym-
metric stretch of CuI-(CO)2 is also present at lower wave-
numbers (~2149–2152 cm-1), although, this is distorted by 
a broad tail, indicating that another band is also appearing 
in that area. Indeed, there seems to be a band/shoulder at 
around 2135 cm-1, which is likely due to the presence of 
Cu2O nanoparticles formed during the exchange procedure 
[37]. The intensity of the symmetric and asymmetric stretch 
for CuI-(CO)2 for the CuI-MOR sample was further com-
pared to the same vibrational frequencies from CO on the 
0.30CuI-MOR sample as well as a liquid ion exchanged 
(LIE) Cu-MOR (Cu/Al = 0.28) with the same Si/Al ratio as 
the MOR investigated herein, previously published by Pap-
pas et al. [39]. A figure comparing the three samples can be 
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the same temperature, whereas the methane consump-
tion occurs at considerably higher temperature for FAU. 
Further, a considerably larger quantity of methane is con-
sumed over CuI-MOR and CuI-FAU compared to the other 

differences that can be observed between the samples in 
this discussion. First, as observed in Fig. 4 (a), it is note-
worthy that the onset of CH4 consumption for the highly 
exchanged MOR, BEA and ZSM-5 seems to start around 

Fig. 3 FT-IR spectra showing the ν(CO) stretching region of the four 
CuI-zeolites during CO adsorption. The spectra have been collected 
with increasing CO pressure. All spectra are normalized to their frame-
work overtone and background subtracted using the spectrum taken 

after pretreatment at 450 °C in vacuum. The last spectrum in all graphs 
is obtained after an equilibrium pressure of ca. 8 mbar was achieved. 
The grey area gives the last spectrum taken before the total CO pres-
sure was large enough for dicarbonyl adducts to develop
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When inspecting the CO2 production (Fig. 4 (b) and 
(d)), it should be remarked that 0.30CuI-MOR, CuI-MOR 
and CuI-FAU produce more CO2 than the other zeolites. 
The CO2 production is also shifted to higher temperatures 
for FAU, in line with the higher temperature onset for CH4 
consumption. Sushkevich and van Bokhoven correlated the 
temperature difference for Cu-FAU to a higher fraction of 
monomeric Cu active sites, which require a higher tempera-
ture to activate methane. Further, it can be observed that 
the production of CO2 occurs as two peaks for the highly 
exchanged samples, especially visible for CuI-MOR. Over 
0.30CuI-MOR, on the other hand, there is one main peak 
with just a broad shoulder towards higher temperatures. For 

two materials. Sorting the materials based on the tempera-
ture of their maximum consumption rate gives CuI-ZSM-
5 < CuI-MOR < CuI-BEA < < CuI-FAU. This order is in line 
with the results previously reported by Sushkevich and van 
Bokhoven for CH4 consumption on ion-exchanged Cu-zeo-
lites [28]. When comparing the highly exchanged CuI-MOR 
to the 0.30CuI-MOR sample though (Fig. 4 (c)), there 
appears to be a significant difference in the temperature for 
maximum consumption rate among the two. This earlier 
methane consumption may suggest that 0.30CuI-MOR has 
a higher reactivity towards methane than CuI-MOR, likely 
coming from more accessible CuxOy-sites.

Fig. 4 CH4-TPR signals for all four materials. On the left is the CH4 consumption, and on the right is the corresponding CO2 production. The 
graphs have been vertically adjusted for easier comparison
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important for stabilizing the methoxy intermediates, this is 
a plausible scenario [30].

3.4 Performance studies in the methane to 
methanol reaction

The propensity of CuI-zeolites (CuI-ZSM-5, CuI-FAU, 
CuI-BEA, CuI-MOR) towards producing methanol from 
methane was investigated by performing a well-established 
stepwise reaction protocol [7]. The test results on the four 
CuI-zeolites are presented in Fig. 5 below. The yield is pre-
sented in bar columns as µmol of total amount of metha-
nol per gram of zeolite. The squared points represent the 
selectivity to the total amount of methanol. The unwanted 
byproduct of the reaction is CO2. It should be noted that 
CH3Cl is also observed as a product from the reaction but 
has not been included in the quantified yield or selectivity. 
As mentioned previously, the Cl is a remnant from the SSIE, 
and from EDX analysis after testing, it was observed that a 
large fraction of the Cl in the framework disappeared after 
one test, as shown in Table S2.

Excitingly, all four samples show the ability to produce 
methanol, although only CuI-ZSM-5 and CuI-MOR show 
a selectivity towards methanol similar to that previously 
reported for ion-exchanged zeolites [7, 11]. The appreciable 
yields of methanol are somewhat surprising, considering 
that the FT-IR study revealed very few Brønsted sites in 
these materials, which have been suggested to be needed for 
methanol formation. Thus, the results presented here might 

the highly exchanged sample, it does appear as if the onset 
of CO2 release occurs before appreciable methane con-
sumption. However, as pointed out above, the true starting 
point for the uptake of CH4 is very difficult to determine 
precisely. The first CO2 peak appears at around 320 °C for 
all samples. As this is the main peak in 0.30CuI-MOR, the 
sample with the least Cu agglomerates and nanoparticles, 
it is likely that this is the temperature corresponding to the 
products formed from selective C-H activation at the active 
Cu-sites. Alternatively, it could be suggested that since there 
is a shift of methane consumption to higher temperatures 
for the CuI-MOR vs. 0.30CuI-MOR, the second CO2 peak 
for the highly exchanged samples, which overlays well with 
their CH4 consumption, is actually the one linked to CH4 
oxidation over the active Cu-sites for these species. If this 
is the case, it could indicate that the higher Cu-loading has 
led to more monomeric Cu active sites, also for the other 
zeolites, and not only FAU. A similar effect with methane 
consumption being at higher temperatures due to different 
framework properties was also shown comparing two dif-
ferent CHA frameworks (SAPO-34 vs. SSZ-13) in a previ-
ous publication by Kvande et al. [27]. Another possibility is 
that the higher amount of Brønsted sites in 0.30CuI-MOR 
aids in the reactivity towards methane, and that this is the 
reason behind the clear difference in CH4 consumption tem-
perature between the two MOR we observe herein, and not 
necessarily the formation of different types of Cu-oxo sites. 
Since it has been shown previously that Brønsted sites are 

Fig. 5 Activity data for the meth-
ane to methanol reaction over the 
CuI-zeolites. The left axis gives 
the yield in µmol of total amount 
of methanol per gram of zeolite. 
On the right axis is the selectiv-
ity. In the reaction protocol, the 
materials were exposed to the fol-
lowing gas flows (15 ml/min) and 
temperatures; 100% O2 (500 °C, 
8 h), 100% He (200 °C, 1 h), and 
then, isothermally, 100% CH4 
(3 h), 100% He (1 h), and 10% 
H2O in 10% Ne/He (~2 h)
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To investigate if we could obtain a higher fraction of 
active sites, and hence increase the productivity by reducing 
the Cu exchange degree, a CuI-MOR with a Cu/Al ≈ 0.30 
was synthesized via SSIE. Indeed, this material exhibits a 
higher methanol productivity (0.10 molmethanol/molCu ) as 
well as a higher yield of methanol, as shown in Fig. 5. The 
increase can likely be attributed to the formation of less 
nanoparticles and Cu agglomerates. Alternatively, based 
on the CH4-TPR results discussed above, one could also 
argue that the increased productivity is related to a higher 
fraction of Brønsted sites present in this sample compared 
to the higher Cu loaded samples. However, to unravel this 
question would require a more extensive study where mea-
sures are taken to minimize the presence of unwanted Cu 
species. Interestingly, the productivity of 0.30CuI-MOR is 
within the range of the productivities obtained by Dyballa 
et al. (0.17–0.19) on most of the materials with Si/Al = 11. 
However, LIE of Cu on the H-form still generates Cu-MOR 
with 0.25 molmethanol/molCu at comparable Cu-content, out-
performing the 0.30CuI-MOR reported here.

The 0.30CuI-MOR sample was also tested over three 
repeated reaction cycles to see if the removal of Cl through 
CH3Cl formation had an impact on the methanol yield by 
potentially freeing up Cu-sites for C-H bond activation. 
Only a small increase was observed (from 38 to 42 µmol/g, 
see Fig S5), even though a qualitative analysis of the amount 
of CH3Cl formed revealed a significant reduction in the 
CH3Cl production from cycle to cycle (Fig S6). Previously 
it has been shown that repeating the test over several cycles 
tends to lead to a minor increase in methanol productivity 
[7]. Based on this, it seems that the removal of Cl from the 
material does not lead to an increase in methanol productiv-
ity for the samples.

4 Conclusion

Herein an alternative approach to liquid ion exchange for 
introducing Cu into zeolites has been investigated in the 
context of selective partial methane oxidation. Extensive 
characterization of the Cu-zeolites suggests the solid state 
ion exchange (SSIE) method reported here leads to a signifi-
cant fraction of Cu nanoparticles and agglomerates. This is 
believed to hinder the ability of the materials to effectively 
activate methane. However, the performance data do sug-
gest that methanol is produced on these materials, possibly 
without the need of Brønsted sites, indicating that methoxy 
intermediates can be stabilized on other surface sites. To 
improve on the low methanol yields however, it is neces-
sary with the presence of more Cu-oxo species and possi-
bly Brønsted sites, as well as higher accessibility to all of 
these sites, which could be achieved with a more fine-tuned 

suggest that some Cu-species can be capable of selectively 
converting methane to methanol without facilitation by 
Brønsted sites. However, formation of some Brønsted sites 
during the reaction protocol cannot be ruled out. CuI-ZSM-5 
and CuI-MOR also give the highest yield of methanol of 
the four samples, with CuI-MOR clearly outperforming the 
others, in line with what has been observed previously for 
ion exchanged materials at these reaction conditions [4, 28]. 
These results are also very much in line with CuI-MOR 
being the sample that was able to consume most methane 
at the lowest temperature area during TPR (Fig. 4). How-
ever, Cu-FAU also has a high consumption of methane in 
TPR, but this occurs at higher temperature. We note that 
Sushkevich and van Bokhoven were able to show that Cu-
FAU yielded much higher amounts of methanol when the 
methane activation was performed at higher temperatures 
[28]. Interestingly, in the same study they obtained a higher 
yield for BEA compared to ZSM-5, which is opposite to the 
results presented herein. However, this difference could be 
due to several unknown factors like a difference in meth-
ane loading pressure between the two studies, or it could be 
the higher Si/Al for BEA in this study, as well as the large 
over-exchange of Cu, causing fewer accessible active sites 
as observed by CO-adsorption with FT-IR.

To place the yields obtained in this study into perspec-
tive, the CuI-MOR can be compared to a previous publica-
tion by Dyballa et al. [4]. There, two different commercial 
mordenites (Si/Al = 7 and 11) were studied, starting with 
both H- and Na-form. A comparison between two dif-
ferent Cu-loading procedures was performed, i.e. liquid 
ion exchange (LIE) and incipient wetness impregnation 
(denoted SSIE in the paper). This thorough study showed 
that Cu exchanged onto the H-form generated more pro-
ductive materials than when the ion exchange was carried 
out starting with the Na-form. In addition, LIE led to bet-
ter Cu-mordenites with better methanol productivity than 
incipient wetness impregnation. The CuI-MOR used in the 
present study is based on the commercial MOR, CBV21A, 
which is the same parent material as the material with Si/
Al = 11 in the paper by Dyballa et al. [4]. When compar-
ing the total methanol yield obtained over the CuI-MOR (38 
µmol/g) to the yields obtained previously (16–169 µmol/g), 
it is apparent that the total methanol yield of CuI-MOR is 
comparable to those achieved for Cu-zeolites obtained with 
LIE over the Na-form. However, the large fraction of inac-
tive Cu as presented above results in an appreciably lower 
methanol productivity per copper for the CuI-MOR (0.03 
molmethanol/molCu) compared to those presented by Dyballa 
et al. (> 0.06). From these initial results, it is suggested that 
a precise method is necessary to obtain a high fraction of 
active sites.
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technique. As a proof of concept, we showed that the intro-
duction of a lower amount of Cu via SSIE does result in the 
formation of a higher fraction of active and accessible Cu-
oxo species, more Brønsted sites and a subsequently higher 
methanol yield. Therefore, we believe that a SSIE method, 
with some reduction in the amount of Cu exchanged, and a 
change in Cu-source that does not lead to Cl-based byprod-
ucts, could be a viable option in the future for efficient and 
scalable synthesis of Cu-zeolites for the methane to metha-
nol reaction.
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1. Elemental mapping with EDX

In addition to the elemental analysis shown in the main text, also Energy Dispersive X-ray 

Mapping was performed on the samples to investigate the behavior of Cu in the samples. Fig. 

S1 show a very inhomogeneous Cu distribution over two of the samples, Cu(I)-USY and Cu(I)-

ZSM-5. This is in good agreement with the SEM and backscatter images presented in the main 

text. 



Fig. S1 EDX mapping of Cu(I)-FAU and Cu(I)-ZSM-5. The blue areas are agglomerations of Cu around the zeolite 

framework shown by the mapping of Al (green area).  

2. N2-physisorption data

Table S1. N2-physisorption data analyzed with BET 

Sample name SSA (m2/g) 

CBV5020 (H-ZSM-5) 431 

CuI-ZSM-5 347 

ZEOCAT PB/H (H-BEA)   620* 

CuI-BEA 577 

CBV21Ads (H-MOR) 532 

CuI-MOR 221 

0.3CuI-MOR 466 

CBV500 (H-USY)   600* 

CuI-USY 388 

*Values obtained from the manufacturers (Zeochem international and Zeolyst international).

3. XRD results after testing

CuI-USY CuI-ZSM-5 

Cu Al CuAl



Fig. S2 XRD results after testing. The asterix marks peaks that are not part of the zeolite crystal pattern. The 

additional peaks belong to CuCl2 (2θ = 16°) and CuO (2θ = 32 and 40°).  

4. Additional FT-IR spectroscopy data

To understand the behavior of the Cu(I)-zeolites when they were subjected to FT-IR 

spectroscopy, the Cu(I)-MOR zeolite were compared to the H-form of the parent MOR 

(CBV21A). In Fig. S3, the ν(OH) stretching region of the Cu(I)-MOR sample and the H-form 

of the parent MOR is compared. It is evident from this figure that the band at xx cm-1, related 

to the Si(-OH)Al stretch is completely absent in the Cu(I)-MOR sample, suggesting that this 

sample have negligible Brønsted acidity left after SSIE. 



Fig. S3 FT-IR spectra of the ν(OH) stretching region. The light red color is the spectra of the H-form of the parent 

MOR (CBV21A) after pretreatment at 450 °C in vacuum. The red spectrum is of Cu(I)-MOR.  

For the CO adsorption experiments, the Cu(I)-MOR is here further compared to a liquid ion 

exchanged (LIE) Cu-sample of the same parent with a Cu/Al = 0.28 (Fig. S4), and the 0.30CuI-

MOR. The spectra of the LIE Cu-MOR have been published previously, but is replotted here 

for comparison [1]. The final spectrum in all graphs is obtained with an equilibrium pressure 

around 8 mbar in the system. The area marked in grey reveal approximately the absorbance 

intensity coming from the monocarbonyl adducts (2158/2159 cm-1). Then, as the Co pressure 

increases, two bands appear, one at higher and one at lower wavenumbers, being the symmetric 

and asymmetric stretching of dicarbonyl species, respectively. The bands correlated to 

dicarbonyl species are more intense and more defined in the LIE MOR-sample. 



Fig. S4 CO adsorption FT-IR spectra of Cu(I)-MOR made from SSIE and tested in this paper (on the left) compared 

to Cu-MOR made from LIE on the right  [1]. Both samples were pretreated in vacuum at 450 °C before subjected 

to incremental doses of CO up to 8 mbar of equilibrium pressure. 

5. Elemental analysis with EDX

For most of the elemental analysis, MP-AES was used, as this is a very reliable technique 

requiring external standards for all elements tested. However, for a quicker, more qualitative 

analysis, EDX is a great tool to use. Therefore, we checked the samples before and after 

performance testing to see the impact on the Cl content. Cu(I)-ZSM-5 is shown as an example 

in Table S2, clearly showing how the Cl/Cu relationship was significantly reduced from before 

to after testing.  

Table S2 Summary of elemental analysis measured with EDX on the Cu(I)-ZSM-5 sample. 

Sample name Si/Al Cu/Al Cl/Cu 

CuI-ZSM-5 12.2 1.2 0.7 

CuI-ZSM-5 tested 9.6 0.7 0.3 

6. Repeated performance tests over 0.30Cu(I)-MOR

In order to see if the removal of Cl had an impact on the test results by revealing more Cu-sites 

available for methane activation, the 0.30Cu(I)-MOR sample were run for 3 cycles, heating 



directly up in O2 from 200 °C after the steam extraction. Fig. S5 shows the change in methanol 

yield (bar plot – left axis) and selectivity (line/symbol – right axis).  

Fig. S5 Total yield of methanol produced over the 0.30Cu(I)-MOR sample for three consecutive cycles. The yellow 

bars represent the yield given as µmol of methanol per gram of zeolite (left axis). The selectivity in % (right axis) 

is displayed with brown squares.  

Fig. S6 depicts the change in CH3Cl production over the three cycles. The amounts have not 

been quantified, and the MS fragment  for CH3Cl (m/z = 50) is plotted for qualitative 

comparison.  



Fig. S6 The plot shows the change in MS signal output for CH3Cl (m/z = 50) over the three cycles. 
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Cu-loaded zeolites enable the selective activation
of ethane to ethylene at low temperatures and
pressure†

Karoline Kvande, a Sebastian Prodinger,a Bjørn Gading Solemsli,a

Silvia Bordiga, b Elisa Borfecchia, b Unni Olsbye, a Pablo Beato c and
Stian Svelle *a

Cu-zeolites are found to activate the C–H bond of ethane already at

150 8C in a cyclic protocol and form ethylene with a high selectivity.

Both the zeolite topology and Cu content are found to impact the

ethylene yield. Ethylene adsorption studies with FT-IR, demonstrate

that oligomerization of ethylene occurs over protonic zeolites,

while this reaction does not occur over Cu-zeolites. We postulate

that this observation is the origin of the high ethylene selectivity.

Based on the experimental results, we propose that the reaction

proceeds via the formation of an ethoxy intermediate.

The global demand for gas is expected to rise continuously over
the coming years, and the situation is confounded by the recent
unrest in Europe.1 Furthermore, finding less energy-intensive
pathways for the conversion of the components of natural gas
remains a high-priority issue. Many direct reaction pathways
for methane have been suggested. One of the more promising
is a stepwise conversion route over oxygen-activated Cu-
zeolites. These can oxidize methane and, with the assistance
of water, produce methanol with a selectivity of around 90%.2

The research on this approach has revealed that after oxygen
activation, Cu-oxo moieties are formed as the active sites,3 and
upon exposure to methane, a methoxy species forms at these
active sites in the framework.4 Since the Cu-sites can activate
methane, we found it important to investigate whether these
sites also are capable of activating other hydrocarbons, like
ethane, by applying the same reaction procedure. Today the
industrially applied method for converting ethane is by steam
cracking to ethylene at 800–900 1C, requiring large amounts of

energy.5 Non-oxidative (EDH) and oxidative (ODH) dehydro-
genation of ethane are among the most studied pathways for
direct ethane conversion.6 EDH typically requires high tem-
peratures and low pressures to push the equilibrium toward
product formation due to the endothermic nature of the reac-
tion. However, high temperatures can lead to less controllable
gas phase reactions between the reactants and products and
therefore often lead to equilibrium constraints for EDH reactions.
ODH however, is exothermic, and can therefore be operated at
lower temperatures. The typical range is 300–700 1C, and a variety
of supported metals, oxides, and mixed-metal catalysts have been
investigated for the reaction6b The main drawback of ODH is that
measures need to be taken to limit the product over-oxidation to
CO2 and to find safe operational modes due to the highly
exothermic nature of the reaction.

Partial oxidation of ethane with H2O2 at 50 1C over Fe and
Fe/Cu-loaded zeolites is another interesting pathway that has
been suggested by Forde et al.7 The authors show that different
reaction pathways occur, depending on the ion-exchanged
metal. Cu promotes the formation of ethylene, while Fe pro-
motes acetic acid. It is also interesting to note that the partial
oxidation of ethane at low temperatures (B75 1C) has been
shown to be possible over an iron-based MOF. The MOF can
form Fe-oxo intermediates upon oxidation in N2O, and these
species can be used to activate ethane to form ethanol and
acetaldehyde.8

Herein, we explore the conversion of ethane based on a
stepwise conversion route, optimized for methane to methanol
(MTM) conversion,9 over various Cu-loaded zeolites, namely,
MOR, ZSM-5, and SSZ-13. All the samples have been well
characterized with techniques like XRD, SEM, elemental ana-
lysis, and N2-physisorption, in previous publications.9,10 The
relevant elemental composition and the samples corres-
ponding activity in the methane to methanol (MTM) conversion
is reported in Table S1 in the ESI.† In this fundamental study,
we report a new pathway for ethane conversion over Cu-zeolites,
and we explore the structural and compositional requirements
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for an effective reaction. All experimental methods are reported
in the ESI,† Section S1.

Already from our initial results, following the scheme
reported in ESI,† Section S1.2, it was evident that a Cu-loaded
MOR zeolite, 0.36Cu,H-MOR(11), where 0.36 is the Cu/Al ratio
and 11 is the Si/Al ratio, was able to activate the C–H bond in
ethane. The main product was ethylene, with B95% hydro-
carbon selectivity during the steam extraction step (ESI,†
Fig. S1(a)) as determined with GC-FID. The only other products
detected were butene and ethanol. Small traces of CO2 were
also observed qualitatively with the MS (ESI,† Fig. S1(b)). When
following the productivity throughout three reaction cycles, the
reactivity seems to be quasi-stable, with only a small decrease
in ethylene yield for each cycle (Fig. 1).

Fig. 2 shows the yield of ethylene obtained over different
material topologies and zeolite compositions. Several interest-
ing features of the reaction can be observed. 0.36Cu,H-MOR(11)
is used as reference material for the discussion. First, the
reaction was performed over three test materials. A Cu-loaded
silica (5 wt%Cu–SiO2) containing CuO clusters, a Cu-loaded
aluminosilicate with similar Al and Cu content as the reference

material that contains [AlO4]� for Cu and H exchange, and an
H-MOR zeolite (a porous zeolite framework with acid sites, but
no Cu). They all yielded negligible amounts of ethylene and
other products, confirming that both well-defined Cu sites and
the zeolite framework with restricted exchange sites, are neces-
sary to promote the activation of ethane. Further, a Na-based,
Cu-exchanged MOR zeolite (0.32Cu,Na-MOR(11)) with similar
Cu-content as the reference material, but less Brønsted sites
(see the ESI,† Fig. S2), displayed a similar ethylene yield and
product distribution (ESI,† Fig. S1). This implies that the
Brønsted sites are not that crucial for ethylene production. This
is in contrast to previous findings for the MTM reaction that show
that the Brønsted sites play an important part in stabilizing
methoxy intermediates for methanol production.4c,11 A Cu-
loaded ZSM-5 with similar Cu/Al and Si/Al as our reference
material produced significantly lower yield, and thus lower pro-
ductivity (0.10 molC2H4 molCu

�1). This was somewhat surprising,
as ZSM-5 has been proposed in other ethane activation reactions,
e.g. exchanged with Pt, Zn, Ga, or Fe.7,12 Nevertheless, the same
trend between the zeolites has also been observed in the MTM
reaction,13 highlighting the similarity of the two reactions. Also a
Cu-loaded SSZ-13 was tested in the reaction and proved less
productive than both MOR and ZSM-5 (0.07 molC2H4 molCu

�1).
This evidences a trend, where the productivity increases with
increasing pore size: CHA (8r) o MFI (10r) o MOR (12r).

When employing a Cu-mordenite with both a lower Si/Al and
Cu/Al ratio (0.18Cu,H-MOR(7)) that previously has been found
to have a remarkably high yield in MTM reaction (ESI,†
Table S1), unremarkable results are found when ethane is the
reactant. This indicates that the Cu species in 0.18Cu,
H-MOR(7) are more efficient at activating methane than ethane,
which is surprising given the higher reactivity of ethane (the
bond dissociation energies of the first C–H bond in CH4 and
C2H6 are 439 vs. 422 kJ mol�1, respectively14). Based on this
conspicuous difference, and the lack of a detrimental effect of
Na, we conjecture that there might be some subtle differences
in the site requirements for methane and ethane activation.

Upon comparing the reference to a sample based on the
same zeolite but with lower Cu content (0.19Cu,H-MOR(11)) it
is evident that 0.36Cu,H-MOR(11) has the highest yield. The
normalized ethylene productivity of the Cu-loaded zeolites
(molC2H4 molCu

�1) is plotted on the right axis of Fig. 2.
The productivity is the same for all four MOR samples
(B0.20 molC2H4 molCu

�1), suggesting that regardless of Si/Al
ratio or Cu content, the number of active sites increases linearly
with the amount of Cu present. In contrast, a volcano-type
behavior is typically observed within the same range of Cu
content for MTM with the productivity peaking at intermediate
Cu-loadings.3a,15 This major difference between the two reac-
tions again indicates different Cu site requirements for C–H
activation in ethane vs. methane.

In an attempt to optimize the performance of the reaction,
0.36Cu,H-MOR(11) was exposed to different ethane loading
times and temperatures (Fig. 3). First, the results revealed that
a somewhat lengthy exposure time was necessary for ethane
activation. However, the ethane activation observed herein is

Fig. 1 Ethylene yield (mmol g�1) obtained for three consecutive reaction
cycles as defined in the ESI,† Scheme S1.

Fig. 2 (left axis) Bar plot comparing the ethylene yield (mmol g�1) pro-
duced over different materials. The right axis shows the ethylene produc-
tivity (molC2H4 molCu

�1) for the Cu-zeolites. The line connecting the
symbols is for visual guidance.
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much faster than methane activation in the same protocol, as
Pappas et al. deemed an exposure time of 6 h necessary to
optimize the MTM reaction protocol over Cu-CHA.9 Secondly,
upon comparing the ethane loading temperature, a peak pro-
ductivity of 0.29 molC2H4 molCu

�1 was found at 200 1C, before
the reactivity started to decrease again at higher temperatures.
This behavior is very similar to the MTM reaction.

To study the interaction of the ethylene product with the
materials, 0.36Cu,H-MOR(11) and H-MOR were investigated
with FT-IR spectroscopy upon incremental doses of ethylene.
The full spectra, including a more detailed description, are
reported in ESI† (Section S4, Fig. S3 and S4), while the n(C–H)
region is shown in Fig. 4. Below 3000 cm�1, several new bands
evolve for H-MOR(11), but not for the Cu-containing sample.
These bands are related to the formation of saturated CH2

(2928 and 2857 cm�1) and CH3 (2960 and 2873 cm�1) groups,
indicating that ethylene starts to be polymerized in the
H-MOR zeolite. This has also been shown to occur over other
H-zeolites.16 Interestingly, this behavior is only observed in the
pure, protonic zeolite, and not in the Cu-containing sample,
even though 0.36Cu,H-MOR(11) still has a significant amount
of Brønsted sites, as seen in the n(O–H) region of the spectrum
before dosing ethylene (ESI,† Fig. S2).

To further support that the bands observed for the H-MOR
sample indeed originate from oligomerized ethylene, the sam-
ples were cooled to 100 K and then outgassed for a longer
period up to room temperature (RT). All bands related to
oligomerized species that were formed during ethylene dosing
remained in the FT-IR spectra after outgassing (ESI,† Fig. S5).
We posit that the ability of the Cu-exchanged zeolites to
suppress oligomerization might be the key to the high ethylene
selectivity. When Cu-zeolites are used in the ETE reaction, the
ethylene-derived intermediates are stabilized on the Cu-sites,
thus preventing further oxidation or chain growth.

Based on the experimental data obtained, we have tried to
identify possible reaction routes for ethylene formation from
ethane over activated Cu-sites. The reaction pathways consid-
ered are displayed in Scheme 1. No in-depth depiction of the
nature of the Cu sites is provided, as this would require

advanced characterization and a deeper understanding of the
Cu speciation, especially after ethane activation, which goes
beyond the scope of this study. There are in principle three
pathways for ethylene formation, marked (1)–(3) in Scheme 1.
Pathway (1) involves the direct dehydrogenation of ethane and
the formation of molecular hydrogen in an endothermic reac-
tion. However, as we have shown that oxidized Cu species are
an important factor for ethylene production, and since also C2

oxygenates are observed as (minor) byproducts, it is consider-
ably more likely that the reaction proceeds via an ethoxy
intermediate. Accordingly, two exothermic, oxidative reaction
pathways, (2) and (3), are proposed. Analogous to methoxy
formation in the MTM reaction, ethane could react with some

Fig. 3 Normalized ethylene productivity (molC2H4 molCu
�1) obtained dur-

ing a systematic study of the reaction conditions. The change in produc-
tivity is reported vs. the exposure times (left column – squares) and the
temperature (right column – circles). The water extraction step was always
kept isothermal to the ethane exposure temperature. The grey lines are
only present as a guide for the eye.

Fig. 4 FT-IR spectra of the –CH stretch region obtained for adsorbed
ethylene at RT on H-MOR(11) (top panel) and 0.36Cu,H-MOR(11) (bottom
panel). The spectra are reported in difference with respect to the spectrum
of the activated sample and are normalized to the framework overtones.

Scheme 1 Possible routes derived from the experimental data obtained
herein for the ETE reaction. EDH and ODH stand for non-oxidative and
oxidative dehydrogenation of ethane, respectively. The colored box high-
lights the dehydration processes.
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type of CuxOy-moieties leading to ethoxy formation. Pathway (2)
is a direct oxidative dehydrogenation of ethane via ethoxy
intermediate species. Water facilitates the desorption of ethy-
lene, and H2O (or possibly H2 if the Cu is re-oxidized in this
step) is formed as the byproduct. Pathway (3) involves C2

oxygenates (ethanol and possibly diethyl ether (DEE) from
dehydration) as free intermediates. Initially formed ethoxy
species are detached from the active site upon contact with
water. Then, a dehydration process occurs, either instanta-
neously at the acid sites or some point down the bed,
and ethylene is the main product detected in the effluent. To
confirm the likelihood of dehydration, we exposed 0.36Cu,
H-MOR(11), H-MOR(11), and 0.32Cu,NaMOR(11) directly to
ethanol after activation in oxygen, which indeed led to a
significant formation of ethylene over all three materials.

Pathway (3) is supported by the observation of trace
amounts of ethanol in the effluent. We consider it unlikely
that ethanol is formed from acid-catalyzed hydration of ethy-
lene in pathway (2) as the product distribution is the same over
both Na-based and H-based Cu-MOR and thus unaffected by
the density of Brønsted acid sites (ESI,† Fig. S1). Additionally,
since an oxidative dehydrogenation to ethylene, as suggested by
pathway (2), should be feasible without the addition of H2O, it
is more conceivable that the reaction is proceeding via ethanol
formation (pathway (3)). Consequently, the main experimental
observations favor reaction pathway (3), and we surmise that
the reported ethane activation protocol results in the formation
of ethoxy intermediates. We note that this might lay the
foundation for a search for a process to form ethanol directly
from ethane, by looking for the right reaction conditions and
metal-zeolite.

The results reported herein expand the scope of Cu-zeolites
in the activation of C–H bonds of lower alkanes. We report, for
the first time, a low-temperature, ambient pressure, and highly
selective pathway to form ethylene from ethane. The reaction is
clearly akin to the well-investigated, stepwise MTM reaction,
with about the same temperature needed for C–H activation,
but there are also marked differences between these two
reactions. Screening of a number of Cu-loaded zeolites indicate
that the active site requirements are different for the two
substrates. Our work is reconcilable with the formation of an
ethoxy intermediate, which might present the opportunity for
the selective formation also of ethanol by tuning reaction
parameters. As a topic for further studies, we highlight a more
detailed investigation that might enable the establishment of a
steady-state process, similar to what has been recently
described for methane, albeit at very low conversions. This
could be an important contribution to the direct C–H activation
research.
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1. Experimental section

1.1. Material preparation and characterization

Cu-zeolites with different composition and cations have been investigated for the 

reaction. The nomenclature of the zeolite samples is yCu,x-ZEOLITE(z), where y is the Cu/Al 

ratio of the sample, x is the cation present, either H or Na, and z is the Si/Al ratio of the zeolite. 

The zeolites used herein is either mordenite (MOR), CHA (SSZ-13) or an MFI type framework 

(ZSM-5). The MOR samples were made from commercially available material from Zeolyst, 

namely CBV21A (Si/Al = 11) and CBV10Ads (Si/Al = 7).  The ZSM-5 sample used for this 

Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2023



study came also from Zeolyst, CBV 2314 (Si/Al = 11.5), while SSZ-13 was prepared in a 

procedure described elsewhere [1]. In addition to Cu-zeolites, also an H-form of CBV21A (H-

MOR(11)) and Cu exchanged SiO2 (ecoChrom MP Silica 100-200, 60 Å) and SiO2/Al2O3 

(Sigma Aldrich, grade 135, Al = 6.5 %) were tested in the reaction. The Cu-source for SiO2 and 

SiO2/Al2O3 was Cu(NO3)2×3H2O (Sigma Aldrich). A 5wt%-CuSiO2 and 2.5wt%Cu-

SiO2/Al2O3 sample was prepared following the procedure reported by Prodinger et al. [2], and 

the Cu wt.% of the samples is determined based on the intended ratio between Cu and SiO2 or 

aluminium, respectively, before exchange. 

Basic characterization of the MOR zeolites have been performed previously and was 

reported by Dyballa et al. [3] Characterization of 0.34Cu-SSZ-13 is reported by Pappas et al. 

[4], and characterization of the ZSM-5 sample is reported in a publication by Deplano et al. [5]. 

1.2. Ethane activation measurements 

The testing was performed with a customized set-up previously used for the MTM conversion 

[4, 6-8]. 100 mg sample (~85 mg of dry weight, sieve fraction: 425 – 250 µm) was placed 

inside a straight quartz tube reactor (i.d. = 6 mm). The temperature of the oven was calibrated 

prior to the measurements using a thermocouple inside a quartz sheet on top of the reactor bed. 

The flow of gases was controlled using four different MFCs and fed separately onto the sample 

with the help of stop- and 4-way valves. The activity of the materials towards ethane activation 

was tested with a very similar protocol to the optimized stepwise conversion route for MTM 

[4]. For the standard protocol, the only difference to what has been reported previously was a 

lower temperature for CxHy loading and subsequent water extraction from 200 to 150 °C. A 

shorter C2H6 loading time (210 min instead of 360 min) was also utilized, similar to our latest 

work within the MTM reaction [7, 9]. Scheme S1 represents the optimized protocol for the 

MTM process reported for CHA by Pappas et al [4], and the ethane activation protocol (ETE) 

applied herein. The reaction protocol involves three main steps. First, the sample is activated in 

O2 (100 %) 500 °C for 8 h. Then the reaction temperature is lowered to 150 °C (5 °C/min) and 

flushed with He for 1 h, before C2H6 (5 %/rest. He) was introduced for 210 min. A second 

flushing step was performed in He, before a water-saturated 10 % Ne/He stream was introduced 

isothermally. The saturator was heated to 45 °C to obtain ~ 10 % water in the feed. All flows 

were kept to 15 ml/min. The effluent was monitored with an online quadrupole mass 

spectrometer (Omnistar GSD320, Pfeiffer). For quantitative analysis of the main product, a 

microgas chromatograph (µGC 3000A, Agilent) equipped with a Plot U column with an FID 

detector and He as the carrier gas, was employed. 

Scheme S1. Reaction protocol for the ETE protocol applied herein and the previously applied MTM process on 

the materials.  



1.3. Fourier Transform Infrared (FT-IR) spectroscopy 

FT-IR spectroscopy was performed on a Bruker Vertex 70 instrument with a Mercury-

Cadmium-Telluride (MCT) detector. The interaction of ethylene adsorption on the 

0.36CuMOR11 and H-MOR11 samples at RT was investigated. Each sample was pressed with 

2-3 tons into self-supporting wafers (11.3 mg/cm2) and fitted inside gold envelopes. The

envelopes were placed in a low temperature vacuum cell with KBr windows and heated under

vacuum at 450 °C for 1.5 h (ramp rate = 5 °C/min) for pretreatment. After cooling to RT,

individual spectra were collected while small amounts of ethylene were dosed onto the sample,

until reaching an equilibrium pressure of 17 mbar. After dosing, the sample was also cooled

with LN2, before it was slowly outgassed and consecutively heated back to RT. FT-IR spectra

were collected during all parts of the experiment.

2. Material summary

For the purpose of this study, a library of well-studied Cu-zeolites in the MTM reaction were 

chosen in order to be able to directly compare the effect of the reaction protocols. Table S1 

summarizes the characteristics of all samples. 

Table S1. Chemical composition and MTM performance of the materials used herein. 

Sample name Si/Al Cu/Al Cu wt.% 

MTM 

Productivity 

(molMeOH/molCu) 

MTM 

Yield 

(µmolMeOH/gzeolite) 

H-MOR(11) 1) 11 - - - - 

0.19Cu,H-MOR(11) 1) 11 0.19 1.67 0.24 64 

0.36Cu,H-MOR(11) 1) 11 0.36 3.18 0.25 123 

0.32Cu,Na-MOR(11) 1) 11 0.32 2.83 0.17 74 

0.18Cu,H-MOR(7) 1) 7 0.18 2.33 0.47 172 

0.35Cu,H-ZSM-5(11) 2) 11.5 0.35 2.88 0.10 43 

0.30Cu,H-SSZ-13(12)1) 12.1 0.34 2.68 0.16 67 

2.5wt%-Cu/SiO2/Al2O3 14.6 0.38 2.5 - - 

5wt%-CuSiO2 - - 5 - - 

1) Elemental composition, such as Si/Al, Cu/Al and Cu wt.%, along with the MTM productivity and yield of

the Cu-exchanged MOR zeolites and the 0.30Cu,H-SSZ-13(1) sample have been determined by Svelle and

co-workers in previous publications [3, 4, 6]. The protocol for MTM is reported in Scheme S1.

2) The MTM activity of 0.35Cu,H-ZSM-5(11) was measured herein with the instrumentation and protocol

reported in our previous study by Prodinger et al. [9]. Elemental composition, such as Si/Al, Cu/Al and Cu

wt.% was previously reported by Deplano et al. [5].



3. Product selectivity derived from GC-FID

Figure S1. Bar plot (a) comparing the product distribution during the ETE protocol reported in Scheme 1 in the 

main text as observed by GC-FID for 0.32Cu,Na-MOR(11) and 0.36Cu,H-MOR(11). A selection of mass 

fragments (b) collected during the water extraction step, as observed by an online MS is reported. The y-axis 

represents ion current divided by the total pressure of the mass spectrometer in log-scale, and the time in minutes 

(min) is reported on the x-axis from right after water was introduced to the reactor.  

4. FT-IR spectroscopy

To see the remaining Brønsted acid sites in 0.32Cu,Na-MOR(11) compared to 0.36Cu,H-

MOR(11), and the pure H-MOR zeolite, the FT-IR spectra of vacuum activated (450 °C) 

samples were compared. Figure S2 shows the normalized ν(O-H) stretch region, and the band 

at 3610 cm-1 is linked with the ν(O-H) stretch of Brønsted acid sites (Si-(O-H)-Al). 



Figure S2. FT-IR spectra of the ν(O-H) stretch region of 0.32Cu,Na-MOR(11), 0.36Cu,H-MOR(11), 

and H-MOR(11). 

In both 0,36Cu,H-MOR(11) and H-MOR, the features related to gaseous ethylene appear quite 

fast, as observed from the strong symmetric stretching band of CH2 at 2989 cm-1. However, the 

band appearing at 2982 cm-1 is likely a downward shift of the same functional group, confirming 

that the C2H4 gas is also perturbed by the framework by forming a C2H4-OH π-complex [10]. 

This is also evident by the shift to lower frequency for the Brønsted ν(O-H) stretching bands (

Figure S3) and the band appearing at 1340 cm-1, which is a bending mode of CH2 that is IR-

inactive in the free molecule (Figure S4). For the ethylene molecule, a second, IR-active, 

bending mode for CH2 should also be present in the IR spectra. The bands at 1444 and 1428 

cm-1, as observed in Figure S4, can be attributed to this bend in the free molecule as well as

perturbed by Cu+, respectively. Due to spectral noise, it is not possible to separate out any

downward shift of the band at 1444 cm-1 related to the adsorption on the framework.



Upon scrutinizing the spectra in Figure S4, only small indications of the IR inactive 

ν(C=C) stretch vibration on Brønsted sites (~ 1612 cm-1) are observed [10, 11]. However, as 

this is almost indistinguishable from the background, the FT-IR spectra obtained under the 

conditions reported here can unfortunately not be used to search for the ethylene molecules 

preferential siting (H- or Cu-) inside the Cu-zeolite framework. 

 

 
Figure S3. FT-IR spectra of the full region obtained for adsorbed ethylene at RT on H-MOR(11) (left panel) and 

0.36Cu,H-MOR(11) (right panel). Each spectrum is obtained after sending incremental doses of ethylene onto the 

sample from about 50 μbar to 17 mbar of equilibrium pressure. Before dosing, the samples were pretreated under 

vacuum at 450 °C for 1.5 h (ramp rate = 5 °C/min).  The spectra are normalized to the framework overtone. 

 

 
Figure S4. FT-IR spectra of the C=C stretch and -CH bend region obtained for adsorbed ethylene at RT on H-

MOR(11) (left panel) and 0.36Cu,H-MOR(11) (right panel). Each spectrum is obtained after sending incremental 

doses of ethylene onto the sample from about 50 μbar to 17 mbar of equilibrium pressure. Before dosing, the 

samples were pretreated under vacuum at 450 °C for 1.5 h (ramp rate = 5 °C/min).  The spectra are normalized to 

the framework overtone and background subtracted. All additional bands (noise) are due to atmospheric moisture 

affecting spectra. 

 



 
Figure S5. FT-IR spectra of the -OH and -CH stretch region showing the desorption of ethylene over time from 

100 K to RT. The spectra show which bands are disappearing, and which are remaining upon outgassing and 

heating to RT. For H-MOR(11) (left panel), dark green spectrum represents the bands present at 100 K, while the 

orange spectrum represents completely outgassed at RT. For 0.36Cu,H-MOR(11) (right panel), dark blue spectrum 

represents the bands present at 100 K, while the pink spectrum represents completely outgassed at RT. Before 

outgassing, the ethylene dosed samples were cooled to 100 K (with LN2). 

 

5. References 

[1] T. V. W. Janssens, H. Falsig, L. F. Lundegaard, P. N. R. Vennestrøm, S. B. Rasmussen, P. 

G. Moses, F. Giordanino, E. Borfecchia, K. A. Lomachenko, C. Lamberti, S. Bordiga, A. 

Godiksen, S. Mossin and P. Beato, ACS Catal. 2015, 5, 2832-2845. 

[2] S. Prodinger, M. F. K. Verstreken and R. F. Lobo, ACS Sustainable Chem. Eng. 2020, 8, 

11930-11939. 

[3] M. Dyballa, D. K. Pappas, K. Kvande, E. Borfecchia, B. Arstad, P. Beato, U. Olsbye and 

S. Svelle, ACS Catal. 2019, 9, 365-375. 

[4] D. K. Pappas, E. Borfecchia, M. Dyballa, I. A. Pankin, K. A. Lomachenko, A. Martini, M. 

Signorile, S. Teketel, B. Arstad, G. Berlier, C. Lamberti, S. Bordiga, U. Olsbye, K. P. 

Lillerud, S. Svelle and P. Beato, J. Am. Chem. Soc. 2017, 139, 14961-14975. 

[5] G. Deplano, M. Signorile, V. Crocellà, N. G. Porcaro, C. Atzori, B. G. Solemsli, S. Svelle 

and S. Bordiga, ACS Appl. Mater. Interfaces 2022, 14, 21059-21068. 

[6] D. K. Pappas, A. Martini, M. Dyballa, K. Kvande, S. Teketel, K. A. Lomachenko, R. 

Baran, P. Glatzel, B. Arstad, G. Berlier, C. Lamberti, S. Bordiga, U. Olsbye, S. Svelle, P. 

Beato and E. Borfecchia, J. Am. Chem. Soc. 2018, 140, 15270-15278. 

[7] K. Kvande, D. K. Pappas, M. Dyballa, C. Buono, M. Signorile, E. Borfecchia, K. A. 

Lomachenko, B. Arstad, S. Bordiga, G. Berlier, U. Olsbye, P. Beato and S. Svelle, Catalysts 

2020, 10, 191. 

[8] D. K. Pappas, E. Borfecchia, M. Dyballa, K. A. Lomachenko, A. Martini, G. Berlier, B. 

Arstad, C. Lamberti, S. Bordiga, U. Olsbye, S. Svelle and P. Beato, ChemCatChem 2019, 11, 

621-627. 

[9] S. Prodinger, K. Kvande, B. Arstad, E. Borfecchia, P. Beato and S. Svelle, ACS Catal. 

2022, 12, 2166-2177. 

[10] G. Spoto, S. Bordiga, G. Ricchiardi, D. Scarano, A. Zecchina and E. Borello, J. Chem. 

Soc. Faraday trans. 1994, 90, 2827-2835. 

[11] J. Datka and E. Kukulska-Zaja̧c, J. Phys. Chem. B 2004, 108, 17760-17766. 

 

 




	Introduction 
	Results and Discussion 
	Physicochemical Characterization 
	Direct Methane to Methanol Conversion 
	Utilizing Spectroscopy to Investigate the Cu-Speciation 
	Investigating the Cu(II)xOy Sites with Raman Spectroscopy 
	IR Spectroscopy Measurements of Adsorbed CO 
	IR Spectroscopy Measurements During Heating in O2 
	In Situ X-ray Absorption Spectroscopy 

	Comparing the CH4 Consumption 
	Optimization of the Test Parameters 

	Materials and Methods 
	Material Synthesis 
	Characterization 
	Performance Tests 

	Conclusions 
	References
	Copper-zeolites Prepared by Solid-state Ion Exchange - Characterization and Evaluation for the Direct Conversion of Methane to Methanol
	Abstract
	1 Introduction
	2 Methods
	2.1 Solid-state Cu-exchange
	2.2 Standard characterization
	2.3 CO-adsorption with Fourier transform-infrared (FT-IR) spectroscopy
	2.4 Activity measurements in the methane to methanol reaction
	2.5 CH4-Temperature programmed reaction (TPR)

	3 Results and Discussion
	3.1 Basic characterization by MP-AES, EDX, SEM, XRD and N2-physisorption
	3.2 CO-adsorption with FT-IR spectroscopy
	3.3 Investigating the redox properties with CH4-TPR
	3.4 Performance studies in the methane to methanol reaction

	4 Conclusion
	References



 
 
    
   HistoryItem_V1
   PageSizes
        
     Range: From page 245 to page 258
     Size: 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Counterclockwise if needed
      

        
     D:20230703104703
      

        
     AllSame
     1
            
       D:20230703104602
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     2342
     393
     qi4alphabase[QI 4.0/QHI 4.0 alpha]
     CCW
     Uniform
     0.7900
            
                
         245
         SubDoc
         258
              

       CurrentAVDoc
          

     Custom
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3d
     Quite Imposing Plus 5
     1
      

        
     244
     322
     257
     14
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 311 to page 322
     Trim: extend all edge by 19.84 points
     Shift: none
     Normalise (advanced option): 'original'
     Keep bleed margin: no
      

        
     D:20230703104925
      

        
     Shift
     32
            
       D:20230105085143
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     No
     2366
     506
     None
     Up
     0.0000
     0.0000
            
                
         Both
         311
         SubDoc
         322
              

       CurrentAVDoc
          

     Bigger
     19.8425
     All
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3d
     Quite Imposing Plus 5
     1
      

        
     310
     322
     321
     12
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     Range: From page 311 to page 322
     Size: 8.268 x 11.693 inches / 210.0 x 297.0 mm
     Action: Make all pages the same size
     Scale: Scale width and height equally
     Rotate: Counterclockwise if needed
      

        
     D:20230703104940
      

        
     AllSame
     1
            
       D:20230703104602
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     2342
     393
    
     qi4alphabase[QI 4.0/QHI 4.0 alpha]
     CCW
     Uniform
     0.7900
            
                
         311
         SubDoc
         322
              

       CurrentAVDoc
          

     Custom
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3d
     Quite Imposing Plus 5
     1
      

        
     310
     322
     321
     12
      

   1
  

 HistoryList_V1
 qi2base



	CrossMarkLinkButton: 


