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Zusammenfassung

In der vorliegenden Arbeit werden Synthesen von Modellkatalysatoren für die oxidative Kup-
plung von Methan ("oxidative coupling of methane", OCM) mit mizell-templatierter Porosität
vorgestellt. Die erhaltenen Katalysatoren wurden in der OCM getestet um den Ein�uss der
Porengröÿe auf die C2-Selektivität zu untersuchen.
Die Synthese von MgO und Li@MgO OCM Katalysator wurde zunächst für mesoporöse MgO-

Filme entwickelt. Das neue Synthesekonzept ermöglicht neben der Herstellung von geordnet meso-
porösen MgO-Filmen auch die Herstellung von mizell-templatierten Schichten von Al2O3, ZnO
und Co3O4, sowie von den templatierter Karbonaten der Metalle Magnesium, Aluminium, Zink
und Kobalt, über deren Synthese bis jetzt nicht berichtet wurde. Der Schlüssel zur erfolgreichen
Synthese liegt in der Verwendung eines für EISA-basierende Ansätze neuartigen chemischen Kom-
plexes aus Metallnitrat und Zitronensäure als Materialvorstufe. Die chemische Zusammensetzung
der Komplexe sowie deren thermische Zersetzungsverhalten wurden in Abhängigkeit des Metallions
untersucht und die Kriterien für eine erfolgreiche Filmsynthese abgeleitet. Die erhaltenen mizell-
templatierten Filme wurden im Hinblick auf ihre chemische Zusammensetzung, ihre Kristallinität
und ihre Morphologie charakterisiert. Die Vielseitigkeit des neuen Konzeptes konnte durch die
Synthese von ZnO mit verschiedenen Porensystem demonstriert werden. Schlieÿlich werden die
Kriterien für eine erfolgreiche Anwendung des neuen Synthesekonzepts sowie die Einschränkung
im Detail abgeleitet.
Nach der erfolgreichen Herstellung von mizelltemplatierten MgO-Filmen wurde das Synthese-

konzept übertragen, um so MgO und Li@MgO-Pulver als OCM Katalysator zu erhalten. Die
Synthese und die Charakterisierung in Bezug auf Porenmorphologie und Kristallinität der resul-
tierenden MgO-Pulver werden in dieser Arbeit vorgestellt und die katalytische Performance in der
OCM Reaktion diskutiert. Weiterhin werden die morphologischen und kompositorischen Eigen-
schaften der Katalysatoren nach der Katalysetestung mit den Eigenschaften frisch präparierter
Katalysatoren verglichen und die Auswirkung der Restrukturierung auf die OCM-Performance
diskutiert.
Neben MgO und Li@MgO wurden in dieser Arbeit auch W-Mn/SiO2 Katalysatoren mit kontrol-

lierter Mesoporösität hergestellt, charakterisiert und ihre Performance während der OCM getestet.
Es konnte gezeigt werden, dass das neu entwickelte Syntheseverfahren W-Mn/SiO2 Katalysatoren
mit enger Porengröÿenverteilung und kontrollierter Porenstruktur liefert. Unter Verwendung von
Polymertemplaten verschiedener Gröÿe wurde die Porengröÿe in acht Stufen zwischen 3,5 und
18 nm eingestellt. Die so erhaltenen Katalysatoren sind aktiv und selektiv in der OCM. In der
vorliegenden Arbeit wird der Ein�uss des initialen Porendurchmessers auf die C2-Selektivität
der OCM bei 775 °C und 800 °C untersucht und die Ergebnisse im Hinblick auf mechanistis-
che Aspekte der OCM diskutiert. Des Weiteren werden die Auswirkungen der katalytischen
Tests auf die Morphologie und die Phasenzusammensetzung des Katalysators nach der Katalyse
analysiert. Schlieÿlich wird die Phasenzusammensetzung und OCM-Performance der syntheti-
sierten W-Mn/SiO2 Katalysatoren mit den Ergebnissen der Literatur verglichen und der Ein�uss
des Porendurchmessers auf die C2-Selektivität in der OCM diskutiert.
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Abstract

In this thesis, novel procedures for the synthesis of model catalysts for the oxidative coupling
of methane (OCM) with micelle-templated mesoporosity are presented. The obtained catalysts
were tested in the OCM reaction in order to investigate the in�uence of the pore diameter on the
C2-selectivity.
At �rst, a synthetic procedure for MgO and Li@MgO OCM catalysts was developed for �lms.

In addition to mesoporous MgO, the new concept enables the preparation of Al2O3, ZnO und
Co3O4 �lms with templated mesoporosity. Moreover, micelle-structured carbonate �lms of mag-
nesium, aluminium, zinc and cobalt become accessible for �rst time. The new synthesis concept is
based on chemical complexes as new type of material precursor in EISA-based synthesis which are
formed by metal nitrate and citric acid. The chemical compositions of the complexes as well as
their thermal decomposition behaviour were analysed in dependence of the metal ions allowing the
deduction of criteria necessary for the successful synthesis of micelle-templated �lms. The chem-
ical composition, crystallinity and morphology of the resulting metal carbonate and oxide �lms
were characterized. In addition, the versatility of the new synthesis concept is demonstrated by
synthesizing ZnO �lms with di�erent pore systems. Finally, the criteria for a successful synthesis
as well as the limitation of the new synthesis concept are discussed.
After the successful preparation of the MgO-�lms, the synthesis concept was transferred to

obtain MgO and Li@MgO-powders. The synthesis of this MgO-based OCM catalysts is described
and the characterisation of the pore system as well as the phase composition are presented in this
thesis. The obtained MgO-based powders were tested in OCM reaction and the catalytic results
of the active and selective catalysts are discussed in detail. Moreover, the morphological and
compositional characterisation of MgO and Li@MgO-powders after catalytic testing are presented
and compared to the freshly prepared OCM catalysts. Thereafter, the e�ect of the morphological
restructuring of MgO-based powders during OCM reaction is discussed and the catalytic results
are compared to the literature.
In addition to the MgO-based materials, a synthesis for W-Mn/SiO2 OCM catalysts with tem-

plated mesoporosity is developed. It is shown that the developed synthesis yields OCM catalyst
with a narrow pore size distribution and controlled pore structure. Employing di�erent sized
templates enabled the variation of the pore diameters in eight steps between 3.5 nm and 18 nm in
the OCM catalysts. The resulting catalysts were active and selective in the OCM reaction. The
in�uence of the initial pore diameter on the C2-selectivity at 775 °C and 800 °C are analysed and
the results are discussed with a focus on mechanistic aspects of the OCM reaction. Moreover, the
morphological restructuring as well as the phase composition of the catalyst after OCM testing
is analysed. Finally, the phase composition and OCM performance is compared to the literature
and the in�uence of the pore diameter on the C2-selectivity on the OCM reaction is discussed.
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1. Motivation

The threat of a potential world energy crisis and exhaustion of fossil oil reserves requires material
science to develop new solutions. Many promising solutions rely on heterogeneous catalysis,
electrocatalysis or photocatalysis carried out on metal oxides. Especially the investigation of
metal oxides as versatile materials not only for the chemical industry can contribute to overcome
the challenges of the current century.
One challenge for material science is the e�ective use of solar energy. The metal oxide ZnO as

a cost-e�cient transparent conducting oxide can be applied as electrode material for photovoltaic
devices. The gathered solar energy can be stored in chemical energy carriers (for example hydro-
gen) when not used directly. This energy conversion can be accomplished e.g. by electrochemical
water splitting. The metal oxide Co3O4 is a promising electrocatalyst for the oxygen evolution
reaction (OER),1 which is the challenging half cell reaction of electrochemical water splitting.
Although the conversion of sunlight into a chemical fuel in form of hydrogen is an attractive
route, the e�ciency of light harvesting as well as water splitting have yet to be increased to an
economically interesting level.2

Besides electrochemistry, metal oxides are widely applied as catalyst and catalyst supports in
heterogenous catalysis. The performance of catalysts often bene�ts from a high surface area of
the material. A materials speci�c surface area can be increased by introduction of small pores.
Unfortunately, the need for fast di�usion of catalytic reactants in porous systems prohibits too
small pores. Hence, mesoporous materials often provide the best compromise between high surface
area and fast mass transport. Therefore, control over the pore size is needed to tailor optimized
catalyst systems.
Pore size potentially plays also an essential role in the catalytic oxidative coupling of methane

(OCM). The OCM reaction converts methane into higher alkanes and alkenes, mainly ethane and
ethylene. Therefore, the OCM can contribute to cover the demands of many branches of the
chemical industry for ole�ns by employing fossil or bio gas as starting material.

Figure 1.1.: Schematic reaction mechanism of the OCM reaction with (A) generation of methyl radicals
on the catalyst surface, (B) coupling of methyl radicals, (C) undesired overoxidation to CO and CO2 on
the catalyst surface

Many di�erent materials such as MgO, Li@MgO or W-Mn/SiO2 have been proposed as active
and selective OCM catalyst.3 However, the exact reaction mechanism of the OCM remains subject
of controversial discussions. Lunsford et al. suggested that the formation of methyl radicals (A)
as well as the overoxidation products COx (C) are formed on the catalyst surface, while the

1



1. Motivation

combination of methyl radicals to the desired C2-products (B) takes place in the gas phase (see
Figure 1.1).4 However, the interplay of gas phase volume and surface area on the C2-selectivity
has not been reported so far.
The contribution of gas phase and surface reaction can be analysized by controlling the ratio of

gas phase and surface area. This ratio can be tuned by introducing controlled porosity into the
catalyst. The in�uence on the C2-selectivity can be investigated by the preparation of a series of
OCM catalyst with di�erent pore sizes and subsequent OCM testing. The controlled synthesis
and variation of a su�ciently wide range of pore sizes in OCM catalysts has not been reported
yet.
Many templated mesoporous metal oxides can be synthesized for example by replication of the

mesoporous silica ("SBA") via nanocasting. However, direct soft-templating approaches for the
synthesis of MgO, ZnO, Co3O4 powders and �lms failed so far due to the lack of appropriate oxide
precursors. The reasons for failure are intrinsically tied to the chemical and physical properties
of known precursors as well as to mechanisms of mesophase formation and template removal.
Typically, oxides were synthesized from (I) alkoxides or partially alkoxylated metal chlorides,

(II) preformed colloidal nanoparticles and (III) thermally decomposable metal compounds.5 Route
I based on hydrolysis and condensation of alkoxy groups fails for precursors with high hydroly-
sis and condensation rates, because rapid condensation results in undesired precipitation prior
to mesophase assembly. Route II requires high-quality building blocks such as a redispersible
nanocrystalline colloid with a small particle diameter (d < ∼5 nm) and a narrow size distribution.
However, for many metal oxides, such nanoparticle syntheses remain challenging. Approach III
is limited to metal precursors that do not show excessive crystallization upon drying; otherwise,
the ordered mesostructure cannot be formed. Moreover, oxide formation must occur at tempera-
tures signi�cantly below the typical temperatures of template combustion (∼300 °C); otherwise,
pores collapse because of premature template removal. Other constraining factors are the limited
solubility of many precursor compounds, melting during calcination, and rapid crystallite growth
of the metal oxide before template removal. Additionally, a general limitation of all methods
described here is that they do not provide access to the soft-templated synthesis of mesoporous
metal carbonates.
In this thesis a new synthesis concept is presented which is based on a novel type of material

precursor. This new type of precursor allows the synthesis of MgO, ZnO and Co3O4 with micelle
templated mesopores for the �rst time. Moreover, this is the �rst synthesis strategy yielding also
metal carbonate �lms with templated mesoporosity.
The developed synthesis concept can be transferred to yield powders with controlled porosity.

The obtained mesoporous MgO based powders are tested in OCM reaction and analysed con-
cerning the in�uence of the pore size on the C2-selectivity. The results are compared to the
additional catalyst system W/Mn-SiO2. To obtain W/Mn-SiO2 with controlled porosity, a syn-
thesis procedure for the introduction of tungsten and manganese as OCM active elements in the
hydrothermal synthesis of SBA silica was developed. The performance of the resulting catalysts
with a broad range of pore diameters is tested in the OCM reaction. The C2-selectivity is analysed
in dependence of the pore size and allows a better mechanistic understanding of the OCM reaction.

Parts of the results of this thesis have been submitted for publicationBE1,BE2 and in a patent
applicationBE3.
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2. State of the Art

This chapter explains some basics of metal oxide synthesis and their application in catalysis.
At �rst, the importance of metal oxides for various catalysis approaches is presented in section
2.1. Section 2.2 focuses in particular on the oxidative coupling of methane (OCM) and describes
the proposed reaction mechanism as well as the synthesis and catalytic results of typical OCM
catalysts. Moreover, the synthesis of metal oxides with templated mesoporosity is explained in
section 2.3. Finally, the aims of this thesis are deduced in section 2.4.

2.1. Metal Oxides as Catalysts

A catalyst is a material that converts reactants into products, through a series of elementary
steps, in which the catalyst participates while being regenerated to its original form at the end
of each cycle during its lifetime.6 A catalyst changes the kinetics of the reaction, but does not
change the thermodynamics. The catalyst o�ers an alternative pathway for the rearrangement
of chemical bonds. Therefore, a catalyst can accelerate the reaction rate or facilitate a chemical
reaction that would not occur. Furthermore, a catalyst can increase the selectivity towards a
desired product, when a chemical reaction yields a variety of reaction products. Approximately
90% of the products of the chemical industry are synthesized with the help of catalytic processes.
Hence, catalysis is of major importance for the chemical industry.
Most of the applied catalysis in industry is heterogeneous catalysis. In heterogeneous catalysis

the catalyst is typically present in solid state and the reactants are in liquid or gas phase. The
majority of heterogeneous catalysts are based on metal oxides as catalyst or catalyst support.
One example for the importance of metal oxides in heterogeneous catalysis is the synthesis of
methanol. Methanol as a base chemical is produced by reacting carbon monoxide with hydrogen
over a catalyst based on a mixture of copper and zinc oxide on aluminium oxide support.7

However, applications in catalysis require a high surface area in order to maximize the number of
accessible surface sites. A material's speci�c surface area can be increased by introduction of small
pores in the catalyst. Unfortunately, di�usion limitations of catalytic reactants in porous systems
prohibit too small pores. Therefore, mesoporous materials provide often the best compromise
between high surface area and fast mass transport.
An example of a catalyst system with optimized mass transport is the car exhaust catalytic

converter.8,9 The main body is a ceramic monolith with macroscopic channels. The channel's
internal surface is impregnated by a washcoat typically of Al2O3. This washcoat is the carrier of
highly dispersed catalytic active platinum, palladium or rhodium nanoparticles. The macroscopic
channels distribute the exhaust gas to ensure the external mass transport over the whole monolith.
The internal mass transport to the catalytically active metals by di�usion is mainly determined
by the mesostructure of the Al2O3 washcoat. Therefore, controlling the pore size of the alumina
support can enhance the catalytic performance of car exhaust catalysts.
Another example for the increase of catalytic activity by introduction of controlled porosity are

electrocatalysts. Co3O4 is a promising electrocatalyst for the oxygen evolution reaction (OER).1

The OER is the challenging half cell reaction of electro chemical water splitting, that could facil-
itate the e�ective conversion of electrical into chemical energy in the form of H2. The catalytic
performance of Co3O4 could be improved by introducing mesoporosity to increase the electro-
chemical active surface. However, a synthesis of Co3O4-�lms with controlled pore sizes has not
been reported so far.

3



2. State of the Art

Figure 2.1.: Reaction scheme of OCM: 1. coupling of methane to ethane; 2. dehydrogenation of ethane
to ethylene; 3. oxidation of methane to COx; 4. oxidation of ethane to COx; 5. oxidation of ehtylene to
COx; adapted from Lunsford10

In addition, not only the surface area but also the accessible gas volume can in�uence the
performance of a catalyst. One example for the in�uence of gas phase reaction on the catalyst
performance is the oxidative coupling of methane (OCM). The next section explains the reaction
mechanism as well as the synthesis and catalytic performance of typical employed catalyst.

2.2. Oxidative Coupling of Methane

Currently, industrial production of ole�ns is based on fossil oil. The reserves of natural gas which
are estimated to exceed those of fossil oil and the increasing production of biogas are considered
as preferable raw material for ole�nes.3 Hence, a strong economic interest exists in developing
alternative processes to convert natural or biogas into higher-valued products. The oxidative
coupling of methane (OCM) is one option to overcome the dependency on crude oil of chemical
industry. The OCM is a catalyst assisted coupling of CH4 to higher alkanes and alkenes mainly
yielding the C2-products ethane and ethylene.
Figure 2.1 presents the suggested reaction sequence and products involved in OCM.10 In the

�rst step (1.) methane is oxidized and coupled to ethane. Oxygen O2 is typically employed as
oxidizing agent, but also N2O11 was employed successfully in OCM. In the second step of the
reaction sequence (Figure 2.1 2.) ethane is oxidative dehydrogenated to yield ethylene.10,4 The
reaction steps 1 and 2 (combination of step 1. and 2. ∆GR(800 °C) = -153 kJ/mol) are exergonic
processes.12 Therefore, the formation of C2-products by coupling of methane should occur readily.
However, the thermodynamically favoured reaction is the overoxidation of CH4 (Figure 2.1 3.) to
COx (to CO: ∆GR(800 °C) = -611 kJ/mol; to CO2 ∆GR(800 °C) = -801 kJ/mol).13 Moreover,
the C2-products, ethylene and ethane, readily react with oxygen to COx and can be activated for
oxidation more easily (Figure 2.1 4. and 5.) compared to methane.10 The formation of CO2 from
oxidation of methane as well as ethan and ethylene is undesirable, since it represents a decreased
yield of hydrocarbons.
Since the pioneering works of Keller and Bhasin23 as well as Hinsen and Baerns24 a large number

of di�erent catalytic materials have been investigated. Figure 2.2 compares the performance of
selected catalytic materials in OCM reaction.3 Many di�erent oxides such as Li doped MgO,4

La doped MgO,16 BaO/Ga2O3, Rb2WO4/SiO2,17 95mol%BaF2/Y2O3,15 Bi1.5Y0.3Sm0.2O3−d,18

Na2WO4/SiO2,17 Mn-Na2WO4/SiO2
12 have been proposed as active and selective OCM catalysts.

However, the catalysts show high selectivity only at low conversion. High methane conversion
results in low C2-selectivity. Industrial application demands high selectivity accompanied by high
conversion to be economically interesting. This has not been achieved with any catalyst system,
yet.
In addition, the reaction mechanism of OCM remains subject of controversial discussions.

Lunsford et al. extensively studied the mechanism and catalytic performance of OCM on Li@MgO
(Li doped MgO) catalyst. They prepared Li@MgO by wet impregnation of MgO with Li2CO3

to yield lithium contents of 0.2 - 26%wt. The catalytic testing was performed to evaluate the
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Figure 2.2.: OCM performance over selected catalytic materials: 1 - Li/MgO,4 2 - 30%BaO/Ga2O3,
14

3 - 95mol%BaF2/Y2O3,
15 4 - La/MgO,16 5- Rb2WO4/SiO2,

17 6 - Bi1.5Y0.3Sm0.2O3−d,
18 7 - La2O3-

CeO2,
19 8 - Na2WO4/SiO2,

17 9 - 10%Y2O3-89%ZrO2-1%TiO2 membrane with Li2O/MgO/ZrO2,
20 10

- Ba(1-0.5x)TiO3SnCl2 (0.05x) (x is 1 mol),
21 11 - Bi1.5Y0.3Sm0.2O3−d;

22 image and references taken from
Kondratenko et al.3

dependence of OCM on temperature and lithium content. The pure MgO as well as Li@MgO are
both active in OCM at temperatures > 600 °C. The pure MgO yielded higher methane conver-
sion compared to Li@MgO. However, the lithium doped catalyst has shown signi�cantly higher
C2-selectivity.
They performed electron paramagnetic resonance spectroscopy (EPR) to indentify the active

centre in Li@MgO.4 They concluded from the detected EPR signal a [Li+O−] species to be the
centre of the methane activation. In the �rst step of the proposed mechanism (so called Lunsford
mechanism), the [Li+O−] species abstract a hydrogen atom from methane and the resulting methyl
radicals recombine in the gas phase to form ethane which further reacts with surface O− ions to
produce ethylene. The active site is regenerated by oxidation with O2.
After proposing the active centre, the Li@MgO catalyst was tested on long term stability for

40 h time-on-stream at 700 °C. The catalyst prepared with 7%wt lithium content had shown a
strong initial loss in the �rst 10 h on stream, but stabilises subsequent at approximately 40%
methane conversion with a C2-selectivity of 45%.
However, Arndt et al.25 published 2010 an comprehensive study on the OCM performance

of MgO and Li@MgO to validate the results of the Lunsford group. In addition to the wet-
impregnation method of Lunsford, the group prepared magnesium oxide based OCM cata-
lysts by thermal decomposition of a single source precursor of the type LiOR·[CH3MgOR]3
(R=alkylgroup), by a sol-gel route employing Mg(NO3)2, ammonia and LiOH as well as by mixed
milling of MgO with LiNO3. The lithium content was varied in each synthesis route. The OCM
performances of the catalysts were compared according to the preparation method, lithium content
and stability over time-on-stream.
Arndt et al. described the catalysts as active in OCM. However, the overall performance is

rather low disregarding the preparation procedure or the Li-loading.
After an initial loss of methane conversion in the �rst 3 - 4 h the C2-selectivity had reached
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values of approximately 30 - 35% at a methane conversion of < 10% after 5 h time-on-stream at
750 °C. The intensity of the initial decrease in OCM activity was found to be mostly in�uenced
by the preparation method, although it is observed for all catalyst. In addition, Arndt et al. re-
ported a signi�cant loss of lithium from the Li@MgO during the �rst hour time-on-stream. They
suggested that the loss of lithium is related to the initial activity drop. Arndt et al., therefore,
questioned the assumption of Lunsford4 that [Li+O−] is the active centre of the methane activa-
tion. No correlation between the OCM activity and the lithium content (probed in dependence of
time-on-stream) could be found. The catalyst prepared without lithium had showen the highest
methane conversion in comparison with Li@MgO, although the C2-selectivity is signi�cantly lower.
Hence, lithium is still considered to be included in the methane activation and coupling. However,
Arndt et al. observed the trend of decreasing methane conversion with increasing lithium content
> 0.5%wt. A similar trend related the C2-selectivity was not reported. Thus, the role of lithium
in Li@MgO OCM catalyst is not �nally understood and is still subject of controversial discussion.
Moreover, Arndt et al. tested the stability of the Li@MgO at 750 °C for 40 h time-on stream.

In contrast to Lunsford4 et al., they reported proceeding decrease in activity over time-on-stream.
They considered to be originated in the signi�cant loss of surface area due to strong crystallite
growth. Thus, MgO and Li@MgO are no longer proposed as potential candidates for industrial
application in OCM. However, magnesium oxide based catalysts are still model catalysts for
mechanistic studies of the OCM reaction due to its simple composition and broad knowledge base
collected over the years on this catalyst system.
An alternative to Li@MgO is the OCM catalyst W-Mn/SiO2 which is subject of a growing

number of investigations since its �rst publication in 1992.26 First mentioned by Lin et al.26

as W-Mn/SiO2 the same catalyst system prepared by di�erent methods is often referred to as
Mn-Na2WO4SiO2.12 This catalyst is reported to have a remarkable catalytic stability at the high
temperatures which are required for the oxidative coupling of methane.12 Moreover, the catalytic
performance with C2-selectivities of 70 - 80% at methane conversions of 20 - 30% is interesting
for industrial application.
The various synthesis methods to synthesize W-Mn/SiO2 are reported in literature. Lin et al.

prepared this type of catalyst �rst by wet impregnation27,28 of silica particles with an aqueous
solution of Mn(NO3)2 and Na2WO4·2H2O,26,27 but also compared the OCM performance to cat-
alysts synthesized by physical mixing,27 mixed slurry28 and sol-gel.28 However, in the majority
of subsequent publications, W-Mn/SiO2 catalysts were prepared via an incipient wetness impreg-
nation method due to the simple preparation procedure and the high catalytic performance. A
variation of the composition was studied in detail by Ji et al.29 (Na: 0.4 - 2.3 wt%, W: 2.2 - 8.9
wt%, Mn: 0.5 - 3.0 wt%) without major changes of the resulting catalytic activity. The typically
employed catalyst yielded mostly a composition of 5 wt% Na2WO4 and 2 wt% Mn corresponding
to SiO2.
The characterisation of the crystalline composition after typical calcination temperature be-

tween 800 °C and 900 °C by XRD revealed the presence of SiO2 in the various modi�cations
tetragonal α-cristobalite, α-tridymite and cubic quartz as well as in amorphous form.12,30,11,28

Tungsten and manganese were found in the crystallite composition Mn2O3, Na2WO4 and WO3.
It was reported that for the impregnation method, the components Mn, Na and W were mainly
found on the surface, while for the catalysts prepared by mixed slurry and sol-gel the elements
were equally distributed between bulk and surface.12,26,27,30

Li et al. compared the catalytic performance of W-Mn/SiO2 OCM catalysts in dependence
of the preparation method for 500 h at 820 °C. A C2-selectivity of 69% had been reached for
catalysts prepared by wet impregnation at a methane conversion of 30% as well as for catalysts
prepared by mixed slurry 27% conversion.28 The catalysts prepared by a sol-gel route have shown
a modest activity with 22% methane conversion for 69% C2-selectivity. This, in comparison to
Li@MgO, high performance was con�rmed by Arndt et al. yielding 78% C2-selectivity at 4%
methane conversion (750 °C) by their catalyst prepared by wet impregnation. Moreover, both
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groups reported outstanding long term stability in OCM performance.
In contrast to the catalytic stability, some morphological and compositional changes were re-

ported. Lin et al. observed the transformation of amorphous SiO2 ultimatly transforms into
cristobalite phase28 during catalysis for 50 h time-on-stream at 820 °C. However, a long term sta-
bility test up to 500 h causes further phase transition of α-cristobalite into quartz and α-tridymite
without signi�cant changes in the catalytic performance. This indicates that α-cristobalit is not
always indispensable for high active and selective OCM catalysts. In addition, Simon et al.30

reported the slow formation of MnWO4 from Na2WO4 and Mn(NO3)2 as well as partial melting
of the catalyst. They assumed that sodium ions form eutectic melts with silica and tungsten
oxide. They concluded that this melting could be the reason of morphological restructuring of the
catalyst during OCM. Despite all morphological and compositional changes of the catalyst, large
amounts of identi�ed surface species and di�erent preparation methods, the catalytic performance
was never signi�cantly a�ected. Therefore, the active center as well as the reaction mechanisms
of W-Mn/SiO2 OCM catalysts are still subject of controversial discussions.
Moreover, the performance of an OCM catalyst is assumed not only to be determined by the

nature and the number of active centres. Considering the Lunsford mechanism,4 the formation
of methyl radicals as well as the overoxidation products COx occur on the catalyst surface. The
combination of methyl radicals to the desired C2-products, however, takes place in the gas phase.
Hence, the accessible gas phase volume as well as the surface of the catalyst pores should a�ect
the resulting selectivity towards ethane and ethylene.
However, the in�uence of the gas volume to catalyst surface area ratio on C2-selectivity has

not been reported so far. This contribution to the OCM performance could be investigated by
synthesizing a model catalyst with controlled gas volume to surface area ratio by introducing
a controlled porosity into the material and testing in OCM reaction. The lack of a synthesis
procedure to obtain materials with a tailored pore system prevented this investigation up to now.
The next sections explain in detail procedures for the synthesis of metal oxides with controlled
pore size.

2.3. Synthesis of Metal Oxides with Templated Mesoporosity

In comparison to bulk materials without porosity, porous materials exhibit a large internal sur-
face area. When the activity of a material in an application correlates with its surface area,
the performance of the material will be increased by introducing porosity. Therefore, absorbent
materials,31,32 gas sensors,33 electrodes,34,35 and catalysts9,36 are often designed to have a high
porosity with large surface area.
IUPAC classi�es porous materials depending on the pore diameter into microporous (< 2 nm),

mesoporous (2 - 50 nm) and macroporous (> 50 nm) materials.37 Although, numerous preparation
methods exist yielding materials with micro-, meso- and macropores, in this thesis only syntheses
for metal oxides with controlled mesoporosity are addressed.
So-called "templating" is one of the most versatile methods to control the nanostructure of a

metal oxide during wet-chemical synthesis.38,39 Templating of metal oxides requires material pre-
cursors and preformed nanostructures, so called templates. These structure directing agents are
molecular or supramolecular units possesses or forming a prede�ned nanostructure. Employing
structure directing agents in the synthesis of metal oxides the inverse shape of the template can be
introduced into the �nal material by removal of the template. Material precursors are chemicals
which can be transformed into the desired material. This transformation as well as the removal of
the template is typically accomplished by a thermal treatment, a so called calcination. The calci-
nation temperature and time is of critical importance for a successful synthesis especially for the
synthesis of templated mesoporous metal oxides. The importance of the calcination temperature
for the synthesis of metal oxide catalysts with templated pore structure is exemplarily explained
for the electrocatalyst IrO2.
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Figure 2.3.: SEM images of mesoporous ("templated") iridium oxide �lms templated with PEO213-PB184-
PEO213 calcined at 300, 400, 500, 600, and 700 °C (from left to right) including the respective FFT of the
image as inset. Corresponding SEM images at higher magni�cation are shown in the bottom row. The
iridium oxide �lm prepared without pore template and calcined at 300 °C ("untemplated") is shown for
comparison in the left column; taken from Ortel et al.40

Ortel et al. demonstrated the in�uence of the calcination temperature on the template re-
moval and the sintering behaviour of IrO2 crystallites in templated mesoporous IrO2 �lms. The
group employed iridium acetate as material precursor and micelles of triblock-copolymer as tem-
plate. After �lm deposition of the conjoint precursor and template, the samples were calcined at
temperatures between 25 °C and 800 °C.
Figure 2.3 presents the SEM study of IrO2 �lms calcined at temperatures between 300 °C and

700 °C. At temperatures between 250 °C and 400 °C the template is removed and a mesoporous �lm
is obtained. However, at this temperature the pore walls are still X-ray amorphous. In contrast, at
T > 500 °C the pore walls consist of IrO2 crystallites. While at 500 °C the mesoporous structure
can still be observed, at T > 600 °C the crystallite size is drastically increased due to sintering.
The sintering is accompanied by a reorganization of the templated mesoporous structure into a
so-called "gridlike" structure, which has been �rst observed by Grosso et al. for templated TiO2.41

Hence, too high temperatures can result in the loss of the templated pore structure.
Ortel et al. concluded the optimal calcination temperature to be 450 °C. At this temperature the

template is fully removed and the material precursor is transformed into nanocrystalline IrO2 pore
walls with retained mesopore structure. Thus, the optimization of the calcination temperature is
crucial in the synthesis of templated metal oxides to remove the template completely and retain
the pore structure with nanocrystalline walls.
The next sections present a classi�cation and give examples of mesopore templates (see section

2.3.1) and material precursors (see section 2.3.2). Moreover, approaches for the synthesis of metal
oxide �lms (see section 2.3.3) and powders (see section 2.3.4) with controlled mesoporosity are
explained.

2.3.1. Pore Templates

Template-based syntheses have been reported for metal oxides with mesopores,42,5 macrop-
ores,43�46 and hierarchical porosity.45�47 Depending on the nature of the employed template,
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so-called hard- and soft-templating can be distinguished.

Hard templates are typically preformed sca�olds formed of porous silica38 (e.g. MCM-41,48

SBA-15,49 KIT-650), carbons38,51,52 (e.g. CMK-353) or colloidal crystal54 (e.g. poly(methyl
methacrylate),55 polystyrene45). Hard templating is commonly employed for the synthesis of
macroporous (e.g. ZnO,43,44 Co3O4

45,46) and mesoporous (ZnO,42 Co3O4
36,56) oxides in the form

of powders. A detailed description on the synthesis of hard templates and the hard-templated
metal oxides is given in section 2.3.4. However, soft-templating is by far the most common syn-
thesis approach for mesoporous oxides.38,5, 39

Soft-templates are typically aggregates of surfactants, so called micelles. Surfactants are am-
phiphilic molecules composed of hydrophilic and hydrophobic parts. The surfactants are usually
classi�ed into ionic and non-ionic.

Ionic tensides are typically composed of hydrophobic alkyl chains and hydrophilic functional
groups, for example carboxylate or ammonium groups. This type of surfactants forms relatively
small templating micelles yielding mesopores with a diameter < 4 nm for example in silica mate-
rials MCM-41 which is templated with cetyltrimethylammonium bromid (CTAB).48

Oxides with larger mesopores can be obtained by employing non-ionic templates in the syn-
thesis. Typically block-copolymers are used. They consist of two or more covalently bonded
hydrophilic and hydrophobic homopolymer blocks. Many di�erent hydrophilic homopolymers ex-
ist, for example glucoside and polyethylene oxide. However, polyethylene is typically employed in
non-ionic polymer templates.

In contrast to the hydrophilic blocks, numerous hydrophobic blocks are employed in amphiphilic
polymer templates. Examples for hydrophobic blocks in block-copolymer templates are polypropy-
leneoxide (PPO),57�60 polyisoprene (PI),61,62 polyisobutylen (PIB),63�65 polybutadiene (PB),66,67

polystyrene (PS)68�72 or polymethylacrylat (PMA).73 Simple alkyl chains are also employed as
hydrophobic part, for example the available Brij diblock-copolymers for example Brij56 with the
structure (C16H33-PEO10-OH).74,75

In addition, the commercially available triblock-copolymers of the Pluronic family with the
structure PEO-PPO-PEO are the mostly employed templates in literature.57�60 The typically
used Pluronic templates are F127 (PEO106-PPO70-PEO106), F108 (PEO130-PPO50-PEO133) and
P123 (PEO20-PPO70-PEO20). Unfortunately, Pluronic polymers are commercially available only
with relatively short hydrophobic PPO blocks resulting in metal oxides with a maximum mesopore
diameter of 11 nm.49,76

In addition to the size of the polymer blocks, the hydrophilic-hydrophobic contrast between the
constituent blocks of the amphiphilic block copolymer is of crucial importance, since it represents
the driving force for micelle formation and directly in�uences the micelle shapes.77 Pluronic F127,
for example, does not form micelles even at a concentration of 1.2%wt in solution due to the low
amphiphilic contrast between the PPO and PEO blocks.66

In contrast, due to the stronger amphiphilic contrast in triblock-copolymers composed of polybu-
tadiene (PB) middle and PEO end blocks form micelles already at 0.12%wt in solution. Excellent
self-assembly behaviour, very low critical micelle concentration (cmc), slow exchange rates be-
tween the solvated polymer molecules and micelles, and high micelle stability have been reported
for PB-PEO diblock78�80 and PEO-PB-PEO triblock66 copolymers. Moreover, Ortel et al. demon-
strated by employing PEO-PB-PEO polymer templates the individual control of wall thickness
and pore size in mesoporous titania �lms.66

The pore size in a material cannot only be increased by employing templates with higher molec-
ular weight, but also by enlargement of the micelles with a so-called swelling agent.49,57 Swelling
agents are typically aromatic molecules, for example benzene or mesitylene.81 The hydrophobic
agent is introduced into the hydrophobic core of a micelle and, therefore, leads to an increase of
its size.49,57 Zhao et al. demonstrate the increase of pore diameter in mesoporous silica powders
up to ∼30 nm by employing Pluronic P123 and trimethylbenzene as swelling agent.
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Figure 2.4.: Examples of mesoporus �lms synthesized by employing di�erent precursor types; SEM of
a) a SiO2 �lm synthesized by CTAB and Si(OEt)4 as sol-gel precursor,82 b) TiO2 �lm synthesized with
preformed TiO2 nanocrystals and PIB89-PEO79 template83 and c) IrO2 �lm synthesized with PEO213-
PB184-PEO213 and Ir(OAc)4 as salt-type metal oxide precursor

40

2.3.2. Material Precursors

Material precursors are chemicals that transform into a desired material by chemical or thermal
treatment. During the synthesis of metal oxides with templated mesoporosity, the material pre-
cursor is structured by the template. The �nal mesoporous material is obtained after removal of
the template transformation of the precursor into the desired material.
For the synthesis of templated metal oxides, 3 types of material precursor should be distin-

guished: (I) sol-gel precursor, (II) nanoparticles and (III) salts.5 Figure 2.4 presents exemplarily
SEM images of di�erent materials prepared with these material precursors.
Typical sol-gel precursors (I) comprise hydrolysis sensitive alkoxides or partially alkoxylated

metal chlorides, for example Si(OEt)4,49,82,84 Al(OiPr)3,85,86 (MeZnOBu)4,87 TiCl4,88�90,66

ZrCl4,88,91 NbCl5.92,88 The principle reaction steps of sol-gel precursors are similar but di�er
in the reaction kinetics depending on the chemical nature of the metal ion.54

The typical reaction pathway can be summarized as follows:93 In the �rst reaction step the sol-
gel precursor undergoes hydrolysis reaction. The resulting metal hydroxides start to condensate
and form M-O-M bonds. The linkage of additional hydroxyl groups occurs as a polycondensation
reaction resulting at �rst in the formation of small sol particles. Progressing polycondensation
accelerated by the increase of the concentration or the temperature leads to an isotropic metal
oxide network, the so called gel.
The sol-gel approach in the synthesis of mesoporous metal oxides often results in unstructured

and amorphous pore walls, for example SiO2
49,82,84 or TiO2

88�90,66 One example for the synthesis
of soft-templated silica thin �lms employing the sol-gel precursor tetraethyl orthosilicate and
the ionic template CTAB is presented in Figure 2.4a. Sol-gel precursors are the most applied
precursor type in the synthesis of templated metal oxides.5 However, The sol-gel approach fails in
the synthesis of some micelle structured oxides. For example, ZnO, CoxOy and MgO have not been
reported as micelle templated �lms so far. The reason is originated in the reactivity of the metal
alkoxides. The alkoxides of Zn, Mg and Co show a high hydrolysis and condensation rate resulting
in undesired precipitation prior to mesophase assembly. Hence, no templated mesoporous oxide
of Zn, Co or Mg can be obtained after calcination with sol-gel precursors.
The nanoparticle approach94,83,5 (II) (also reported as building-blocks83,5) employs preformed

nanocrystals or nanoclusters as material precursor. The nanocrystals are coemployed with a
template and they have to assemble into a structured mesophase during synthesis. After the
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formation of the templated mesophase, the nanoparticles are transformed into a compact material
by sintering. The nanoparticles need to ful�l some requirements to be suitable for templating
approaches. The nanoparticle need to have a small particle diameter (< 5 nm) and narrow size
distribution for the optimal enclosure of the template. Further, they have to be redispersible in
the presence of the template in solvents typically applied for the mesophase formation. Figure
2.4b) presents an SEM image of mesoporous titania reported by Brezesinski et al. prepared
with preformed TiO2 nanoparticles and PIB89-PEO79 template (KLE). The pore walls appear
to be signi�cantly more structured and crystalline compared to TiO2-�lms obtained by the sol-
gel approach.88�90,66 The nanoparticles templating approach has been successfully applied for
the synthesis of di�erent micelle templated metal oxides, for example TiO2,83 Al2O3,95 Mn3O4,96

MnFe2O4, InxSnyOz (ITO).96,97 However, soft-templating of ZnO, Co3O4 and MgO nanoparticles
have not been reported, yet. The reason for this could be originated in the lack of suitable synthesis
procedures yielding redispersible, monodisperse nanoparticles with diameters < 5 nm.
The salt approach (III) employs thermally decomposable metal salts (e.g. acetates, nitrates,

citrates, chlorides, ...). These salts enclose the template unreacted and decompose into the �nal
oxide during calcination. Figure 2.4c) presents an SEM image of mesoporous IrO2 yielded from
iridium acetate salt.40 This approach is very straight forward, because no preceding synthesis or
reaction is necessary and the procedures are rather simple. However, this approach often fails due
to reasons intrinsically tied to the mechanisms of mesophase formation and template removal. For
example halides, nitrates and acetates often show the tendency of excessive crystallization during
drying which prevents the formation of the required structured mesophase. Other constraining
factors are limited solubility of many precursor compounds (oxalate, lactate, acetylacetonate,
carbonate or citrate), melting during calcination or rapid crystallite growth of the metal oxide
already before template removal.
In summary, the presented oxide precursor types (I) sol-gel, (II) building block and (III) salts

can yield numerous of soft-templated oxide materials.5 However, soft-templated MgO, ZnO and
Co3O4 cannot be synthesized with these approaches. The reasons are intrinsically tied to the
chemical and physical properties of known precursors as well as to mechanisms of mesophase
formation and template removal. The ideal oxide precursor should be well soluble in typically
applied solvents (water, ethanol, tetrahydrofuran), but should not crystallize subsequently to
deposition. Furthermore, the precursor should not precipitate due to fast sol-gel chemistry and
should allow a control over rapid crystallite growth of the oxide.

2.3.3. Synthesis Approach for Metal Oxides Films

The most common approach to synthesize soft-templated metal oxide �lms involves "evaporation
induced self-assembly" (EISA) of micelles.77,98,39 EISA-based syntheses o�er three major advan-
tages: (i) porous materials are accessible in form of �lms, �bers or powders; (ii) the pore size and
shape can be controlled by the physical properties and the concentration of the template; (iii) the
synthesis protocols are simple and reproducible.77,98,5

The principle synthesis steps of EISA-based �lm synthesis are schematically illustrated in Fig-
ure 2.5. The procedure usually starts with the preparation of a coating solution by dissolving an
amphiphilic block-copolymer and oxide precursor in volatile solvent (e.g. ethanol, water, tetrahy-
drofuran, ...) or solvent mixture. Thereafter, the homogeneous coating solution is deposited on
the surface of substrates like silicon wafers, stainless steel plates or glass. Many di�erent solution-
based deposition methods, e.g. spin coating or drop casting, can be applied for �lm deposition.
However, dip-coating is the most common deposition method in EISA synthesis. Applying dip
coating, the substrate is introduced into the coating solution and drawn out with controlled with-
drawal rate. Initiated by the evaporation of the solvent from the deposited �lm, the concentration
of the oxide precursor as well as the amphiphilic template is progressively increased. The increase
of the surfactant concentration drives a self-assembly of surfactant micelles and the material pre-
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Figure 2.5.: Schematic of the preparation steps of soft-templated metal oxide �lms: coating solution (a)
contains an amphiphilic polymer template and a material precursor, after coating a micelle structured
mesophase (b) is obtained, subsequent calcination yields the mesoporous metal oxide (c)

cursor into a liquid-crystalline mesophase.77

The mechanism of the mesophase formation is depending on the hydrophilic-hydrophobic con-
trast of the template. This amphiphilic contrast mainly determines the concentration at which
micelles are formed in solution, the critical micelle concentration (cmc).
Templates with a relatively high cmc, for example F127 (∼20%wt at 20 °C99) or P123 (∼20%wt

at 20 °C99), are initially present in the coating solution in a non-micellar isotropic phase at typical
concentrations of 3 - 5%wt (20 °C). The formation of templating micelles occurs �rst during
the evaporation of the solvent after �lm deposition. Therefore, the drying speed is essential for a
controlled mesophase formation. The drying speed can be controlled by adjusting the temperature
and the humidity100 as well as the withdrawal rate.101 Optimized atmospheric conditions and
withdrawal rate101 result in highly ordered pore system after calcination.
In contrast to surfactants with a high cmc, amphiphilic templates with low cmc, for example

PEO-PB-PEO66 or PS-PEO,102 form micelles already in the coating solution. The evaporation of
the solvent after �lm deposition results in the self-assembly of the preformed micelles on the sub-
strate. Therefore, the mechanism of mesophase formation using polymer template with low cmc is
referred to as evaporation induced micelle assembly (EIMA).102 The EIMA process is very robust;
during �lm formation, the synergetic coupling between surfactant self-assembly and precursors
is not required. Ortel et al.66 demonstrated by employing templates with high hydrophilic-
hydrophobic contrast that the pore wall thickness of the resulting �lms after calcination can be
controlled by the initial template concentration. Hence, employing templates with low cmc in
di�erent molar weights allows the individual control of wall thickness and pore diameter in the
desired material after calcination.66

The calcination temperature after �lm deposition and drying is crucial to obtain nanocrys-
talline walls and a preserved pore system (see section 2.3). Templates decompose typically at
temperatures > 250 °C.103,104 The calcination temperature for precursor decomposition and the
generation of nanocrystallinity vary depending on the nature of the metal oxide as well as the
type of precursor.5 However, the calcination temperature has to be chosen with care in order to
prevent the oxide crystallite from excessive sintering. Thermogravimetric analysis of pore tem-
plates as well as precursors facilitates the selection of the appropriate calcination temperature.
So far, employing thermo analysis for the optimization of calcination conditions is not a standard
procedure for the synthesis of templated metal oxides �lms with templated mesoporosity.

2.3.4. Synthesis Approach for Metal Oxides Powders

Metal oxide powders with templated mesoporosity can be synthesized employing either hard or
soft-templating approaches. The most direct approach to obtain metal oxide powders with tem-
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Figure 2.6.: Examples of silica materials with di�erent pore structures and pore diamters a) TEM image
of MCM-41 templated with CTACl48 b) SEM image of SBA-1536 templated with P123 c) TEM image of
KIT-6 templated with a mixture of P123 and butanol50

plated mesostructure can be synthesized by soft-templating. In the �rst step, a sol-gel precursor
and amphiphilic template are dissolved in a solvent, typically water or ethanol in analogy to
�lm synthesis of mesoporous metal oxides. In contrast to EISA-based �lm synthesis (see sec-
tion 2.3.3), the mesophase formation occurs in solution. The mesophase assembling occurs either
cooperatively by the oxide precursor with ionic templates ("assembly driven by liquid crystal
formation"105) or by in�ltration of a (true) liquid crystal formed by block-copolymers with the
precursor ("true liquid crystal templating"106).107 The assembled templates are enclosed by the
growing material network formed by polycondensation of the employed sol-gel precursors (see sec-
tion 2.3.2). The solid mesophase assembly precipitates from the solution after a critical particle
size is reached. The mesoporous metal oxide powder is obtained after �ltration, washing and
calcination to remove the template and crystallise the oxide lattice.

The �rst example of soft-templated oxide powders was published in 1992 from Mobile Com-
pany reporting the synthesis of the silica (called MCM-41) obtained from sodium silicate as oxide
precursor and cetyltrimethylammonium chloride (CTACl) as pore template.48 In the following
years, the synthesis principle was extended for the synthesis of many other metal oxides pow-
ders with soft-templated mesopores for example: γ-Al2O3,108 TiO2,88,109,110 ZrO2,111,88 V2O5,112

Nb2O5,113,88,114 Ta2O5
88,115 and WO3

116,117

However, silica is the most investigated oxide with templated mesopores. The simple hand-
ling of silica precursors and the easy synthesis protocols results in a wide range of accessible
pore structures and diameters accessible for mesoporous SiO2. Depending on the pore structure
or employed template silica materials are named after the institution where the �rst synthesis
succeeded, for example MCM-41,48 KIT-6,50 COK-12118 and SBA-15.49,57 Figure 2.6 presents
exemplarily micrographs of a) TEM image of MCM-41 templated with CTACl b) SEM image of
SBA-1536 templated with P123 c) TEM image of KIT-6 templated with a mixture of P123 and
1-butanol.

Moreover, ordered mesoporous silica can be employed as hard template. In the so-called
"nanocasting" approach38 mesoporous silica is in�ltrated by an oxide precursor solution. Af-
terwards, the oxide precursor in�lls the pore structure of silica template and is transformed into
the oxide by calcination. In the last step the silica-mould is removed by etching and the desired
oxide material is obtained in inverse shape of the initial silica pore structure.38

Nanocasting extended the range of accessible metal oxides powders with ordered mesoporosity,
for example Co3O4,119�121,36 MnxOy,,122 Fe2O3,122 Cr2O3,122�124 NiO,122,124 CuO,125 WO3,126

CeO2
124 and In2O3

120,127 or non-oxide materials like the mesoporous carbon CMK-3.53

Mesoporous carbon CMK-3 can also be employed as hard template. The procedure for the
so-called double replica approach is similar to the synthesis by nanocasting. The preformed
mesoporous carbon is in�ltrated with an oxide precursor solution. The precursor is transformed
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into the desired metal oxide and the carbon hard-template is removed by oxidative decomposition.
This so-called double replica approach can yield mesoporous oxide with the negative of the initial
carbon pore structure, for example MgO,128,129,55 SiO2

130,51 and ZnO.87,33 However, the double
replica approach is time consuming and expensive due to many synthesis steps.

2.4. Aims of this Thesis

The oxidative coupling of methane (OCM) is proposed to be a key technology to overcome the
dependency on crude oil of many branches of the chemical industry. However, the elementary
steps of the OCM are still not fully understood. In particular, the role of the pore system in the
proposed coupling between surface reaction and radical-based gas phase reaction has not been
investigated so far. For the investigation of such e�ects OCM catalysts with narrow pore size
distribution and the ability to control and tune the pore size are required.
Aim of this thesis is the development of synthesis procedures yielding model catalysts with

controlled mesoporosity for the OCM reaction. The synthesis procedures have to yield catalysts
with homogenous pore structure and controlled pore diameters. The pore system and material
composition of the resulting materials have to be investigated by analytical methods. Thereafter,
the performance of the obtained catalysts have to be tested in the OCM reaction. Finally, the
correlation of C2-selectivity and pore diameter can reveal insights of the proposed coupling between
surface reaction and radical-based gas phase reaction in the OCM.
In this thesis the synthesis of MgO and Li@MgO OCM catalyst was �rst developed for meso-

porous MgO �lms (see chapter 4). The new synthesis concept yielding not only ordered meso-
porous MgO �lms, but also mesoporous �lms of Al2O3, ZnO and Co3O4 as well as the templated
carbonate �lms of Mg, Al, Zn and Co is explained. The deduced criteria for the successful synthesis
are discussed (see section 4.1). Thereafter, the composition of the new precursor complexes as well
as their decomposition behaviour is analysed (see section 4.2) and limitations of the new concept
are discussed. It will be demonstrated that employing these precursor complexes in EISA-based
synthesis results in templated metal oxide and carbonates. For this purpose, the pore morphology,
pore wall composition and crystallinity are characterized for �lms containing Mg (see section 4.3),
Al (see section 4.4), Zn (see section 4.5) and Co (see section 4.6). Moreover, the versatility of the
new concept is demonstrated by synthesizing and characterisation of ZnO with various pore sizes
(see section 4.7). Finally, the criteria for a successful application of the new concept as well as its
limitations are discussed in detail (see section 4.8).
After demonstrating the successful synthesis of micelle templated MgO �lms, the synthesis con-

cept is transferred to obtain MgO and Li@MgO powders as OCM catalysts (see chapter 5). The
synthesis and the characterisation in respect to pore morphology and crystallinity of the resulting
MgO powders are presented (see section 5.1) before OCM testing. The catalytic performance of
MgO and Li@MgO is discussed in section 5.2. Thereafter, the morphological and compositional
properties of the catalysts after catalysis are characterized and changes of the catalysts are com-
pared to the freshly prepared catalysts (see section 5.3). In the �nal section of this chapter the
OCM performance is discussed in respect to the restructuring of the catalysts during OCM (see
section 5.4).
In addition to MgO and Li@MgO, the W-Mn/SiO2 OCM catalysts are synthesized with con-

trolled mesoporosity (see chapter 6). It will be shown that the developed synthesis procedure
yields W/Mn-SiO2 OCM catalysts with a narrow pore size distribution and controlled pore mor-
phology (see section 6.1). Employing di�erent sized templates in this synthesis procedure yield a
set of catalysts with pore diameters between 3.5 to 18 nm with comparable phase composition.
It will be demonstrated that the synthesized catalysts are active and selective in OCM reaction
(see section 6.2). The combined reproducibility of synthesis and OCM testing are subsequently
estimated in section 6.3. Thereafter, the in�uence of the initial pore diameter on the C2-selectivity
at 775 °C and 800 °C is analysed and the results are discussed for mechanistic aspects of the OCM.
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The e�ect of catalytic testing on the morphology and phase compositions of the catalysts after
catalysis is analysed in section 6.5. In the �nal section of this chapter, the phase composition and
OCM performance of the synthesized W-Mn/SiO2 catalysts are compared to the literature and
the in�uence of the pore diameter on the C2-selectivity is discussed (see section 6.6).
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3. Experimental

This chapter presents the synthesis procedures developed and applied in this thesis as well as the
analytical methods. Section 3.1 lists the employed chemicals. Section 3.2 describes the synthesis
of ordered mesoporous metal carbonates and metal oxides. In section 3.3 the synthesis of the
OCM catalysts is explained. Section 3.4 describes the methods that were applied for material
characterisation.

3.1. Chemicals

Zinc nitrate hexahydrate (98%, extra pure) and 1,3,5-trimethylbenzene (97%) were obtained from
Acros. Aluminium nitrate nonahydrate (> 99%, pro analysis), magnesium nitrate hexahydrate
(> 99%, pro analysis) and cobalt nitrate hexahydrate (> 98%, for analysis) were purchased from
Merck. Water-free citric acid (> 99.5%, pro analysis) and HCl-solution (37%wt, pro analysis) were
obtained from Roth. Concentrated sulfuric acid (95%wt, puriss) was purchased from Th. Geyer.
Lithium nitrate (99.0%), nitric acid (65%wt) and ethanol (> 99.9%, absolute) were obtained
from VWR. Sodium tungstate dehydrate (ACS), Pluronic F127, Brij56 and F108 were obtained
from Sigma Aldrich. Pluronic P123 was purchased from BASF. PEO-PB-PEO polymers were
synthesized by PSM Merseburg GmbH.66 All chemicals were used without further puri�cation.

3.2. Synthesis of Micelle-Templated Films of Metal Carbonate and

Metal Oxide

All presented micelle-templated �lms were synthesized by dip-coating with controlled humidty,
temperature and withdrawal rate using the dip-coater "Coater 5 AC" purchased from the company
idLAB. Prior to �lm deposition the substrates (silicon-wafers and aluminium foil) were cleaned
with ethanol and heated in air for 2 h at 600 °C. Single-side polished 500 - 600 µm thick silicon
wafers in (111) or (100) orientation were used for electron microscopy and XRD measurements.
Double-side polished 50 µm thick Si-wafers with (100) orientation were employed for SAXS mea-
surements. BET-samples were prepared on aluminium foil.
All �lms were calcined in stagnant air directly after dip-coating. The �lms were placed into a

preheated mu�e furnace for calcination. The mu�e furnace was held at constant temperature.
After calcination the coated substrates were directly removed from the hot furnace and natu-
rally cooled to room temperature. The starting materials, calcination time and temperatures are
summarized in Table 3.1 for each respective type of �lm.

3.2.1. Magnesium Carbonate and Magnesium Oxide Films

Dip-coating solution for the synthesis of magnesium carbonate and magnesium oxide �lms were
prepared by joining powders of the template PEO213-PB184-PEO213 (70 mg, 2.4 µmol), citric acid
(144 mg, 0.75 mmol) and Mg(NO3)2·6 H2O (385 mg, 1.5 mmol). The joint powders were dissolved
by adding a mixture of 1.5 ml ethanol and 1.5 ml milliQ water and applying subsequent ultrasound
for two hours to obtain a clear solution. The solutions remained colourless and transparent for
at least 8 weeks. In a next step the solution was �ltered through a 0.2 µm syringe �lter prior to
�lm deposition. Films were then prepared by dip-coating of substrates at a withdrawal rate of
150 mm/min under controlled atmosphere (25 °C, 40% relative humidity). Thereafter, the �lms
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Table 3.1.: Synthesis conditions employed for the preparation of micelle-templated mesporous carbonates
and oxides of Zn, Al, Co and Mg. Column 1 features the sample name. Columns 2, 3 and 4 detail the
compositions of the dip-coating solution, column 4 the calcination procedure (i) that yields the carbonate
and column 5 the respective calcination (ii) that transforms the carbonate into the corresponding oxide

sample name precursor system template (i) calcination

to obtain the

carbonate

(ii) calcination to

obtain the oxide

Mg, large

mesopores

Mg(NO3)2·6 H2O &

citric acid

PEO213-PB184-PEO213 60 min/400 °C 120 min/400 °C +

60 min/600 °C

Al, large

mesopores

Al(NO3)3·9 H2O &

citric acid

PEO213-PB184-PEO213 60 min/300 °C 60 min/300 °C +

30 min/900 °C

Co, large

mesopores

Co(NO3)2·6 H2O &

citric acid

PEO213-PB184-PEO213 60 min/250 °C 60 min/250 °C +

20 min/300 °C

Zn, large

mesopores

Zn(NO3)2·6 H2O &

citric acid

PEO213-PB184-PEO213 60 min/250 °C 60 min/250 °C +

25 min/400 °C

Zn, medium

mesopores

Zn(NO3)2·6 H2O &

citric acid

PEO104-PB92-PEO104 60 min/250 °C 60 min/250 °C +

20 min/400 °C

Zn, small

mesopores

Zn(NO3)2·6 H2O &

citric acid

PEO65-PB59-PEO104 60 min/250 °C 60 min/250 °C +

20 min/400 °C

Zn, F127 Zn(NO3)2·6 H2O &

citric acid

PEO100-PPO70-PEO100 60 min/250 °C 60 min/250 °C +

15 min/400 °C

Zn, bimodal

mesopores

Zn(NO3)2·6 H2O &

citric acid

PEO213-PB184-PEO213 &

PEO65-PB59-PEO104

60 min/250 °C 60 min/250 °C +

20 min/400 °C

were allowed to dry in the dip-coater for at least 5 min. Films were then calcined in a preheated
mu�e furnace for either (i) 1 hour at 400 °C, or (ii) 3 hours at 400 °C followed by natural cooling
to room temperature and subsequent calcining at 600 °C for 1 hour.

3.2.2. Aluminium Carbonate and Aluminium Oxide Films

The dip-coating solution for the aluminium carbonate and aluminium oxide �lms were prepared
by mixing the powders of Al(NO3)3·9H2O (563 mg, 1.5 mmol), citric acid (144 mg, 0.75 mmol)
and PEO213-PB184-PEO213 (70 mg, 2.4 µmol). The joint powders were dissolved by adding a
mixture of 1.5 ml milliQ water and 1.5 ml ethanol and subsequent stirring over night resulting in
a slightly yellow solution. In a next step the solution was �ltered through 0.2 µm syringe �lter
prior to �lm deposition. Films were prepared by dip-coating of substrates at a withdrawal rate
of 150 mm/min at 25 °C and 40% relative humidity. Thereafter, �lms were allowed to dry for at
least 10 min in the dip-coater before transfer into the preheated mu�e furnace. The mesoporous
aluminium carbonate �lms were obtained after calcination (i) for 1 h at 300 °C. The mesoporous
aluminium oxide �lms were obtained after calcination (ii) for 1 h at 300 °C, natural cooling to
room temperature and subsequent calcination for 30 min to 900 °C in a preheated mu�e furnace.

3.2.3. Zinc Carbonate and Zinc Oxide Films

The dip-coating solution for zinc carbonate and zinc oxide �lms were prepared by joining pow-
ders of Zn(NO3)2·6H2O (444 mg, 1.5 µmol), citric acid (144 mg, 0.75 mmol) and a polymer tem-
plate. Either PEO213-PB184-PEO213 (70 mg, 2.4 µmol), PEO104-PB92-PEO104 (70 mg, 4.93 µmol),
PEO65-PB59-PEO65 (70 mg, 7.9 µmol) or PEO106-PPO70-PEO106 (150 mg, 11.9 µmol) was em-
ployed as templates. The dual templated �lms were synthesized by employing PEO213-PB184-
PEO213 (70 mg, 2.4 µmol) and PEO65-PB59-PEO65 (140 mg, 14.8 µmol) as templates. The
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powders were dissolved by adding a mixture of milliQ water (1.5 ml) and ethanol (1.5 ml) and
subsequent stirred over night resulting in a colourless solution. In a next step the solution was
�ltered through 0.2 µm syringe �lter prior to �lm deposition. Films were then prepared by dip-
coating of substrates at a withdrawal rate of 150 mm/min under controlled atmosphere (25 °C,
40% relative humidity). Thereafter, �lms were allowed to dry for at least 10 min in the dip-
coater before being transfered into the preheated mu�e furnace. Mesoporous ZnCO3 �lms were
obtained after calcination (i) for 1h at 250 °C. Mesoporous ZnO were obtained after calcination
(ii) for 1h at 250 °C, natural cooling to room temperature followed by calcination at 400 °C
for 25 min (mono templating PEO213-PB184-PEO213 and dual templating with PEO213-PB184-
PEO213/PEO65-PB59-PEO65), 400 °C for 20 min (employing PEO104-PB92-PEO104 or PEO65-
PB59-PEO65), 400 °C for 15 min (employing PEO106-PPO70-PEO106) in the preheated mu�e
furnace.

3.2.4. Cobalt Carbonate and Cobalt Oxide Films

The dip-coating solution for cobalt carbonate and cobalt oxide �lms were prepared by mixing the
powders of Co(NO3)2·6H2O (437 mg, 1.5 µmol), citric acid (144 mg, 0.75 mmol) and PEO213-
PB184-PEO213 (70 mg, 2.4 µmol). The powders were dissolved by adding a mixture of milliQ water
(1.5 ml) and ethanol (1.5 ml) and subsequente stirring over night resulting in a red/pink solution.
In a next step the solution was �ltered through 0.2 µm syringe �lter prior to �lm deposition. Films
were then prepared by dip-coating substrates at a withdrawal rate of 150 mm/min at 25 °C and
40% relative humidity. Thereafter, �lms were allowed to dry for at least 10 min before transfer
into the preheated mu�e furnace. The cobalt carbonate �lms employed calcination (i) for 1 h at
200 °C. Mesoporous cobalt oxide �lms were obtained after calcination (ii) for 1 h at 200 °C, natural
cooling to room temperature and heating for 20 min at 300 °C in a preheated mu�e furnace.

3.3. Synthesis of Micelle-Templated OCM Catalysts

3.3.1. MgO and Li@MgO

The MgO powder templated with PEO213-PB184-PEO213 was prepared by drying a solution con-
taining Mg(NO3)2·6H2O, citric acid and the template followed by calcination. The template
PEO213-PB184-PEO213 (1 g, 34.8 µmol) was dissolved in 15 ml ethanol by stirring over night
at room temperature. Thereafter, citric acid (1.44 g, 7.5 mmol) and Mg(NO3)2·6H2O (3.85 g,
15 mmol) were added as powders in this order to the template solution and dissolved by stirring
for further 24 h resulting in a viscose, yellowish solution. The solution was then dried in a plain
ceramic dish at 50 °C under an air stream yielding a transparent gel. Finally, the dish with the
gel was heated with 5 K/min to 480 °C, kept there for 3 h followed by 500 °C for 1 h and naturally
cooled to room temperature. This procedure results in 609 mg (yield: > 99.9%) slightly greyish,
light �akes.
The untemplated MgO powder was prepared drying a solution containing Mg(NO3)2·6H2O and

citric acid followed by calcination. Citric acid (1,44 g, 7.5 mmol) and Mg(NO3)2·6 H2O (3.85 g,
15 mmol) were mixed as powders and dissolved by adding 15 ml ethanol and applying ultrasound
for 1 h resulting in a colorless solution. Thereafter, the solution was dried in a plain ceramic dish
at 50 °C under an air stream yielding a transparent gel. Finally, the dish with the gel was heated
with 5 K/min to 480 °C, kept there for 3 h followed by 500 °C for 1 h and natural cooled to room
temperature. This procedure results in 591 mg (yield: 97.6%) slightly beige/grayish, light �akes.
The Li@MgO powder templated with PEO213-PB184-PEO213 was prepared drying a solution

containing Mg(NO3)2·6H2O, LiNO3 (6 mg, 0.09 mmol), citric acid and the template followed by
calcination. The template PEO213-PB184-PEO213 (1 g, 34.8 µmol) was dissolved in 15 ml ethanol
by stirring over night at room temperature. Thereafter, citric acid (1.44 g, 7.5 mmol), LiNO3
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(6 mg, 0.09 mmol) and Mg(NO3)2·6H2O (3.85 g, 15 mmol) were added to the template solution
as powders in this order and dissolved by stirring for further 24 h resulting in a viscose, yellowish
solution. The solution then was dried in a plain ceramic dish at 50 °C under an air stream yielding
a transparent gel. Finally, the dish with the gel was heated with 5 K/min to 480 °C, kept there
for 3 h followed by 500 °C for 1 h and natural cooled to room temperature. This procedure results
in 572 mg (yield: 94.5%) slightly grayish, light �akes.
The untemplated Li@MgO powder was prepared drying a solution containing Mg(NO3)2·6H2O,

LiNO3 and citric acid followed by calcination. Citric acid (1.44 g, 7.5 mmol), LiNO3 (6 mg,
0.09 mmol) and Mg(NO3)2·6H2O (3.85 g, 15 mmol) were mixed as powders and dissolved by
addition of 15 ml ethanol and applying ultrasound for 1 h resulting in a colourless solution.
Thereafter, the solution was dried in a plain ceramic dish at 50 °C under an air stream yielding a
transparentgel. Finally, the dish with the gel was heated with 5 K/min to 480 °C, kept there for
3 h followed by 500 °C for 1 h and natural cooled to room temperature. This procedure results in
591 mg (yield: 91.1%) slightly beige/grayish, light �akes.

3.3.2. W-Mn/SiO2

The W-Mn/SiO2 OCM catalysts were obtained by a procedure combining the SBA- synthesis49,57

and a sol-gel route28 for this type of OCM catalyst. The pore sizes were varied by employing
di�erent sized polymer templates and swelling of the P123 micelles with di�erent amounts of
1,3,5-trimethylbenzene (TMB).
For the preparation of the silica-based OCM catalysts with varied polymer templates 4 g of the

respective polymer (Pluronic F127, Brij56, F108 or P123) was added into a 250 ml polypropylene
hydrothermal �ask, dissolved in 120 ml HCl-solution (2 mol/l) and additional 10 ml water resulting
in a turbid solution. During dissolution the lid covered mixture was heated to 60 °C in a water
bath and kept there for an additional hour. Thereafter, Mn(NO3)2·4H2O (224 mg, 0.89 mmol)
dissolved in 10 ml water was added to the now clear polymer solution. After additional 30 s
Na2WO4·2H2O (138 mg, 0.37 mmol) dissolved in 10 ml water was added resulting in a slightly
yellow solution. After further stirring for 1 h, the solution was cooled down to 35 °C (in the case
of F127 to 22 °C, see Zhao et al.49). Then, 9 ml Si(OEt)4 (8.5 g, 40.8 mmol) was added by a
glass pipette and the resulting mixture was vigorously stirred with closed lid for 20 h yielding
a yellowish slurry. Afterwards, the �ask was removed from the water bath and was transferred
into the preheated furnace, to age at 80 °C for 21 h without stirring. In a next step the resulting
yellowish solid was collected by �ltration, washed several times with the �ltrate and dried on the
�lter paper for at least 48 h at room temperature. The dried powder was then transferred from
the �lter paper to a plain ceramic dish, which was heated, thereafter, with 1 K/min in a tube
furnace to 500 °C under air �ow and kept at this temperature for 6 h prior to natural cooling to
room temperature. The catalyst powder was obtained as yellowish powder.
For the preparation of the silica-based OCM catalysts with di�erent amounts of swelling agent

4 g Pluronic P123 was added into a 250 ml polypropylene hydrothermal �ask, dissolved by addition
of 120 ml HCl-solution (2 mol/l) and additional 10 ml water resulting in a turbid solution. During
dissolution the lid-covered mixture was heated to 60 °C in a water bath and kept there for an
additional hour. Thereafter, Mn(NO3)2·4H2O (224 mg, 0.89 mmol) dissolved in 10 ml water was
added to the polymer solution. After 30 s Na2WO4·2H2O (138 mg, 0.37 mmol) previously dissolved
in 10 ml water was added resulting in a slightly yellow solution. After further stirring for 1 h, the
solution was cooled down to 35 °C and 0.25 ml, 0.5 ml or 0.75 ml 1,3,5-trimethylbenzene (TMB)
was added to the solution. After 30 min stirring with closest lid, 9 ml Si(OEt)4 (8.5 g, 40.8 mmol)
was added by a glass pipette and the resulting mixture was vigorously stirred with closed lid at
35 °C for 20 h yielding a yellowish slurry. Thereafter, the �ask was removed from the water bath
and was transferred into the preheated furnace, to age at 80 °C for 21 h without stirring. The
resulting yellowish solid was collected by �ltration, washed several times with �ltrate and dried
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on �lter paper for at least 48 h at room temperature. The dried powder was then transferred
from the �lter paper to a plain ceramic dish. Thereafter, the dish with the obtained powders was
heated with 1 K/min in a tube furnace to 500 °C in air �ow and kept at this temperature for
6 h prior to natural cooling to room temperature. The catalyst powder was obtained as yellowish
powder.

3.4. Characterisation Methods

Transmission Electron Microscopy (TEM)

Pore morphology and pore wall crystallinity were analysed by TEM measurements. TEM was
recorded on a FEI Tecnai G 2 20 S-TWIN instrument operated at 200 kV on �lms scraped o�
from the substrates and transferred onto a copper grid coated with lacey carbon.

Scanning Electron Microscopy (SEM)

Pore morphology and crystallite size were analysed by SEM measurements. SEM imaging was
performed using a JEOL 7401F instrument at 10 kV acceleration voltage and 4 mm working
distance. Cross section images were recorded on a breaking edge. The edges were prepared
immediately before the measurement by breaking the coated silicon wafer. Image J Version 1.44o
(http://rsbweb.nih.gov/ij) was employed to determine pore diameter and �lm thickness.

Gas Physisorption

Poreshape, pore size distribution and BET surface area were determined by gas physisorption.
Kr-adsorption isotherms were measured on �lm samples at 77 K with a Quantachrome Autosorb-
1-C. The �lm samples were degassed in glass tube under vacuum at 150 °C for 2 h prior to
physisorption. Thereafter, the glass tubes were naturally cooled to room temperature, �lled with
helium and subsequent transferred to the physisorption station of the Quantachrome Autosorb-
1-C. Then, the physisorption data for 11 points between p/p0 0.01 and 0.32 were collected. The
surface area was calculated using the method of Brunauer-Emmett-Teller (BET). To determine
the coating mass, the oxide �lms were dissolved and the concentration was measured at a Varian
715-ES ICP-OES. The MgO �lms were dissolved in a mixture of HCl-solution (2 ml, 37%wt),
HNO3 (6 ml, 65%wt) and 2 ml water by stirring at room temperature for 21 h. The Al2O3 �lms
were dissolved in a mixture of H2SO4 (3ml, 95%wt) and H3PO4 (3 ml, 85%wt) for 30 min at 200 °C
and 20 bar in a microwave (200 W). The ZnO �lms were dissolved in aqueous HCl-solution (8 ml,
37%wt) under stirring for 30 h at 25 °C. The Co3O4 �lms were dissolved in aqueous HCl-solution
(8 ml, 37%wt) under stirring for 40 h at room temperature.

N2-adsorption and desorption isotherms were measured on powder samples at 77 K with a Quan-
tachrome Autosorb-1-C. The powder samples were degassed under vacuum at 150 °C for 2h prior to
physisorption. Thereafter, the glass tubes were naturally cooled to room temperature, �lled with
helium and subsequent transferred to the physisorption station of the Quantachrome Autosorb-1-
C. Then, the physisorption data for 89 points between p/p0 0.01 and 0.99 were collected. Surface
area was calculated using the method of Brunauer-Emmett-Teller (BET). The pore size distribu-
tion of MgO containing powders were calculated by applying the Barrett-Joyner-Halend (BJH)
model on the desorption isotherm. The pore size distribution of W-Mn/SiO2 powders were calcu-
lated by NLDFT model called "N2 at 77K on silica (cylindr./sphere. pore NLDFT ads. Modell)"
integrated in the Quantachrome software AS1Win .
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Small Angle X-ray Scattering (SAXS)

The pore order, d-spacing and pore structure were analysed by 2D-SAXS measurements. 2D-
SAXS patterns of the templated metal carbonate and metal oxide �lms as well as the pristine
W-Mn/SiO2 catalysts were recorded at DORIS III storage ring, beamline B1 at DESY Hamburg
with a PILATUS 1M detector (Dectris) at a sample-to-detector distance of 3589 mm or 1785 mm
and X-ray energy of 16029 eV. Films were measured at 90° and 6° (for MgCO3 and MgO at 90°
and 13°) incident angle of the beam relative to the Substrate. The 2D-SAXS patterns of the
W-Mn/SiO2 catalysts after catalysis were recorded on a Bruker Nanostar using Cu-Kα-radiation.
The W-Mn/SiO2 powders were mounted on Scotch tape. The 2D-SAXS patterns were analysed
using the Software Fit2D (Version 12.077).

Fourier Transform Infrared Spectroscopy (FTIR)

The composition of the decomposition products of precursor complexes were analysed by FTIR.
The powder samples for FTIR were prepared by dissolving the metal nitrate and citric acid in a
2:1 molar ratio in ethanol followed by drying under reduced pressure. The yielded powders were
calcined in the preheated mu�e furnace on plain ceramic dishes at conditions analogue to the
corresponding �lms (see table 3.1). FTIR spectra were recorded on a Perkin Elmer Spectrum 100
on samples pressed in KBr in transmission mode.

X-ray Di�raction (XRD)

The crystalline composition of �lm and powder samples was analysed by XRD. The XRD patterns
were measured on a Bruker D8 Advance (Cu Kα-radiation). The �lm samples were measured in
gracing incident con�guration with an incident angle of the beam of 1° relative to the substrate.
The powder samples were measured in Bragg-Brentano con�guration. Bragg re�exes were assigned
using PDFMaintEx library Version 9.0.133.

Thermogravimetry-Fourier Transformed Infrared Spectroscopy (TG-FTIR)

The decomposition behaviour of polymer template and metal precursor complexes were studied by
thermogravimetry. The gaseous decomposition products were analysed simultaneously by FTIR.
The dried metal complexes for TG-FTIR were prepared by dissolving the metal nitrate and citric
acid in 2:1 molar ratio in ethanol followed by drying under reduced pressure. Thermogravimetry
was measured on a Netzsch STA 409 PC with a heating rate of 5 K/min. The gaseous decompo-
sition products were analysed with a connected Bruker Optik Equinox 55. Gas-phase IR spectra
were assigned using the EPA vapour phase FTIR library.

Electron spray ionisation mass spectra (ESI-MS)

The composition of precursor complexes was studied by electron spray ionisation mass spectra
(ESI-MS). Electron spray ionisation mass spectra (ESI-MS) of the Al, Zn and Co complexes were
measured with a Thermo Scienti�c Orbitrap LTQ XL operating at a source voltage of 10 kV
in anion mode. The ESI-MS spectrum of the Mg complex was recorded on a Micromass Bio-Q
spectrometer with a cone voltage of 40 V in cation mode. The spray solutions were prepared by
co-dissolving metal nitrates and citric acid in a 2:1 molar ratio in ethanol with a concentration of
∼0.1 mg/ml and sprayed directly into the ESI-MS with a �ow rate 5 µl/min.

3.5. Catalytic Tests

Catalytic tests on the OCM reaction were carried out in a multi-channel reactor system located
at Leibniz Institute for Catalysis Rostock (LIKAT). This setup consists of 48 plug �ow �xed-bed
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quartz reactors with an inner diameter of 4 mm operating in parallel. The catalyst powder (MgO:
40 mg, W-Mn/SiO2: 50 mg) was placed on a quartz wool plug and was covered with 300 mg
SiC. The reactors �lled with MgO derived catalyst were heated to 500 °C with 5 K/min under air
prior to catalytic testing with CH4/air feed (6:15 volume ratio) with a �ow rate of 6 Nml/min at
500 °C, 550 °C, 600 °C, 650 °C, 700 °C, 750 °C, 800 °C.
The reactors �lled with W-Mn/SiO2 catalyst were heated to 600 °C with 5 K/min and from

600 °C to 775 °C with 2 K/min in air atmosphere. The catalysts were tested with CH4/air (6:15
volume ratio) gas feed at 775 °C, 800 °C, 825 °C (Heating rate between steps 2 K/min) with 3 �ow
rates applied per each temperature subsequently (�ow 1: 13.5 Nml/min; �ow 2: 17.0 Nml/min;
�ow 3: 23.1 Nml/min). Afterwards the reactor was cooled down to 775 °C and the catalytic
performance was tested agian at �ow 1.
The feed components and the reaction products were analysed by an online gas chromatograph

(Agilent 7890). The conversion of CH4 was calculated from the inlet and outlet concentrations of
CH4. The product selectivities were calculated on the product basis. The GC analysis started after
the system had reached reaction temperature and was carried out sequentially for each individual
reactor.
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4. Micelle-Templated Films of Metal
Carbonates and Metal Oxides

In this chapter the new synthesis concept for the synthesis of micelle templated metal oxide and
metal carbonates is presented. The concept is based on a new type of oxide precursors formed by
metal nitrate and citric acid. Employing these precursors in the synthesis of mesoporous layers
helps to overcome the limitation of the typically used precursors such as sol-gel, nanoparticles or
salt precursors (see section 2.3.2).
In the following section 4.1 the new synthesis concept for the synthesis of micelle templated metal

oxide and carbonate layers based on the EISA synthesis is described and the deduced requirements
are explained. The complexation, composition in solution behaviour and thermal decomposition
behaviour of the oxide precursors is analysed in section 4.2. Applying the synthesis concept enables
the synthesis of micelle templated oxide and carbonate layers of magnesium, aluminium, zinc and
cobalt. Their characterisation is described in sections 4.3 - 4.6. Moreover, the versatility of the
concept is demonstrated by synthesizing ZnO with di�erent pore sizes as well as dual templated
layers (see section 4.7). Finally, the results are discussed in section 4.8.

4.1. General Synthesis Concept

Common soft-templating routines such as evaporation-induced self-assembling (EISA)77 employ
micelles of amphiphilic block copolymers as pore templates. In a typical EISA synthesis, a solution
containing an oxide precursor and an amphiphilic block copolymer is deposited onto a substrate.
The solvent evaporates during deposition while the template molecules arrange into micelles.
Micelles and the partially condensed precursor assemble into an ordered mesophase. A subsequent
calcination converts this mesophase into a mesoporous oxide �lm. However, neither the micelle-
templated synthesis of Co3O4 �lms nor ZnO or MgO �lms have been reported so far.
The failure of EISA-based syntheses to produce templated zinc, magnesium or cobalt oxide �lms

originates from the properties of commonly employed metal precursors. Typically oxides were
synthesized from (I) alkoxides or partially alkoxylated metal chlorides (e.g. SiO2,82,84 TiO2,89,90

Al2O3,131 ZrO2
75,59), (II) preformed colloidal nanocrystals (e.g. TiO2,83 Mn3O4,96 MnFe2O4,

InxSnyOz (ITO)96,97), and (III) thermally decomposable metal salts (e.g. IrO2
40). The reasons

for failure are intrinsically tied to the mechanisms of mesophase formation and template removal
(see section 2.3.2). Other constraining factors are limited solubility of many precursor compounds,
melting during calcination or rapid crystallite growth of the metal oxide already before template
removal. Additionally, a general limitation of all here described methods is that they do not
provide access to the soft-templated synthesis of mesoporous metal carbonates.
This chapter will demonstrate that the self-assembly of triblock copolymers with citric-acid

based metal complexes provides access to micelle-templated oxides and carbonates of zinc, cobalt
and aluminium. Thus, mesoporous �lms of MgO, ZnO and Co3O4 as well as MgCO3, ZnCO3 and
Al2(CO3)3 with micelle-controlled pore structure become accessible for the �rst time. Based on a
mechanistic understanding general criteria for the successful synthesis of metal oxides and metal
carbonates with controlled porosity are deduced. The deduced criteria are illustrated in Figure
4.1 along with the proposed synthesis strategy:

1. Metal salt and ligands with carboxylic acid functionality must form a chemical complex.
Chelating ligands are preferred due to the high stability of their complexes.
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4. Micelle-Templated Films of Metal Carbonates and Metal Oxides

Figure 4.1.: Synthesis scheme and deduced requirements for the synthesis of mesoporous metal oxides via
metal carbonate intermediates. 1) Formation of a soluble complex from metal nitrate and the complexing
agent such as citric acid, 2) �lm deposition and concurrent self-assembly of the micelles of the polymer
template with the precursor complex into an ordered mesophase, 3) decomposition of the precursor complex
into a structurally stable metal-carbonate intermediate at low temperature while retaining the ordered
mesophase, 4) thermal treatment in air to remove the polymer-template leading to open mesopores in the
metal carbonate �lm 5) controlled decomposition of the amorphous carbonate that forms the pore walls
into the nanocrystalline metal oxide.

2. Polymer micelles and metal complex must undergo self-assembly during deposition and
drying to form an ordered mesostructure.

3. The chemical complex should decompose into a structurally stable metal carbonate at low
temperatures while the templating micelles stabilize the formed mesostructure.

4. Subsequent template removal should yield the mesoporous metal carbonate, hence decompo-
sition of the template polymer should occur at a temperature where the carbonate remains
thermally stable.

5. The �nal thermal treatment should transform the carbonate into a nanocrystalline metal
oxide while retaining the templated pores.

Guided by these requirements the physical and chemical processes that would constitute the
synthesis of the mesoporous carbonate and oxide for the metals Mg, Al, Zn and Co were analysed.
Formation of (1) a stable metal complex was studied by electron spray ionisation mass spectra
(ESI-MS) of precursor solutions. Employing highly amphiphilic surfactants PEO-PB-PEO that
form stable spherical micelles already prior to solution deposition assured (2) robust reproducible
mesophase formation. Ordering of micelles and pore structures was assessed by small-angle X-
ray scattering (SAXS). Adequate thermal treatment procedures for (3) carbonate formation, (4)
template removal and (5) oxide formation were established based on thermogravimetric (TG)
analysis of precursor complexes and templates. Additional characterisation revealed the struc-
tural evolution of the pore morphology (SEM, TEM) and surface area (Kr sorption) as well as
phase composition (FTIR, XRD) and crystallinity of the pore walls (SAED, XRD). The derived
mechanistic picture explains the formation of mesoporous carbonates and oxides. It reveals also
why the synthesis of mesoporous CoCO3 necessarily fails.
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4.2. Citric Acid Complexes with Metal Nitrates as Material Precursors

Figure 4.2.: Electron spray ionisation mass spectra of mixtures of citric acid with a) Mg(NO3)2 (cation
spectra) b) Al(NO3)3 (anion spectra) c) Zn(NO3)2 (anion spectra) d) Co(NO3)2 (anion spectra). The
characteristic mass fragments along with the corresponding isotope patterns are marked with the identi�ed
metal (M) to ligand (L) ratio.

4.2. Citric Acid Complexes with Metal Nitrates as Material

Precursors

Complexation Behaviour of Citric Acid with Metal Nitrates

The proposed synthesis strategy (see section 4.1) requires the initial formation of a stable and
soluble metal-precursor complex in solution (Figure 4.1, condition 1). The ability of citric acid to
form complexes with the nitrates of Mg, Al, Zn and Co was therefore assessed by electron spray
ionisation mass spectroscopy (ESI-MS) of the complex solutions.
The samples for ESI-MS were prepared by co-dissolving the powders of the metal nitrate and

citric acid in ethanol (2:1 molar ratio). Di�erent from the dip-coating solution, the concentration
was reduced to ∼0.1 mg/ml for instrumental reasons.
Figure 4.2 shows the mass spectra recorded from the solutions of citric acid and a) Mg(NO3)2

b) Al(NO3)3 c) Zn(NO3)2 d) Co(NO3)2. The characteristic mass fragments along with the corr-
esponding isotope patterns are marked with the identi�ed metal (M) to ligand (L) ratio. Along
with these masses, signals corresponding to organic compounds derived from fragmentation of
ligand and solvent were found. For clarity, these signals are not marked and the mass range was
reduced to the part of the spectra containing mass patterns of metal complexes.
Figure 4.2a shows the mass spectra recorded in anion mode from magnesium nitrate and citric

acid dissolved in ethanol (for details see Figure A.1). The identi�ed complexes have di�erent sto-
ichiometries of magnesium and citric acid in the complexes, i.e. MgL (m/z 215.00 [C6H7MgO7]+,

27
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m/z 261.05 [C8H13MgO8]+, m/z 278.00 [C6H8MgNO10]+), Mg2L (m/z 346.01[C8H12Mg2NO11]+),
MgL2 (m/z 407.03 [C12H15MgO14]+), Mg2L2 (m/z 429.00 [C12H13Mg2O14]+).
These identi�cations of complexes magnesium nitrate with citric acid con�rm the strong ten-

dency of citric acid to bond to magnesium ions. Therefore, most likely the magnesium nitrate
and citric acid also interact in the dipcoating solution forming a precursor complex.
The mass spectrum for aluminium nitrate and citric acid in ethanol (Figure 4.2b) recorded in

anion mode shows characteristic mass fragments along with the corresponding isotope patterns
of aluminum citric acid complexes (for details see Figure A.2). Masses corresponding to complex
stoichiometries AlL (m/z 277.97 [C6H5AlNO10]−, m/z 340.97 [C6H6AlN2O13]− ) and Al2L2 (m/z
430.96 [C12H9Al2O14]−) are observed.
These �ndings con�rm the tendency of citric acid to bind to aluminium. However, the mass

spectra show the least diversity of metal to ligand ratio compared to Mg, Zn and Co complexes,
maybe due to a weaker interaction of the ligand to aluminum or alternative fragmentation mech-
anisms preventing the detection of labil complexes.
The mass spectrum recorded from a solution containing zinc nitrate and citric acid in ethanol

(Figure 4.2c) shows characteristic mass fragments along with the corresponding patterns of com-
plexes formed by zinc nitrate and citric acid (for details see Figure A.3). Most of the observed
masses can be assigned to zinc ions bonded to citric acid with nitrate as counter ions. The identi-
�ed complexes have di�erent stoichiometries of Zn and citric acid in the complexe, i.e. ZnL (m/z
315.93 [C6H6NO10Zn]−, m/z 378.92 [C6H7N2O13Zn]−), Zn2L (m/z 442.83 [C6H5N2O13Zn2]−),
ZnL2 (m/z 507.97 [C12H14NO17Zn]−), Zn2L2 (m/z 571.87 [C12H12NO17Zn2]−).
This identi�cation of citric acid complexes with zinc ions con�rm the strong complexation

tendency. Presumably, this complexes are also present in dip-coating solution.
Figure 4.2d shows the mass spectra recorded in cation mode from magnesium nitrate and citric

acid dissolved in ethanol for detailed correlation (for details see Figure A.4). The identi�ed com-
plexes corresponding to complex stoichiometries CoL (m/z 310.93 [C6H6CoNO10]−, m/z 373.93
[C6H7CoN2O13]−), Co2L (m/z 430.85 [C6H5Co2N2O13]−, m/z 493.84 [C6H6Co2N3O16]−), CoL2

(m/z 502.96 [C12H14CoNO17]−) and Co2L2 (m/z 559.88 [C12H12Co2NO17]−). These �ndings con-
�rm the strong complexation tendency of citric acid to cobalt ions and support the assumption
of present cobalt citric acid complexes in the coating solution.
In summary, the recorded ESI mass spectra indicate the formation of complexes between the

metal ions Mg, Al, Zn and Co with citric acid. This leads to the assumption that complexes of
citric acid with metal nitrate are present in the dip coating solution forming the oxide precursor.
However, whether the binuclear complex with the stoichmetry M2L2 represents the precursor or
only a fragment of a larger complex or even a network cannot be distinguished from the present
data.

Decomposition Behaviour of Pore Template and Precursor Complexes

The proposed synthesis strategy (see section 4.1) requires the decomposition of the precursor
complex into carbonate at temperatures where the template polymer remains su�ciently stable
(Figure 4.1, step 3). Moreover, access to the mesoporous carbonate implies that the template
removal (Figure 4.1, step 4) occurs prior to carbonate decomposition into the oxide (Figure 4.1,
step 5). The thermal stability of template polymer and of di�erent dried precursor complexes was
therefore investigated by TG analysis in air with a heating rate of 5 K/min.
The recorded TG curves are presented in Figure 4.3 showing the decompostion behaviour of

the template polymer (Figure 4.3a) with that of the citric acid complexes of Mg (Figure 4.3b), Al
(Figure 4.3c), Zn (Figure 4.3d) and Co (Figure 4.3e).
TG indicates that the polymer template (Figure 4.3a) starts to decompose at a temperature

above 250 °C. However, a rapid mass loss related to combustion of the polymer occurs between
375 - 425 °C. The thermal stability of the polymer is therefore in line with literature reports, where
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4.2. Citric Acid Complexes with Metal Nitrates as Material Precursors

Figure 4.3.: Thermogravimetric analysis recorded for a) the polymer PEO213-PB184-PEO213 and (b-e)
dried complexes of citric acid with di�erent metal nitrates: b) Mg(NO3)2 c) Al(NO3)3 d) Zn(NO3)2 e)
Co(NO3)2. The colors mark di�erent temperature ranges of thermal modi�cation of template polymer and
of the metal complexes. The green frame highlights the temperature range of the decomposition of the
template polymer. Colored areas indicate the evolution of the metal complexes: 1. (blue) decomposition
of the precursor complex into the corresponding carbonate, 2. (yellow) existence of the metal carbonate
and 3. (red) decomposition of the carbonate into the metal oxide. The heating was conducted with a rate
of 5 K/min in air
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4. Micelle-Templated Films of Metal Carbonates and Metal Oxides

decomposition temperatures between ∼200 °C (PEO106-PPO70-PEO106 , Pluronic F127)103 and
∼400 °C (PEO79-PHB89, KLE)104 have been observed.
The TG curves of all studied metal complexes show a similar typical shape (Figure 4.3b/c/d/e).

An initial mass loss of about 30 to 50% is followed by a plateau of constant mass and another
mass loss. Between 20 and 35% of the initial mass are retained in the �nal stage.
The TG curve of magnesium complexed with citric acid exhibits a �rst weight loss between

temperatures of about 100 °C and 270 °C forming a stable intermediate. This intermediate is
mass stable between 270 °C and 425 °C. The second weight loss occurs between 425 °C and
500 °C, suggesting the decomposition of the stable intermediate into MgO. FTIR analysis of the
gas phase recorded at 425 °C detects only carbon dioxide as product of this second decomposition
step (Figure A.5). CO2 evolution can result from two processes, the oxidation of organic residue
and the decomposition of magnesium carbonate. The oxidation of organic residues would result in
the products water and CO2. Since, no additional signal corresponding to water was detected, the
CO2 signal must be originated in carbonate decomposition. Hence, deposited �lms were calcined
at 400 °C (i) to obtain the magnesium carbonate and further calcined at 600 °C (ii) yielding
magnesium oxide (see section 4.3).
In the TG measurement of aluminium citric acid complex, a �rst weight loss is observed between

temperatures of about 100 °C and 225 °C forming a stable intermediate. This intermediate is
mass stable between 225 °C and 310 °C. The second mass loss occur at 310 °C indicating the
decomposition of the intermediate into the �nal aluminum oxide. FTIR analysis of the gas phase
recorded at 400 °C shows only signals corresponding to CO2 indicating decomposition of the
intermediate aluminum carbonate intro aluminum oxide. Thus, deposited �lms were calcined at
300 °C (i) to obtain the aluminum carbonate and further calcined at 900 °C (ii) yielding aluminum
oxide.
The TG-measurement of the zinc citric acid complex shows the �rst signi�cant mass loss between

160 °C and 225 °C (Figure 4.3d). The plateau of constant mass extends up to 320 °C, whereas
a constant mass is reached at about 380 °C. The FTIR spectrum recorded at 350 °C (Figure
A.7) feature only signals corresponding to CO2 indicating the decomposition of intermediate zinc
carbonate. Hence, deposited �lms were calcined at 250 °C (i) to obtain the zinc carbonate and
further calcined at 400 °C (ii) yielding zinc oxide.
The TG curve obtained from cobalt citric acid complex exhibits the �rst mass loss between

100 °C to 190 °C into an stable intermediate which decompose at ∼245 °C. FTIR analysis of
the gas phase recorded at 400 °C (Figure A.8) shows signals corresponding to CO2 indicating
decomposition of the intermediate cobalt carbonate as well as signals representative for C-H
vibration suggesting risidues of citric acid. Hence, the decomposition of the intermediate cobalt
carbonate occurs prior to the decomposition of the polymer template cobalt carbonate cannot be
synthesized in mesoporous form. Deposited �lms were therefore calcined at (i) 200 °C to stabilize
the carbonate and (ii) 300 °C to obtain a mesoporous cobalt oxide.
In summary, the TG-curves of the dried oxide precursor complexes of citric acid and Mg,

Al, Zn or Co show similar shapes. Stable intermediated carbonate forms after a �rst mass
loss at relatively low temperature. This intermediate decomposes into the �nal oxide material.
However, the decomposition temperature of the intermediate carbonate varies signi�cantly
with the employed metal. MgCO3, Al2(CO3)3 and ZnCO3 decompose at temperatures above
the template decomposition temperature at ∼250 °C. In contrast, Co(CO3)x reacts to Co3O4

already at ∼245 °C. Access to the mesoporous carbonate implies that the template removal must
occur prior to the decomposition of the carbonate into the oxide. Therefore, cobalt carbonate
can presumably not be obtained in a mesoporous form. However, Mg, Al and Zn should be
avaible in the form of mesoporous carbonates with the employed PEO-PB-PEO polymer template.
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4.3. Magnesium Carbonate and Magnesium Oxide

MgO-based catalysts are promising candidates for the oxidative coupling of methane (OCM),
which has been proposed as a key-technology to overcome the dependency on petroleum of many
branches of the chemical industry.4,3 The OCM reaction is supposed to be a combination of
surface and gas phase reaction. Therefore, the activity and selectivity of the reaction should
depend on the pore surface to pore volume ratio, which can be controlled by adjusting the pore
size. However, the synthesis of direct soft templated magnesium oxide failed so far.
In this section the synthesis and material analysis of micelle templated MgO and MgCO3 �lms

is presented. The applied procedure is a model synthesis for soft-templated MgO powders with
tailored pore diameter.
Brie�y, magnesium containing �lms were synthesized by dip-coating. The dip-coating solution

was prepared by co-dissolving the joined powders of Mg(NO3)2·6H2O, citric acid and PEO213-
PB184-PEO213 polymer template in a 1:1 water-ethanol mixture. The layers were synthesized by
dip-coating on a silicon substrate and subsequent calcination. According to thermo gravimetric
analysis results (see section 4.2) the calcination temperatures and times are selected to 1 hour at
400 °C (i) to synthesis the magnesium carbonate and 3 hours at 400 °C followed by 1 hour at
600 °C (ii) to obtain mesoporous magnesium oxide.
Figure 4.4 presents for the Mg-based materials templated with PEO213-PB184-PEO213 (i) cal-

cined for 1 hour at 400 °C the analysis of MgCO3 by SEM (a), FTIR (b), XRD (c) as well as for
the corresponding MgO (ii) calcined for 3 hours at 400 °C followed by 1 hour at 600 °C SEM (d),
FTIR (e), XRD (f), TEM (g, h) and SAED (i).
The cross section SEM image (Figure 4.4a) of sample (i) indicates a homogenous �lm with a �lm

thickness of 252 nm. The �lm is completely penetrated by mesopores with a slightly elliptically
shape of 20 nm x 16 nm in size. The appearance of the walls is smooth and unstructured; no
crystallites can be distinguished. FTIR analysis (Figure 4.4b) reveals two characteristic bands
indicative of magnesium carbonate, i.e. asymmetric (1420 cm−1) and symmetric (1595 cm−1)
stretching vibrations.86 The weak signal at 500 cm−1 can be assigned to Mg-O vibrations in-
dicating a small amount of MgO in the sample calcined for 1 hour at 400 °C. Complementary
XRD analysis (�gure 4.4c) feature weak re�ections at 43° and 63° corresponds well with the (200)
and (220) re�ections of MgO in periclase structure (PDF-No. 00-045-0946) and is indicative of
beginning MgO crystallization. The crystallite size estimated via Scherrer equation amount to
5 nm. X-ray di�ractogram does not show any re�ections corresponding to MgCO3. Therefore
the carbonate is present in X-ray amorphous form. TEM analysis con�rms the FTIR and XRD
results by showing the pore walls to be mostly amorphous, yet containing few crystallites of MgO
as dark spots in HRTEM and bright spots in DFTEM images (Figure A.10a/b), respectively.
Kr-physisorption analysis amounts to 63 m2/g. This surface area indicates open porosity when
compared to the surface area reported for open porous �lms in literature.5 Thus, after calcination
(i) at 400 °C for 1 h the layers are present as mesoporous MgCO3 in amorphous form with few
MgO crystallites.
After calcination for 3 hours at 400 °C followed by 1 hour at 600 °C (ii) the FTIR spectrum

(Figure 4.4e) show a strong signal at 500 cm−1 indicative of MgO, whereas only small bands
assigned to carbonate are retained. The X-ray di�ractogram of the layered sample (Figure 4.4f)
shows, in comparison to calcination (i) sharpened re�ections at 43° and 63° correspond well with
the (200) and (220) re�ections of MgO in periclase structure (PDF-No. 00-045-0946). Crystallite
sizes estimated via Scherrer equation amount to 7 nm.
The corresponding top-view SEM image (Figure 4.4d) indicates that �lms remain homogeneous

and macroscopically crack-free. The �lms are completely penetrated by mesopores ∼18 nm in
diameter. The pores are locally ordered and open toward the outer �lm surface. TEM analysis
(Figure 4.4g) con�rms the presence of template mesopores throughout the sample volume. High-
resolution TEM (Figure 4.4h) indicates crystallites and lattice fringes, which con�rms that the
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Figure 4.4.: Analysis of (i) mesoporous MgCO3 calcined 1 hour at 400 °C and (ii) of mesoporous MgO
calcined for 3 hour at 400 °C followed by 1 hour at 600 °C by SEM (a, d), FTIR (b, e), XRD (c, f), TEM
(g, h) and SAED (i). a) cross-section SEM of mesoporous MgCO3 �lm with inset at higher magni�cation,
b) infrared-spectrum of the precursor complex calcined at 400 °C recorded in transmission, c) gracing
incident XRD analysis of amorphous MgCO3 (i). d) SEM top-view image of MgO (ii), e) FTIR spectrum
of dried precursor complex calcined by procedures (i)+(ii), f) XRD analysis of MgO (ii) with re�ection
positions corresponding to MgO in periclase structure (PDF-No. 00-045-0946). Figures g), h) and i)
present electron microscopy analysis of (ii) MgO by g) bright-�eld TEM, h) high-resolution TEM and i)
selected-area electron di�raction SAED (indexing: hexagonal zincite structure, PDF-No. 00-045-0946).
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Figure 4.5.: 2D-SAXS pattern of �lms deposited from solutions with the complex of magnesium nitrate
and citric acid as well as micelles of the polymer template PEO213-PB184-PEO213 after di�erent thermal
treatments. From left to right: (a, b) as-deposited, (c, d) magnesium carbonate (i) calcined for 1 hour at
400 °C and (e, f) magnesium oxide (ii) calcined for 3 hour at 400 °C followed by 1 hour at 600 °C. Samples
were analysed by SAXS with two di�erent incident angles of the X-ray beam of 90° (upper panel) and of
13° (lower panel) relative to the substrate surface. Linear intensity scale and inset with logarithmic in f).

pore walls are crystalline. Furthermore, SAED analysis (Figure 4.4i) shows isotropic di�raction
rings with ring positions that match the re�ections of MgO in periclase structure (PDF-No. 00-
045-0946). Kr-physisorption analysis amounts to 151 m2/g and is therefore approximately 3 times
higher compared to MgCO3. Thus, after 3 hours at 400 °C and 1 hour at 600 °C mesoporous MgO
is present in nanocrystalline form.
Finally, the evolution of pore morphology upon �lm deposition and calcination was analysed

using 2D-SAXS in transmission mode at an incident angle of 90° (beam perpendicular to the
substrate) and of 13°, respectively (Figure 4.5). The di�raction pattern obtained for the as-
deposited �lm at an incident angle of 90° (Figure 4.5a) shows an isotropic ring corresponding to a
mesoscopic order of the polymer micelles parallel to the substrate at a d-spacing of 37 nm. Both,
isoptropic ring and d-spacing, are preserved upon heat treatment (i) and (ii). The 2D-scattering
patterns recorded on all �lms at an incident angle of 13° (Figure 4, lower panel) contain rings
of elliptical shape. The shape results from �lm shrinkage perpendicular to the substrate and
corresponding deformation of the pore system upon drying and calcination. Such shrinkage is
typically observed for micelle-templated oxide �lms and leads to elliptical deformation of the pore
shapes. The d-spacing perpendicular to the substrate amounts to 27 nm directly after dip-coating.
It decreases to 12 nm upon calcination at 400 °C (i), but remains almost unchanged by subsequent
treatment at 600 °C (ii). However, the elliptical shape of the 2D-SAXS pattern after calcination
(ii) is no longer closed, which suggests a restructuring of the mesopore network perpendicular
to the substrate due to growth of MgO crystallites. However, the SAXS data clearly prove that
micelles of the employed block-copolymer structure the deposited mesophase and undergo local
ordering. Moreover, the mesostructure is transferred into ordered porosity upon calcination.
In summary, employing the material precursor formed by complexing magnesium nitrate with

citric acid allows the synthesis of micelle templated magnesium carbonate and magnesium oxide
for the �rst time. The ordered mesoporous magnesium carbonate appears X-ray amorphous, but
yet shows few MgO crystallites. Further calcination fully transforms MgCO3 into nanocrystalline
MgO under preservation of the pore structure. The syntheses of MgCO3 and MgO as micelle
templated �lms were not reported so far. Thus, employing the new synthesis concept presented
in section 4.1 enables the synthesis of micelle templated MgCO3 and MgO for the �rst time.
After successfully developing a model synthesis for a soft-templated MgO, the procedure was
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transferred to synthesize direct soft templated MgO powders as catalyst for OCM reaction (see
section 5).

4.4. Aluminum Carbonate and Aluminum Oxide

Alumininum oxide has been widely applied in catalysis as inert support for active metals, e.g. as
washcoat on car catalytic converter9 or in hydrochlorination of 1,2-dichloropropane.132 Moreover,
porous alumina powder is used as adsorbent in waste water treatment or as membranes in ultra-
�ltration.133 Ordered mesoporous Al2O3 �lms usually employ aluminium chloride or aluminium
alkoxides (e.g. AlOiPr,134 AlOsecBu,60) as material precursors. However, using the sol-gel ap-
proach with AlCl3 needs long reaction times between 7 - 14 days ageing of the solution prior to
coating.131 Moreover, aluminum alkoxides are di�cult to handle due to their hydrolysis sensitiv-
ity and need rather strict control over synthetic conditions to yield mesoporous alumina �lms.60

Moreover, aluminium carbonate is not accessible by employing chlorides or alkoxides. In this
section the synthesis and charcterisation of Al2(CO3)3 and Al2O3 is presented.
Brie�y, mesoporous Al2(CO3)3 and Al2O3 were synthesized by dip coating and subsequent cal-

cination. The dip-coating solution was prepared by co-dissolving the joined powders of citric acid,
Al(NO3)3·9H2O and PEO213-PB184-PEO213 polymer template in a 1:1 water-ethanol mixture.
The layers were synthesized by dip-coating on a silicon substrate and subsequent calcination. Ac-
cording to thermogravimetric analysis results (see section 4.2) the calcination temperatures and
times are selected to 1 hour at 300 °C (i) to synthesize the mesoporous aluminium carbonate and
thereafter for 30 min at 900 °C (ii) to obtain the mesoporous oxide.
Figure 4.6 presents for the Al-based materials templated with PEO213-PB184-PEO213 (i) cal-

cined for 1 hour at 300 °C the analysis of Al2(CO3)3 by SEM (a), FTIR (b), XRD (c) as well as
for the corresponding Al2O3 (ii) calcined with additional 900 °C for 30 min SEM (d), FTIR (e),
XRD (f), TEM (g, h) and SAED (i). The cross-section SEM image (see Figure 4.6a) shows the
�lm after calcination at 300 °C (i). The �lm is fully penetrated by templated mesopores with the
typical elliptical shape and a size of about 20 nm in width and 9 nm in height. FTIR analysis
(Figure 4.6b) reveals two characteristic bands indicative of aluminium carbonate, i.e. asymmetric
(1608 cm−1) and symmetric (1469 cm−1) stretching vibrations.86 X-ray di�ractogram (Figure
4.6b) does not show any signals corresponding to Al containing phases and, therefore, can be con-
sidered X-ray amorphous. Kr-physisorption amounts to a BET surface area of 44.8 m2/g. Hence,
thermal treatment (i) of the deposited �lm forms amorphous mesoporous aluminium carbonate.
The SEM image recorded of the Al-containing �lm after additional calcination at 900 °C (ii)

shows that the �lm contains templated mesopores of about 22 nm in diameter (Figure 4.6d).
TEM analysis con�rms that the �lm is fully mesoporous (Figure 4.6g) and composed of small
crystallites of about 6 nm in diameter (Figure 4.6h). The dark-�eld TEM image (Figure A.9b)
shows equally sized bright spots corresponding to wall crystallites. The crystallites have a narrow
size distribution with an average size of 6 nm. Two vibrations observed at 538 cm−1 and 732
cm−1 indicative of Al-O bonds and the absence of carbonate-related vibrations in FTIR-spectra
evidence the formation of aluminium oxide (Figure 4.6e).135,136 XRD analysis detects two broad
re�ections at 46.0° and 66.6° (Figure 4.6f), which correspond well with the position of (400) and
(440) re�ections reported for γ-Al2O3 (PDF: 00-050-0741). The crystallite size estimated via
Scherrer-equation amounts to 5 nm and is in good agreement with the TEM study. Di�raction
rings observed in SAED correspond to (311), (400), (511), (440), (444) and (800) re�ections of γ-
Al2O3 (Figure 4.6) and con�rm the phase assignment. Kr-BET surface area of the oxide amounts
to 286 m2/g. Hence, calcination (ii) at 900 °C transforms mesoporous aluminium carbonate into
crystalline γ-alumina with templated mesopore structure.
Mesoscale order in Al-containing �lms was analysed after di�erent thermal treatments of de-

posited �lms. Figure 4.7 details the evolution of order from deposited micelles (a, b) to (i) porous
Al2(CO3)3 (c, d) and (ii) Al2O3 (e, f) as indicated by 2D-SAXS recorded in transmission at beam
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4.4. Aluminum Carbonate and Aluminum Oxide

Figure 4.6.: Analysis of (i) mesoporous Al2(CO3)3 calcined 1 hour at 300 °C and (ii) of mesoporous
Al2O3 calcined for 1 hour at 300 °C followed by 30 min at 900 °C by SEM (a, d), FTIR (b, e), XRD
(c, f), TEM (g, h) and SAED (i). a) cross-section SEM of mesoporous Al2(CO3)3 �lm b) infrared-
spectrum of the precursor complex calcined at 300 °C recorded in transmission, c) gracing incident XRD
analysis of amorphous Al2(CO3)3 (i). d) SEM top-view image of Al2O3 (ii), e) FTIR spectrum of dried
precursor complex calcined by procedures (i)+(ii), f) XRD analysis of Al2O3 (ii) with re�ection positions
corresponding to Al2O3 in γ-Al2O3 structure (PDF-No. 00-050-0741). Figures g), h) and i) present
electron microscopy analysis of (ii) Al2O3 by g) bright-�eld TEM, h) high-resolution TEM and i) selected-
area electron di�raction SAED (indexing: γ-Al2O3 structure, PDF-No. 00-050-0741).
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4. Micelle-Templated Films of Metal Carbonates and Metal Oxides

Figure 4.7.: 2D-SAXS pattern of �lms deposited from solutions with the complex of aluminium nitrate
and citric acid as well as micelles of the polymer template PEO213-PB184-PEO213 after di�erent thermal
treatments. From left to right: (a, b) as-deposited, (c, d) aluminium carbonate (i) calcined for 1 hour at
300 °C and (e, f) aluminium oxide (ii) calcined for 1 hour at 300 °C followed by 30 min at 900 °C. Samples
were analysed by SAXS with two di�erent incident angles of the X-ray beam of 90° (upper panel) and of
6° (lower panel) relative to the substrate surface (linear intensity scale for a-f).

incident angles of 90° (a/c/e) and of 6◦ (b/d/f) relative to the substrate. The 2D-SAXS pattern
(a) recorded at 90° for the as-deposited �lm features an isotropic ring corresponding to a d-spacing
of 39 nm. Both, d-spacing and isotropic ring are preserved upon heat treatment at 300 °C (Figure
4.7c) and during further calcination at 900 °C (Figure 4.7e). The SAXS pattern recorded at an
incident angle of 6° elliptical shaped rings indicate an elliptical deformation of the pores with a
periodical distance perpendicular to the substrate decreases from 27 nm (as-deposited) to 14 nm
(carbonate) and 5 nm (oxide) (Figure 4.7b/d/f).
In summary, employing the material precursor formed by complexing aluminium nitrate with

citric acid enables the synthesis of micelle templated aluminium carbonate for the �rst time and an
alternative route to ordered mesoporous aluminium oxide layers. The pore structure of aluminium
carbonate is preserved upon transformation into the nanocrystalline aluminium oxide at higher
temperatures. Further investigations should employ mesoporous Al2O3 as support material for a
model system to examine the in�uence of mass transport during catalysis.

4.5. Zinc Carbonate and Zinc Oxide

In terms of applicability and nanostructures ZnO is one of the most versatile material. The
industrial and scienti�c importance is not only obivious as cooper doped catalyst in industrial
methanol synthesis,137 but especially by its unique combination of electronic, optoelectronic and
piezoelectric properties.138 Employing nanostructured ZnO in form of nano rods or wires, the
material can act as a piezoelectric power source for self-powered nanodevice139�141 or even as
cancer sensor.140 Although, zinc oxide is known for versatile nanostructures (e.g. rods, wires,
belts, helixes, cages, spheres, spirals),142 a synthesis of mesoporous ZnO layers with polymer
template porosity is not reported so far. Moreover, soft-templated mesoporous zinc carbonate was
never reported before. In this section the synthesis and characterisation of mesoporous ZnCO3

and ZnO is presented.
Mesoporous ZnCO3 and ZnO layers were synthesized by dip coating and subsequent calcina-

tion. The dip-coating solution was prepared by co-dissolving the joined powders of citric acid,
Zn(NO3)2·6H2O and PEO213-PB184-PEO213 polymer template in a 1:1 Water-Ethanol mixture.
The layers were synthesized by dip-coating on a silicon substrate and subsequent calcination.
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4.5. Zinc Carbonate and Zinc Oxide

According to thermo gravimetric analysis results (see section 4.2) the calcination temperatures
and times are selected to 1 hour at 250 °C (i) to synthesize the mesoporous zinc carbonate and
thereafter for 25 min at 400 °C (ii) to obtain mesoporous oxide.

Figure 4.8 presents for the Zn-based materials templated with PEO213-PB184-PEO213 (i) cal-
cined for 1 hour at 250 °C the analysis of ZnCO3 by SEM (a), FTIR (b), XRD (c) as well as for
the corresponding ZnO (ii) calcined additionally at 400 °C for 25 min SEM (d), FTIR (e), XRD
(f), TEM (g, h) and SAED (i).

The cross section SEM image (Figure 4.8a) of sample (i) indicates a homogenous �lm with a
�lm thickness of 1100 nm. The �lm is completely penetrated by mesopores with slightly elliptical
shapes 21 nm x 19 nm in size. The appearance of the walls is smooth and unstructured; no
crystallites can be distinguished. This is in agreement with the XRD analysis (Figure 4.8c) of the
sample which shows only re�ections that can be attributed to silicon substrate and no indication of
a crystalline Zn-containing phase. FTIR spectra (Figure 4.8b) recorded on corresponding powder
samples feature two intense signals corresponding to symmetric (1384 cm−1) and asymmetric (1583
cm−1) vibrations of zinc carbonate.143 Only negligible contributions at wave numbers indicative
of ZnO (e.g. 577 cm−1). Kr-physisorption indicates a BET surface area of 86 m2/g. Hence,
combined analytical data indicate the successful synthesis of micelle-templated zinc carbonate
comprising amorphous walls and interconnected accessible mesopores.

After further calcination (ii) at 400 °C for 25 min the FTIR spectrum (Figure 4.8e) shows a
strong signal at 577 cm−1 indicative of ZnO,143 whereas only small bands assigned to carbonate are
retained. The X-ray di�ractogram of the layered sample (Figure 4.8f) features broad re�ections
at positions of 2θ = 31.7° (100), 34.5° (002), 36.0° (101), 62.9° (103) and 67.8° (112). These
re�ections can be assigned to ZnO in hexagonal zincite structure (PDF-No. 00-036-1451) with an
average crystallite size of 7 nm (Scherrer equation). Hence, calcination at 400 °C transforms the
amorphous carbonate into nanocrystalline ZnO. The corresponding top-view SEM image (Figure
4.8d) indicates that �lms remain homogeneous and macroscopically crack-free. The �lms are
completely penetrated by mesopores with 22 nm in diameter. The pores are locally ordered
and open toward the outer �lm surface. TEM analysis (Figure 4.8g) con�rms the presence of
templated mesopores throughout the sample volume. High-resolution TEM (Figure 4.8h) indicates
crystallites and lattice fringes, which con�rm that the pore walls are crystalline. Furthermore,
SAED analysis (Figure 4.8i) shows isotropic di�raction rings with ring positions that match the
re�ections of hexagonal zincite structure (PDF-No. 00-036-1451). In comparison of the bright-
�eld and dark-�eld TEM image (Figure A.9e and f)) show equally sized bright spots corresponding
to wall crystallites. The crystallites have a narrow size distribution with an average size of 7 nm.
This is in good aggrement with the XRD results.

Hence, calcination at 400 °C for 25 min transforms the amorphous carbonate into nanocrys-
talline ZnO with a templated mesoporous structure. However, the Kr-BET surface area of the
mesoporous ZnO amounts to 250 m2/g, which is 3 times higher than that for the corresponding
ZnCO3. This increase in surface area can be attributed to additional microporosity present in
the nanocrystalline pore walls of ZnO, whereas the pore walls of amorphous ZnCO3 appear to be
rather dense.
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4. Micelle-Templated Films of Metal Carbonates and Metal Oxides

Figure 4.8.: Analysis of (i) mesoporous ZnCO3 calcined 1 hour at 250 °C and (ii) of mesoporous ZnO
calcined for 1 hour at 250 °C followed by 25 min at 400 °C by SEM (a, d), FTIR (b, e), XRD (c, f), TEM
(g, h) and SAED (i). a) cross-section SEM of mesoporous ZnCO3 �lm with inset at higher magni�cation,
b) infrared-spectrum of the precursor complex calcined at 250 °C recorded in transmission, c) gracing
incident XRD analysis of amorphous ZnCO3 (i). d) SEM top-view image of ZnO (ii), e) FTIR spectrum
of dried precursor complex calcined by procedures (i)+(ii), f) XRD analysis of ZnO (ii) with re�ection
positions corresponding to ZnO in hexagonal zincite structure (PDF-No. 00-036-1451). Figures g), h) and
i) present electron microscopy analysis of (ii) ZnO by g) bright-�eld TEM, h) high-resolution TEM and i)
selected-area electron di�raction SAED (indexing: hexagonal zincite structure, PDF-No. 00-036-1451).
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4.5. Zinc Carbonate and Zinc Oxide

Figure 4.9.: 2D-SAXS pattern of �lms deposited from solutions with the complex of zinc nitrate and citric
acid as well as micelles of the polymer template PEO213-PB184-PEO213 after di�erent thermal treatments.
From left to right: (a, b) as-deposited, (c, d) zinc carbonate (i) calcined for 1 hour at 250 °C and (e, f)
zinc oxide (ii) calcined for 1 hour at 250 °C followed by 25 min at 400 °C. Samples were analysed by SAXS
with two di�erent incident angles of the X-ray beam of 90° (upper panel) and of 6° (lower panel) relative
to the substrate surface (linear intensity scale).

The evolution of the pore structure was analysed after deposition and after di�erent thermal
treatments of deposited �lms. Mesoscale order in Zn-containing �lms was analysed after di�erent
thermal treatments of deposited �lms. Figure 4.9 details the evolution of order from deposited
micelles (a, b) to (i) porous ZnCO3 (c, d) and (ii) ZnO (e, f) as indicated by 2D-SAXS recorded
in transmission at beam incident angles of 90° (a/c/e) and of 6° (b/d/f) relative to the substrate.
The 2D-SAXS pattern (a) recorded at 90° for the as-deposited �lm features an isotropic ring
corresponding to a d-spacing of 38 nm. Both, d-spacing and isotropic ring are preserved upon
heat treatment at 250 °C (Figure 4.9c) and during further calcination at 400 °C (Figure 4.9e). In
contrast, all 2D-SAXS patterns recorded at low incident angle of 6° (Figure 4.9b, d, f) show di�rac-
tion rings with elliptical shape. Such di�raction patterns have been reported also for conventional
EISA-based syntheses, where the pore axis that is oriented perpendicular to the substrate pro-
gressively shrinks during thermal treatments. This deformation is caused by a loss of �lm volume
resulting in homogeneous anisotropic �lm shrinkage upon drying as well as calcination. Hence,
the d-spacing perpendicular to the substrate decreases in the studied Zn-containing �lms from
25 nm (as deposited) to 21 nm (carbonate i) and 19 nm (oxide ii) (Figure 4.9b/d/f). However,
the d-spacing parallel to the substrate of 38 nm remains unchanged (Figure 4.9a/c/e). This ob-
servation con�rms that �lm shrinkage is anisotropic and restricted to the direction perpendicular
to the substrate. Moreover, the observed ellipsoidal 2D-SAXS patterns (Figure 4.9b/d/f) indicate
also a certain degree of lattice distortions in the cubic mesostructure. Thus, SAXS analysis con-
�rms that the deposited micelles and precursor complex form a locally ordered mesophase, and
that corresponding pore order is preserved also during carbonate formation, template removal and
transition into mesoporous zinc oxide.
In summary, employing the material precursor formed by complexing zinc nitrate with citric

acid allows the synthesis of micelle templated zinc carbonate and zinc oxide for the �rst time. The
ordered mesoporous zinc carbonate appears X-ray amorphous and shows a periodical order of ellip-
tical shaped pores. The pore structure is preserved upon transformation into the nanocrystalline
zinc oxide at higher temperatures. Further characterisation of mesoporous ZnO should include
testing of the conductivity and optical properties to investigate the applicability as transparent
electrode for photo catalysis or in photo voltaic devices.
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4. Micelle-Templated Films of Metal Carbonates and Metal Oxides

4.6. Cobalt Carbonate and Cobalt Oxide

Nanostructured cobalt-based oxides are promising materials for electrodes in super-capacitors34,35

and in lithium-ion batteries144,145 with superior charging rates.146 Moreover, they represent very
active catalysts for the oxygen evolution reaction in electrochemical water splitting147 and the
oxygen reduction reaction in fuel cells.148

However, micelle-templated synthesis of Co3O4 has not been reported so far. In this section the
synthesis and characterisation of Co(CO3)x �lms and mesoporous Co3O4 is presented.
Brie�y, cobalt containing �lms were synthesized by dip coating. The dip-coating solution was

prepared by co-dissolving the joined powders of Co(NO3)2·6H2O, citric acid and PEO213-PB184-
PEO213 polymer template in a 1:1 water-ethanol mixture. The layers were synthesized by dip-
coating on a silicon substrate and subsequent calcination. According to thermo gravimetric analy-
sis results (see section 4.2) the calcination temperatures and times are selected to 1 hour at 200 °C
(i) to synthesize the cobalt carbonate and thereafter 20 min at 300 °C (ii) to obtain mesoporous
cobalt oxide.
Figure 4.10 presents for the Co-based materials templated with PEO213-PB184-PEO213 (i) cal-

cined for 1 hour at 200 °C the analysis of Co(CO3)x by SEM (a), FTIR (b), XRD (c) as well as
for the corresponding Co3O4 (ii) calcined with additional 300 °C for 20 min SEM (d), FTIR (e),
XRD (f), TEM (g, h) and SAED (i).
FTIR analysis of the �lm calcined at 200 °C (Figure 4.10b) shows asymmetric (1585 cm−1) and

symmetric (1392 cm−1) stretching vibrations that can be assigned to carbonate.149 The formed
�lm is amorphous according to XRD (Figure 4.10c). Unfortunately, electron microscopy imaging
of the �lm (Figure 4.10)a) failed due to its instability in the electron beam. Moreover, the �lm's
surface area was too low to be detected by Kr-physisorption analysis. Both observations suggest
that the polymer template is still present in the �lm. Hence, micelle-structured cobalt carbonate
is formed during calcination at 200 °C, yet its pore structure is blocked by the remaining template
micelles. This e�ect is in complete agreement with the TG analysis of precursor complex and
template (see section 4.2) and demonstrates a limitation of the proposed synthesis strategy in its
present form.
Nevertheless, analysis of the �lm calcined in addition at (ii) 300 °C indicates that the meso-

porous oxide can still be formed. Top-view SEM images of the �lm show spherical pores of about
22 nm in diameter (Figure 4.10d). TEM analysis con�rms that the �lm is fully porous (Figure
4.10g). High-resolution TEM (Figure 4.10h) indicates crystallites and lattice fringes, which con-
�rms that the pore walls are crystalline. Dark-�eld TEM image (Figure A.9) shows bright spots
corresponding to nanocrystallites with a narrow size distribution around 6 nm. FTIR spectra
(Figure 4.10e) contain strong bands indicative of cobalt oxide formation, i.e. Co-O vibrations at
663 cm−1 and 570 cm−1,150 whereas only small signals for carbonates remained (Figure 4.10e).
The corresponding XRD pattern (Figure 4.10f) reveals numerous re�ections that match with the
reported phase of crystalline Co3O4 in spinel structure with 2θ = 31.1° (220), 36.9° (311), 44.8°
(400), 55.7° (422), 59.3° (511), 65.3° (440)) (PDF 00-042-1467). The crystallite size estimated
via Scherrer-equation (311) amounts to 7 nm. SAED analysis (Figure 4.10i) evidences numerous
di�ractions rings that con�rm the samples crystallinity as well as the assignment of the crys-
talline spinel phase. The samples surface area amounts to about 257 m

2
/g (Kr-physisorption).

Hence, calcination (ii) of the micelle-structured (non-porous) cobalt carbonate at 300 °C forms a
nanocrystalline Co3O4 �lm with spinel structure and the desired open templated porosity.
The mesoscale order in Co-containing �lms was analysed after deposition and after di�erent

thermal treatments of deposited �lms. Figure 4.11 details the evolution of order from as-deposited
�lms (a, b) to (i) Co(CO3)x (c, d) and (ii) Co3O4 (e, f) as indicated by 2D-SAXS recorded in
transmission at beam incident angles of 90° (a/c/e) and of 6° (b/d/f) relative to the substrate.
The 2D-SAXS patterns of the as-deposited �lm feature an isotropic ring in 90° and an elliptical
shaped ring in 6° con�guration corresponding to periodical order of 37 nm parallel to the substrate
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Figure 4.10.: Analysis of (i) micelle structured Co(CO3)x calcined 1 hour at 200 °C and (ii) of mesoporous
Co3O4 calcined for 1 hour at 200 °C followed by 20 min at 300 °C by SEM (a, d), FTIR (b, e), XRD (c,
f), TEM (g, h) and SAED (i). a) SEM of Co(CO3)x �lm fail because of instability in electron beam b)
infrared-spectrum of the precursor complex calcined at 200°C recorded in transmission, c) gracing incident
XRD analysis of amorphous Co(CO3)x (i). d) SEM top-view image of Co3O4 (ii), e) FTIR spectrum of
dried precursor complex calcined by procedure (ii), f) XRD analysis of Co3O4 (ii) with re�ection positions
corresponding to Co3O4 in spinel structure (PDF-No. 00-042-1467). Figures g), h) and i) present electron
microscopy analysis of Co3O4 (ii) by g) bright-�eld TEM, h) high-resolution TEM and i) selected-area
electron di�raction SAED (indexing: spinel Co3O4 , PDF-No. 00-042-1467).
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4. Micelle-Templated Films of Metal Carbonates and Metal Oxides

Figure 4.11.: 2D-SAXS pattern of �lms deposited from solutions with the complex of cobalt nitrate
and citric acid as well as micelles of the polymer template PEO213-PB184-PEO213 after di�erent thermal
treatments. From left to right: (a, b) as-deposited, (c, d) cobalt carbonate (i) calcined for 1 hour at 200 °C
and (e, f) cobalt oxide (ii) calcined for 1 hour at 200 °C followed by 20 min at 300 °C. Samples were
analysed by SAXS with two di�erent incident angles of the X-ray beam of 90° (upper panel) and of 6°
(lower panel) relative to the substrate surface. Linear intensity scale and inset with logarithmic (f).

and 28 nm perpendicular to the substrate, respectively. Thus, the polymer micelles mesoscopically
structure the deposited �lm.
SAXS analysis reveals a di�raction ring for the sample calcined for 1 hour at 200 °C (Figure

4.11c and d) with a d-spacing of 37 nm parallel and 18 nm perpendicular to the substrate, both
indicate the presence of an ordered mesostructure. Although, the d-spacing of 37 nm parallel to
the substrate (Figure 4.11e) is preserved upon heat treatment at 300 °C (i) as indicated by the
isotropical ring, the 2D-SAXS pattern recorded at 6° incident angle (Figure 4.11f) the elliptical
shape is no longer closed, which suggests a restructuring of the mesopore network perpendicular
to the substrate due to growth of Co3O4 crystallites.
In this section the synthesis of micelle structured Co(CO3)x and Co3O4 layers was demonstrated.

Unfortunately, the cobalt carbonate is not accessible in mesoporous form because the decompo-
sition of the carbonate occurs at lower temperatures as the template decomposition. However,
cobalt carbonate with open mesoporosity should become accessible when the PEO-PB-PEO tem-
plate is removed by alternative (nonthermal) methods or when alternative templates with lower
decomposition temperature are employed. However, the synthesis of mesoporous cobalt oxide with
nanocrystalline walls and templated mesopores was successful. Hence, applying citric acid com-
plexed cobalt nitrate as material precursor enables the synthesis of templated mesoporous Co3O4

for the �rst time. Further investigations should include the electrocatalytic testing of Co3O4 in
oxygen evolving reaction in comparison with a not templated sample to investigate the in�uence
on the activity and overpotenital. A variation of the pore size can give insights in mass transport
properties of the di�erent pore systems.

4.7. Variation of the Template

The major advantage of EISA based templating techniques is a facile control of pore size, shape and
wall thickness by employing template polymers with di�erent physicochemical properties, molar
weights or concentrations.77,66 The following paragraph will demonstrate that the synthesis stra-
tegy employing an intermediate carbonate is versatile as the commonly applied EISA approaches
by synthesizing micelle templated ZnO with di�erent sized pores by employing PEO-PB-PEO
polymer templates in di�erent molecular sizes (PEO65-PB59-PEO65, PEO104-PB92-PEO104 and
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Figure 4.12.: SEM top-view images and corresponding SAXS measurments obtained in 90° and 6° con-
�guration of ZnO templated with a) PEO100-PPO70-PEO100, b) PEO65-PB59-PEO65, c) PEO104-PB92-
PEO104 and d) PEO213-PB184-PEO213.

PEO213-PB184-PEO213) as well as the commercially available triblock-copolymer Pluronic F127
with the structure PEO100-PPO70-PEO100. Moreover, this chapter will demonstrate the �exibility
of the synthesis strategy by synthesizing ZnO with two pore sizes by dual templating with the
smallest PEO65-PB59-PEO65 and largest PEO213-PB184-PEO213. Mesoporous ZnO was synthe-
sized by calcination of the intermediate carbonate with adjusted time at 400 °C for optimized
crystallite sizes for the di�erent pore sizes.

Figure 4.12 shows SEM top-view images of ZnO �lms templated with a) PEO100-PPO70-PEO100,
b) PEO65-PB59-PEO65, c) PEO104-PB92-PEO104 and d) PEO213-PB184-PEO213 accompanied by
their corresponding 2D-SAXS patterns recorded in transmission at beam incident angles of 90°
and 6° with respect to the substrate.

Figure 4.12 panel a) shows SEM top-view image of a ZnO �lm templated with PEO100-PPO70-
PEO100 (Pluronic F127) and calcined for 1 hour at 250 °C followed by 15 min at 400 °C indicating
nanocrystalline pore walls and spherical pores with a mean pore diameter of 6 nm. The SAXS
measurement recorded in 90° transmission mode shows a di�raction ring corresponding to a pe-
riodical distance of 13 nm. The SAXS pattern obtained at 6° incident angle of the beam shows
individual spots distributed on an ellipse indicating a high degree of pore ordering. The observed
di�raction pattern indicates the formation of a body-centered-cubic mesophase59 with a periodical
order of 3 nm perpendicular to the substrate. Ortel et al. reported slightly higher pore diameters
of 9 - 11 nm and d-spacings of 13 - 15 nm parallel to the substrate for TiO2 �lms templated with
F127.66

Figure 4.12 panel b) shows SEM top-view image of a ZnO �lm templated with PEO65-PB59-
PEO65 polymer and calcined for 1 hour at 250 °C followed by 20 min at 400 °C indicating
nanocrystalline pore walls and spherical pores with a pore diameter of 8 nm. The 2D-SAXS
pattern recorded in 90° transmission mode shows an isotropic ring corresponding to a periodical
distance of 15 nm parallel to the substrate. The ellipsoidal shaped SAXS pattern recorded at 6°
incident angle indicating a d-spacing perpendicular to the substrate to 4 nm. Pore size and order
is in good agreement with the literature value of 8 nm pore diameter , although the periodical
distance obtained in 90° con�guration is slightly smaller elucidated for TiO2 templated with the
same polymer (12 nm).66

Figure 4.12 panel c) shows SEM top-view images of a ZnO �lms templated with PEO104-PB92-
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Figure 4.13.: ZnO with bimodal pore sizes templated with a combination of PEO65-PB59-PEO65 and
PEO213-PB184-PEO213 (mass ratio 2:1) showing a) SEM top-view images as well as corresponding SAXS
measurments obtained in b) 90° and c) 6° con�guration of the incident beam relative to the substrate

PEO104 polymer and calcined for 1 hour at 250 °C followed by 20 min at 400 °C indicating
spherical pores with a diameter of 15 nm. The SAXS measurement recorded in 90° transmission
mode shows a di�raction ring corresponding to a periodical distance of 21 nm. The elliptical
shape of the 2D-SAXS pattern obtained at 6° incident angle is no longer closed, which suggests
a restructuring of the mesopore network perpendicular to the substrate. Ortel et al. reported
slightly smaller values with a pore diameter of 12 nm and d-spacing of 16 nm parallel for TiO2

�lms templated with PEO104-PB92-PEO104.66

Figure 4.12 panel d) shows SEM top-view image of a ZnO �lm templated with EO213-PB184-
PEO213 polymer and calcined for 1 hour at 250 °C followed by 25 min at 400 °C indicating
nanocrystalline pore walls and spherical pores with a pore diameter of 22 nm. The 2D-SAXS
pattern recorded at 90° con�guration shows an isotropic ring corresponding to a periodical distance
of 38 nm parallel to the substrate. The ellipsoidal shaped SAXS pattern recorded at 6° incident
angle indicates a d-spacing of 19 nm perpendicular to the substrate . Pore size and ordering
behaviour is in good agreement with the literature value of 21.1 nm pore diameter, although the
periodical distance is smaller for TiO2 templated with the same polymer (28.1 nm).66

However, the pore size can be controlled by the template size between 6 - 22 nm. The d-spacing
of the pores changes in the same regime. In addition, the synthesis strategy is also applicable to
commercial block-copolymers and is not limited to templates with a high hydrophilic-hydrophobic
contrast like PEO-PB-PEO. The pore order in the resulting �lms depends on the hydrophilic-
hydrophobic-contrast and the applied synthesis procedure and is not determined by the type of
oxide precursor.
Moreover, combining PEO65-PB59-PEO65 and PEO213-PB184-PEO213 in a mass ratio of 2:1 in

one deposition solution enables dual templating of ZnO.
Figure 4.13 shows a top-view SEM image of a ZnO �lm with bimodale pore size with pore

diameters of 9 and 22 nm. While the smaller pores are well ordered, the larger 22 nm pores seem
to be randomly distributed. This is con�rmed by SAXS measurements (see Figure 4.13b) showing
2 isotropical rings recorded in 90° con�guration. The larger ring corresponds to a d-spacing of
13 nm originated from the 9 nm pores. In contrast, the smaller di�raction ring corresponds to
the average distance of the 22 nm pores and corresponds to a value of 32 nm. The SAXS pattern
recorded in 6° transmission mode (see Figure 4.13c) shows two elliptical shaped rings. The larger
ring corresponds to the d-spacing of 7 nm and the smaller ring to a periodical distance of 14 nm
perpendicular to the substrate indicate a shrinkage of the mesostructure.
In comparison to the �lm templated only with PEO65-PB59-PEO65 the shrinkage of the bimodal

ZnO is drastically reduced from 74% shrinkage in the monomodal �lm to only 46% shrinkage in
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the bimodal �lm. In contrast, the pores templated with PEO213-PB184-PEO213 show a stronger
shrinkage of bimodal ZnO (56%) compared to the monomodal sample (50%). Hence, the volume
loss during calcination of the �lm is mostly compensated by shrinkage of the larger pores.
In summary, the pore size of ZnO can be controlled by employing di�erent sized templates.

The pore sizes in ZnO can be varied in the range between 6 - 22 nm. The presented synthesis
concept is not limited to polymer templates with high hydrophilic-hydrophobic contrast, but also
applicable to the commercially available Pluronic F127 polymer. Moreover, also dual templated
ZnO layers are accessible by employing di�erent sized templates in the same dipcoating solution.
Hence, the new synthesis concept is as versatile as common EISA approaches.

4.8. Discussion

In this thesis a new approach for the synthesis of micelle-templated oxides and carbonates of
magnesium, zinc, cobalt and aluminium is presented. The method employs an unique precursor
to overcome limitations of classical EISA-based syntheses, i.e. complexes formed from citric acid
and metal nitrates (see section 2.3.2). 5 criteria must be ful�lled for a successful synthesis of
micelle templated metal carbonates and oxides using this precursor.
At �rst, the citric acid and the metal nitrate have to form a stable and soluble chemical complex

in solution (criterion 1). The ability of citric acid to form complexes with the nitrates of Mg, Al,
Zn and Co was, therefore, investigated by electron spray ionisation mass spectrometry (ESI-MS)
of the complex solutions. The recorded mass spectra evidence the presence of the metal complexes
with citric acid in di�erent metal (M) to ligand (L) stoichiometries (ML, M2L, ML2, M2L2). A
�xed stoichiometry cannot be clearly distinguished from the present data. Possibly, the material
precursor is not present as a de�ned molecule, but in form of a network formed by metal nitrates
cross linked by citric acid. The present data evidence clearly the interaction between metal ions
and ligand.
Detailed knowledge about the ratio of metal ion to ligand as well as the structural appearance

of the complex could be analysed by single crystal X-ray di�raction. Unfortunately, all attempts
to grow single crystals failed so far. However, the tendency of excessive crystallisation of salt-type
precursors (see section 2.3.2) during drying often prevents the formation of the required structured
mesophase. Therefore, the synthesis of mesoporous oxide fails when salt precursors are employed.
The suppressed crystallisation of the the citric acid complexes with metal nitrate prevent the loss
of the mesostructure. Hence, this advantageous property of the precursor complexe enables the
formation of a micelle structured mesophase (criterion 2) upon �lm coating and drying. SAXS
measurements evidence a periodical order of micelles in as-deposited �lms prepared with the Mg,
Al, Zn and Co containing precursors. The di�erence of d-spacings parallel (37 - 39 nm) and
perpendicular (25 - 28 nm) to the substrate is negligible. However, the periodical distance is
signi�cantly increased compared to TiO2 templated with PEO213-PB184-PEO213 polymer.66 The
2D-scattering patterns recorded on all �lms at low incident angles (Mg:13°; Al, Zn, Co: 6°) contain
rings of elliptical shape. The shape results from �lm shrinkage perpendicular to the substrate
and implies deformation of the pore system upon drying and calcination. Such shrinkage is
typically observed for micelle-templated oxide �lms and leads to elliptical deformation of the pore
shapes.77 However, the precursor complexes reliably self-assemble with amiphiphilic copolymers
to a structured mesophase.
After the formation of the structured mesophase, the precursor must transform into a structural

stable metal carbonate (criterion 3). The temperatures for this transformation were deduced
from thermogravimetric analysis (TG) of the dried precursors. The TG-curves recorded from
Mg, Al, Zn and Co containing precursors indicate a starting transformation of the precursor into
carbonate at temperatures between 80 - 160 °C. Although, the principle shapes of the TG-curves
are similar, the thermal stability and the decomposition temperature of carbonates vary depending
on the metals. In comparison of the employed metal nitrates, magnesium forms the most thermal

45



4. Micelle-Templated Films of Metal Carbonates and Metal Oxides

stable carbonate (T = 425 °C) followed by Al (T = 320 °C) and Zn (T = 310 °C). Cobalt
carbonate decomposes at the lowest temperature (T = 245 °C). This temperature is lower than
the decomposition temperature of the polymer template (T = 250 °C). Therefore, the template
cannot be thermally removed from cobalt carbonate without decomposition of the carbonate.
Hence, mesoporous cobalt carbonate is not accessible in mesoporous form applying this synthesis
strategy. However, cobalt carbonate with open mesoporosity should become accessible when the
PEO-PB-PEO template is removed by alternative methods (e.g. plasma treatment) or when
templates with lower decomposition temperature are employed, alternatively.
In the case of Mg, Al and Zn the template can be removed while the carbonates are sta-

ble. Therefore, magnesium, aluminium and zinc precursors can be transformed into mesoporous
carbonates without mesopore collapse (criterion 4) as evidenced by SAXS measurements. FTIR
measurements exhibit two strong signals corresponding to carbonate vibrations. The BET surface
of the mesoporous carbonates area amount to 44 to 86 m2/g. This value is slightly smaller than
the surface area typically observed for micelle templated oxides (∼100 - 250 m2/g).5 The reason
for this is most likely the absence of microporosity. SEM images of Mg, Al and Zn carbonates
indicate the smooth and unstructured appearance of the pore walls. The XRD measurements
reveal the carbonates are obtained in amorphous form. The amorphous nature of the materials
exhibits a great advantage compared to other EISA-based synthesis strategies, because the meso-
pores structure cannot be lost by extended growth of crystallites by sintering. Therefore, the �lm
can be calcined for a long time at a speci�c temperature to remove the template completely.
In the next step the carbonate �lms can be transformed into the related mesoporous metal oxide

�lms under the release of CO2 (criterion 5). XRD and SAED measurments indicate the Mg, Al,
Zn and Co oxide are obtained as crystalline MgO in periclase structure, γ-Al2O3, hexagonal ZnO
in zincite structure and Co3O4 in spinel structure. Therefore, the synthesis concept is not limited
by the type of oxide crystal structure the carbonate is converted in.
The calcination time was chosen to be short to prevent collapse of the pore structure by sintering

and to obtain nano crystallites with an average size between 5 - 7 nm (Scherrer equation). Hence,
the mesoporous oxide layers consist of nanocrystalline walls.
The SAXS measurements con�rm the preservation of the mesopore order for all oxide �lms,

although magnesium and cobalt derived �lms show a restructuring of the pore network. The
Kr-BET surface area amounts to values between 250 and 286 m2/g and is, therefore, 3 to 5
times higher compared to the corresponding carbonates. This increase is originated most likely
in microporosity of the oxide �lms.
In summary, employing this new strategy enables the synthesis of mesoporous carbonates of Mg,

Al and Zn as well as nanocrystalline templated MgO, Al2O3, ZnO and Co3O4 for the �rst time.
Besides the now available new application derivable from this materials, especially templated MgO
can be used as model system in OCM catalysis to analyse the in�uence of the pore diameter on
the C2-selectivity.
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5. MgO and Li@MgO Catalysts for Oxidative
Coupling of Methane

One aim of this thesis is the elucidation of the role of the pore system in OCM catalysis. Section
4.3 presented a new synthesis approach for the preparation of MgO �lms with micelle-templated
porosity. In this chapter the synthesis approach is transferred to obtain MgO powders with
templated mesoporosity.
Section 5.1 presents the synthesis and chracterisation of the obtained MgO based powders. The

catalytic data are decribed in section 5.2. Section 5.3 presents the material characterisation after
catalysis. Finally, the results are discussed in section 5.4.

5.1. Synthesis and Characterisation

In this section, the synthesis and material characterisation of micelle structured MgO and Li@MgO
powders are described. The employed procedure to synthesize the powders is based on the devel-
oped synthesis route to obtain ordered mesoporous MgO �lms presented in section 4.3.
The synthesis of MgO and Li@MgO powders is described in detail in section 3.3.1. Brie�y,

micelle-templated MgO was obtained by addition of Mg(NO3)2·6 H2O and citric acid to PEO213-
PB184-PEO213 dissolved in ethanol followed by drying and calcination. Magnesium oxide with a
lithium content of 0.1%wt was obtained by adding LiNO3 to the solution. The resulting solution
was dried on a plain ceramic dish at 50 °C under an air stream. The obtained transparent gel
was heated with 5 K/min to 480 °C and kept there for 3 hours followed by an additional hour
at 500 °C. For comparison, the untemplated MgO and Li@MgO was prepared without PEO213-
PB184-PEO213 applying the same procedure as described before.
The resulting powders were analysed by SEM, XRD, SAXS and N2-physisorption to obtain

information about morphology, crystallinity, pore order and pore size distribution of the catalyst
material. The lithium content of Li@MgO was additionally determined by ICP-OES.
Figure 5.1 presents a) SEM, b) XRD and c) SAXS of the templated magnesium oxide powders.

Figure 5.1d compares the BJH derived pore size distributions of the templated and untemplated
MgO powders. In addition, SEM images and XRD analysis of MgO and Li@MgO prepared with
and without polymer template PEO213-PB184-PEO213, respectively, are shown in Figure A.11.
The SEM image (Figure 5.1a) of the MgO shows dark spots corresponding to spherical pores

with a size between 20 - 50 nm without apparent pore order. In comparison, the micelle-templated
MgO �lms (see Figure 4.4d) obtained with the same polymer exhibit pores with a size of 20 nm
and, therefore, are smaller than the pores obtained in the MgO powders. Whether the large pores
are originated from templating or from gas evolution during calcination cannot be decided from
the SEM image. The surface of the MgO powder consists of nanocrystallites.
XRD (Figure 5.1b) con�rms the presence of crystalline MgO by showing di�raction signals at

2θ = 36.8° (111), 42.8° (200), 62.2° (220), 74.7° (311) and 78.7° (222) corresponding only to MgO
in periclase structure (PDF: 00-045-0946). The Scherrer equation indicates an average crystallite
size of 17.0 nm for MgO. In comparison to the MgO �lms (see Figure 4.4f) with 5 nm crystallite
size, the MgO powder has a signi�cantly larger crystallite size.
The SAXS measurement (Figure 5.1c) does not show any di�raction signals indicating a lack

of a periodicity in the pore structure. However, the BJH pore size distribution derived from N2-
physisorption (see Figure 5.1d) on the templated MgO powders shows 2 local maxima indicating
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Figure 5.1.: Characterisation of MgO powder templated with PEO213-PB184-PEO213 obtained after
heating with 5 K/min to 480 °C for 3 hours followed by 500 °C for 1 hour a) SEM b) XRD with re�ection
positions corresponding to MgO in periclase structure (PDF: 00-045-0946) c) SAXS; d) BJH- pore size
distribution of the templated and untemplated MgO

48
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the existence of mesopores. The local maximum at 20 nm corresponds well to the pore size ob-
tained from SEM analysis in MgO �lms (see Figure 4.4d). In contrast, there is no maximum at
20 nm in the pore size distribution obtained from the MgO powder prepared without polymer
template. Therefore, the maximum at pore diameters of 20 nm in the MgO powder prepared with
PEO213-PB184-PEO213 probably originates from templating. In addition, the pore size distribu-
tion exhibits pores up to a size of 50 nm. This agrees well with the SEM results. The second
local maximum at a pore diameter of 4 nm exists in the pore size distribution of powders syn-
thesized with and without template indicates an intrinsic porosity probably generated by gaseous
decomposition products during calcination. The BET surface area of the micelle-templated MgO
powder amounts to 118 m2/g.
In contrast to the BET surface area obtained for templated MgO powder, Li@MgO prepared

with PEO213-PB184-PEO213 (133 m2/g) as well as MgO (135 m2/g) and Li@MgO (130 m2/g)
prepared without template show slightly higher surface area. However, the di�erences of surface
area are not signi�cant for the comparison of the OCM performance.
The SEM images of all MgO-based powders are shown in Figure A.11a-d. In contrast to the

SEM results for micelle-templated MgO, the Li@MgO powders prepared with polymer template
do not indicate the existence of templated porosity. In agreement with the micelle-templated MgO
powder described above, all MgO-based powders consist of nanocrystallites.
This is in agreement with XRD analysis. The XRD patterns of all MgO-based powders are

presented in Figure A.11a-d. All di�ractograms show di�raction signals at 2θ = 36.8° (111), 42.8°
(200), 62.2° (220), 74.7° (311) and 78.7° (222) corresponding to MgO in periclase structure (PDF:
00-045-0946). The crystallite sizes obtained by applying Scherrer equation are 17 nm and 15 nm
for MgO and Li@MgO prepared with polymer template, respectively. In contrast, the MgO and
Li@MgO powders prepared without polymer template show smaller crystallite sizes of 12 nm
and 10 nm, respectively. The developed synthesis strategy results in nanocrystalline material,
although the crystallite sizes are signi�cantly larger compared to MgO �lms (see Figure 4.4f). No
additional Bragg re�exes where observed even for the Li@MgO powders. This indicates that no
phase separation in a MgO and a second lithium containing phase (e.g. LiO) occurred during
synthesis of Li@MgO powders.
The compositions of the MgO powders prepared with lithium were additionally analysed by

ICP-OES. The lithium content for the Li@MgO prepared with PEO213-PB184-PEO213 polymer
amounts to 0.099%wt and 0.110%wt for the sample prepared without template. Hence, the
targeted concentration of 0.1%wt was obtained with good precision.
In summary, nanocrystalline MgO-based powders were prepared with and without polymer tem-

plate as well as with and without lithium doping. Physisorption experiments indicate a templated
pore structure in the sample prepared with polymer template, although SAXS suggested that
pores are not well ordered in the powder samples. Hence, the transfer of the synthesis procedure
of micelle-templated MgO from �lm to powder was only partially successful.

5.2. Catalytic Testing

The OCM performance of templated and untemplated MgO as well as Li@MgO was tested in
parallel in a multi-channel �xed bed-reactor to ensure comparable conditions for each catalyst.
The catalysts were tested between 500 and 800 °C every 50 K at constant �ow of a CH4/air feed
(6:15 volume ratio) to gain information about the temperature dependency of the reaction.
Figure 5.2 presents the catalysis results of the MgO and Li@MgO, each prepared with and

without PEO213-PB184-PEO213 polymer template showing the methane conversion (blue squares)
and C2-selectivity (violet squares) versus time-on-stream.
In general, all four catalysts are active and selective in OCM. The methane conversion as well

as C2-selectivity increases with increasing temperature. MgO and Li@MgO prepared with and
without polymer template exhibite decreasing methane conversion with time-on-stream. This

49



5. MgO and Li@MgO Catalysts for Oxidative Coupling of Methane

Figure 5.2.: Methane conversion XCH4 (blue squares) and C2-selectivity (violet squares) versus time on
stream of MgO prepared a) with and b) without PEO213-PB184-PEO213 as well as Li@MgO prepared c)
with and d) without PEO213-PB184-PEO213

deactivation is most likely caused by structural reconstruction of the catalyst morphology as
reported for MgO-based catalyst prepared with di�erent methods.151 However, the MgO catalysts
show constant C2-selectivity at each temperature. Exemplarily, the MgO catalysts at 750 °C show
C2-selectivities of 17% (templated) and 15% (untemplated). In contrast, a decreasing selectivity
towards ethane and ethylene is observed for Li@MgO catalysts at T > 750 °C.
In comparison of the OCM activity, both Li@MgO reveal a higher methane conversion than

MgO catalyst. The initial conversion of the templated catalysts, for example, at 775 °C are
26% (MgO) and 37% (Li@MgO). The higher activity of MgO prepared with lithium is in good
agreement with the literature.151 Comparing the in�uence of templating, the MgO and Li@MgO
prepared with PEO213-PB184-PEO213 exhibit slightly higher XCH4 (38% for Li@MgO at 750 °C)
than to the untemplated MgO-based powders (32% for Li@MgO at 750 °C). However, the e�ect
of templating is not signi�cant.
The C2-selectivity for all catalysts increases with increasing temperature. However, the lithium

doped MgO powders are more selective towards C2-products compared to pure MgO catalysts.
The templated Li@MgO shows at 750 °C an initial selectivity of 29%. In contrast, for the tem-
plated MgO a lower selectivity of 17% is observed. The e�ect of the dopand indicates that lithium
contributes to the OCM performance of the catalyst. Higher selectivities of MgO catalyst pre-
pared with lithium is in agreement with the literature.151,4 In addition, a signi�cant in�uence of
templating on the C2-selectivity cannot be observed. Therefore, an in�uence of the pore system
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Figure 5.3.: Characterisation of MgO powder templated with PEO213-PB184-PEO213 after OCM catalysis
a) SEM b) XRD with re�ection positions corresponding to MgO in periclase structure (PDF: 00-045-0946)
c) BJH- pore size distribution of the templated and untemplated MgO

is not detectable in this study.
All MgO-based catalysts show slowly decreasing methane conversion with time-on-stream at

> 600 °C. This deactivation progresses even faster with increasing temperature. An in�uence of
templating on the deactivation cannot be observed. However, the deactivation is depending on
the lithium content. Both Li@MgO catalysts exhibit decreasing SC2 at 750 °C and 800 °C. This
deactivation at higher temperatures cannot be observed for undoped MgO catalysts. The MgO
powders show constant selectivity at each temperature. Hence, the deactivation of MgO prepared
with lithium indicates an additional deactivation mechanism initiated probably by the loss of
lithium. Lithium loss was also reported by Arndt et al. for Li@MgO OCM catalyst independent
of the preparation method.151

In summary, MgO and Li@MgO prepared with and without pore template are active and
selective in OCM. The Lithium containing catalysts show higher conversion and higher selectivities
at a given temperature. Templated catalyst show slightly higher methane conversion than the
untemplated powder. However, a clear in�uence of templating in C2-selectivity cannot be deduced.

5.3. Characterisation after OCM

The MgO and Li@MgO catalysts were analysed by SEM, XRD and N2-physisorption after 12
hours OCM up to 800 °C (last data point in Figure 5.2).
Figure 5.3 presents a) a SEM image and b) a XRD pattern of templated MgO as well as c) BJH

pore size distribution of the MgO prepared with and without polymer template. The SEM image
5.3a) of the templated MgO shows large and round crystallites with an average size of 48 nm.
The image doesn't evidence any remaining pores in the material indicating a loss of templated
porosity due to sintering of the crystallites.
The X-ray di�ractogram (Figure 5.3b) shows narrow re�ections with di�raction signals at

2θ = 36.9 (111), 42.9 (200), 62.2 (220), 74.6 (311) and 78.5 (222) corresponding to MgO in
periclase structure (PDF: 00-045-0946). The Scherrer equation results in an average crystallite
size of 44.0 nm for MgO powders indicating a strong sintering during OCM compared to the
crystallite size of the pristine catalyst with 14.8 nm. The crystallite size is in good agreement
with the SEM results.
The N2-BET surface area of the templated MgO powder decreases signi�cantly from 117.6 m2/g

to 65.9 m2/g during OCM testing. The loss of surface area is most likely originated in the loss of
microporosity due to sintering during OCM.
This assumption is supported by the results of the BJH pore size distribution presented in

Figure 5.3c. While the pore size distribution of the pristine MgO catalysts prepared with and
without template exhibits pores with diameters < 8 nm, after 12 h of OCM testing only pores with
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diameter > 8 nm remain in a signi�cant amount. This change in the pore size distribution indicates
a loss of micropores and small mesopores during OCM testing. The pore size distribution of the
templated MgO still indicates the maximum amount of pores at a diameter of 20 nm. However,
the broad distribution peak indicates also pore sizes up to 100 nm. The untemplated MgO after
OCM shows a broad pore size distribution between 10 and 100 nm with a maximum at 31 nm.
Most likely the measured pores are present in the form of inter-crystallite volume between the
grown MgO crystallites.
This change in the pore size distribution is also re�ected in the decreased BET surface area

of the untemplated MgO powder. During OCM the surface area of the untemplated MgO is
diminished from 135 m2/g to 31 m2/g. This trend of decreasing surface area can also be observed
for Li@MgO catalysts. After catalytic testing the Li@MgO catalysts prepared with and without
polymer template have surface areas of 29 m2/g and 15 m2/g, respectively. This loss indicates a
strong sintering of all MgO-based catalysts during OCM testing.
Figure A.12 presents the SEM and XRD results for the templated catalysts a) MgO and b)

Li@MgO as well as the untemplated catalysts c) MgO and d) Li@MgO after catalysis. In com-
parison to the SEM images recorded for the fresh prepared catalysts (see Figure A.11) all four
SEM images recorded after OCM testing feature round crystallites with drastically increased size.
The average crystallite size obtained from the SEM image amounts to 48 nm for the templated
and 42 nm for the untemplated MgO. The SEM crystallite size for Li@MgO is even larger with
diameters of 71 nm (templated) and 61 nm (untemplated). Hence, all catalysts show a severe in-
crease in crystallite sizes after OCM. In addition, the Li@MgO catalyst exhibits an even stronger
crystallite growth compared to MgO. This indicates an in�uence of the lithium content on the
sintering behaviour at higher temperatures.
The increase of crystallite size for all catalysts as well as stronger sintering for lithium con-

taining MgO-based powders can also be con�rmed by XRD (see Figure A.12). In general, the
di�raction signals for all catalysts correspond to MgO in periclase structure (PDF: 00-045-0946).
The crystallite size obtained from Scherrer equation results for MgO to 44 nm (templated) and
37 nm (untemplated) as well as for Li@MgO to 51 nm (templated) and 47 nm (untemplated).
Therefore, XRD results con�rm the strong crystallite growth of all MgO-based catalysts during
OCM.
The XRD results agree with SEM �ndings that the lithium containing catalyst show signi�cant

stronger growth of the crystallites than MgO without Li. Hence, lithium in MgO in�uences
the sintering process. Arndt et al.151 suggested an alternative sintering mechanism induced
by loss of lithium. Therefore, the amount of Li after catalysis was analysed by ICP-OES. The
quanti�cation of lithium results for the templated as well as the untemplated Li@MgO samples
to 0.02%wt. Hence, the doped catalysts lose about 80% of the initial lithium content during the
catalytic testing. Thus, this is in good agreement with the literature151 and the loss of lithium is
likely to be the reason for the extended crystallite growth during OCM testing. In addition, XRD
reveals no crystalline phase corresponding to a lithium containing phase.
In summary, the MgO catalysts show a strong increase in crystallite size during the OCM

reaction for 12 h up to 800 °C. These crystallite growth results in a drastically decreased surface
area and a loss of pore structure in the catalyst. Moreover, both Li@MgO catalysts lose signi�cant
amounts of the lithium dopand.

5.4. Discussion

Aim of this part of the thesis was to synthesize of MgO and Li@MgO with and without templated
mesoporosity and to test catalysts on their OCM performance.
The synthesis of MgO �lms with controlled mesoporosity was successfully transferred to obtain

MgO powders. The templating of the MgO powders was only partly successful (see section 5.1).
However, all obtained catalysts were active and selective during OCM testing.

52



5.4. Discussion

Lithium as dopand in MgO was reported to have major in�uence on the OCM performance and
the [Li+O−]-species were considered as active centre for the methane activation in MgO-based
OCM catalysts.4,151 The increase of OCM performance by the addition of lithium to MgO is also
con�rmed by the data presented in this thesis. The Li@MgO catalyst showed higher methane
conversion as well as higher selectivity towards C2-products compared to the MgO prepared
without additional lithium. The higher activity was also reported by the groups of Lunsford
and Arndt.4,151 Lunsford et al. reported at 700 °C a methane conversion of 40% and a C2-
selectivity of 45%. In comparison to Lunsford, Li@MgO prepared with polymer template in this
thesis exhibits at 700 °C lower activity with a conversion of 34% and a selectivity of 19% (see
section 5.2).
However, the group of Lunsford did not reporte any OCM activity for pure MgO.4 This lack of

OCM performance is not in agreement with the presented data in this thesis (see Figure 5.2). The
pure MgO catalysts are active and selective in OCM reaction, although the catalytic performance
is lower. The OCM activity of MgO as well as its lower C2-selectivity compared to the Li@MgO is
in good agreement with the results reported by Arndt et al.151 Hence, lithium doping increase the
OCM performance of MgO-based catalyst but is not necessary to obtain an active OCM catalyst.
In comparison of templated and untemplated catalyst, the MgO-based powders prepared with

polymer template show a slightly higher methane conversion. However, this higher activity is
not signi�cant. Moreover, an in�uence of templating on the C2-selectivity was not observed. In
general, an in�uence of porosity can hardly be extracted from the present data due to excessive
restructuring of the catalyst during OCM testing.
The characterisation of the MgO-based catalysts after OCM testing (see section 5.3) reveals the

strong increase of the crystallite size. The MgO prepared with lithium shows an even stronger
crystallite growth compared to pure MgO. This strong sintering tendency is accompanied by a
loss of surface area and, therefore, can be associated with the loss of OCM performance at time-
on-stream. This interpretation is in agreement with the reported results of the group of Arndt,
who also observed a loss surface area accompanied by a loss of OCM performance.151 In addition,
Lunsford et al. did not mentioned any performance loss over longer time-on-stream after an initial
decrease of OCM activity.
In summary, the synthesized MgO and Li@MgO catalysts prepared with and without polymer

template are all active in OCM reaction. However, the obtained catalysts are not structurally
stable during OCM testing and lose porosity by excessive sintering. Therefore, an extraction of
an in�uence of the pore size on the C2-selectivity cannot be extracted from the present data.
However, one possibility to investigate an in�uence of the initial pore size could be achieved by
fast heating to 750 °C with a high heating rate and measuring the OCM performance in the �rst
10 min. The extrapolation of the obtained data to t=0 could reveal a pore size in�uence.
In addition, another possibility to investigate the in�uence is to synthesize a structurally stable

catalyst with controlled porosity and to test it in OCM. The next section presents the synthesis
and OCM testing of a more stable W-Mn/SiO2 catalyst with templated mesoporosity.
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6. W-Mn/SiO2 Catalyst for Oxidative
Coupling of Methane

The material W-Mn/SiO2 is known for its long time stability in OCM reactions and shows,
compared to MgO-based ctalyst, a high C2-selectivity.30,12

In this chapter a synthesis procedure is presented that yields W-Mn/SiO2 with template con-
trolled pore size. The characterisation of the freshly prepared material is discussed in section
6.1. The catalytic results of OCM testing are presented in section 6.2. The reproducibility of the
synthesis and the OCM testing is analysed in section 6.3. In section 6.4 the in�uence of the pore
size on the C2-selectivity is discussed. Thereafter, the used catalyst is characterized in section
6.5 concerning morphological and compositional changes occuring during the catalytic testing.
Finally, the results are discussed in section 6.6.

6.1. Synthesis and Characterisation

For the synthesis of W-Mn/SiO2 OCM catalysts with controlled pore size a new synthesis proce-
dure was developed in this thesis. The procedure is based on the SBA-synthesis for mesoporous
silica reported by Zhao et al.49,57 The pore size in the silica matrix is controlled by amphiphilic
block-copolymers as templates. A set of silica based catalyst with di�erent pore sizes is ob-
tained by employing templates with di�erent molecular weights (Pluronics Brij56, F108, F127 or
P123) in the synthesis. The range of accessible pore sizes was further increased by swelling of
the template.49,57 The swelling of the micelles is accomplished by introducing the swelling agent
trimethylbenzene into the hydrophobic core of P123 micelles. The enlargement of the micelles
results in an increase of the pore diameter in the silica matrix. The SBA-synthesis was modi-
�ed based on the sol-gel synthesis of W-Mn/SiO2 OCM catalysts reported by Wang et al.28 to
introduce the OCM active elements tungsten and manganese.
Brie�y, after dissolving the respective template polymer (Pluronics F127, Brij56, F108 or P123)

at 60 °C in aqueous HCl the separately dissolved Mn(NO3)2·4H2O and Na2WO4·2H2O is added
at once with a time delay of 30 s. The concentrations of the manganese and tungstate source
are chosen to result in a content of 2%wt Mn and 5%wt Na2WO4 with respect to silica. The
resulting solution is cooled down to 35 °C (22 °C when F127 was employed) and in the case of
larger mesopores a certain amount of swelling agent trimethylbenzene was added. Then Si(OEt)4
is added and stirred for 21 h at 35 °C (22 °C for F127) followed by a heat up to 80 °C without
stirring. The �nal catalyst is obtained after �ltration, drying at room temperature and calcination
for 6 h at 500 °C reached by a heating ramp of 1 K/min. The catalyst powder is obtained as a
yellowish solid. A more detailed synthesis description is given in section 3.3.2.
The �nal catalyst were characterized by N2-physisorption in order to obtain its analysis BET

surface area and pore size distribution employing NLDFT-Model as well as SAXS to gain imfor-
mation about the pore structure. The morphology of the powders were investigated by scanning
electron microscopy. The crystalline phases were analysed by X-ray di�raction.
The following section presents the detailed analysis of the W-Mn/SiO2 catalysts synthesized

by employing Brij56, F108, F127 and P123 as structure directing agents.

55



6. W-Mn/SiO2 Catalyst for Oxidative Coupling of Methane

Figure 6.1.: Analysis of W-Mn/SiO2 templated with Brij56 a) SEM, b) XRD, c) SAXS and d) NLDFT-
pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica (cylindr./sphere. pore NLDFT
ads. Modell) with inset showing N2-adsorption (black) and desorption (red) isotherm

W-Mn/SiO2 templated with Brij56

Figure 6.1 shows a) SEM, b) XRD, c) SAXS and d) pore size distribution derived from N2-
physisorption (with adsorption and desorption isotherms as inset) measurements recorded from
the Brij56 templated catalyst.
The XRD analysis (see Figure 6.1b) reveals a combination of three crystalline phases. A broad

and weak re�ection at 2θ = 24.0° can be assigned to monoclinic SiO2 (PDF: 00-039-1425). The
broad shape and unresolved peaks suggesting SiO2 is present mainly in amorphous form. In
addition, the XRD features signals at 2θ = 23.8°, 48.9°, 55.1°, 61.2° corresponding well to cubic
WO3 (PDF: 00-041-0905). The Scherrer equation results in a crystallite size of 6 nm for tungsten
oxide. The XRD shows additional di�raction signal at 2θ = 33.8°, 41.7°, 44.2°, 46.9° corresponding
well to spinel type Mn3O4 (PDF: 01-086-2337). The crystallite size of Mn3O4 estimated by
Scherrer equation amounts to 6 nm. Hence, the developed synthesis procedure employing Brij56
as structure directing agent results in amorphous silica with nanocrystalline WO3 and Mn3O4.
The SEM (see Figure 6.1a) features locally ordered spherical pores with an average diameter of

2.9 nm and the pore walls appear smooth and unstructured. This observation is in good agreement
with the amorphous appearance of silica in the XRD.
The adsorption and desorption isotherms (see Figure 6.2d inset) show a strong increase of

adsorbed gas volume at low relative pressures (p/p0 < 0.1) indicating a signi�cant amount of
intrinsic microporosity. The weak hysteresis loop between 0.3 < p/p0 < 0.4 can be classi�ed
as H1-type and is typically observed for Brij56 templated SBA-11 with cubic pore structure.49

However, the N2-BET surface area amounts only to 522 m2/g compared to 1070 m2/g obtained
by Zhao et al.49 The main peak of the NLDFT pore size distribution (see Figure 6.1d) indicates
a narrow range of mesopores between 2.9 and 5.2 nm with a maximum at 3.9 nm. This value is
slightly larger compared to the SEM results and is in good agreement with the literature.49 The
SAXS analysis features a signal corresponding to a periodical distance of 5.1 nm indicating an
ordered pore structure.
Thus, the developed synthesis route employing Brij56 as structure directing agent yields a W-
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6.1. Synthesis and Characterisation

Figure 6.2.: Analysis of W-Mn/SiO2 templated with F108 a) SEM, b) XRD c) SAXS and d) NLDFT-pore
size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica (cylindr./sphere. pore NLDFT ads.
Modell) with inset showing N2-adsorption (black) and desorption (red) isotherm

Mn/SiO2 material with template structured mesoporosity with incorporated tungsten oxide and
manganese oxide.

W-Mn/SiO2 templated with F108

Figure 6.2 shows a) SEM, b) XRD, c) SAXS and d) pore size distribution derived from N2-
physisorption (with adsorption and desorption isotherms as inset) measurements recorded from
the F108 templated W-Mn/SiO2 catalyst.
The SEM image (see Figure 6.2a) shows spherical pores with a diameter of 14 nm. The pores

are signi�cantly larger compared to the reported pore sizes of 4 nm in silica prepared with F108.152

Whether the pores are originated from templating cannot be distinguished from the present data.
The PSD (see Figure 6.2d) of the material prepared with F108 as structure directing agent

features 3 local maxima corresponding to pore sizes of 6.8 nm, 5.0 nm and 2.0 nm. The peak at
2 nm can be understood as an artefact of intrinsic microporosity. The maxima at 6.8 nm and
5.0 nm can be originated from F108 templated pores. The pore sizes are slightly larger compared
to the literature value obtained from F108 templated SBA-16152 with a pore diameter of 4 nm.
The di�erence of pore diameters between the pure SBA-silica and W-Mn/SiO2 catalyst prepared
with F108 can originate from the additional tungsten and manganese species in the synthesis.
The adsorption and desorption isotherms (see Figure 6.2d inset) show a strong increase of ad-

sorbed gas volume at low relative pressure (p/p0 < 0.1) indicating a signi�cant amount of intrinsic
microporosity. The physisorption isotherms feature a hysteresis loop between 0.4 < p/p0 < 0.6.
The form of the hysteresis loop can be categorised as H2-type (IUPAC) indicating a cubic pore
structure. The shape of the isotherm is in good agreement with the literature.152 However, the
BET surface area amounts only to 358 m2/g. Jin et al. reported signi�cantly larger surface areas
between 594 - 860 m2/g.152

The SAXS measurement (see Figure 6.2c) features three Bragg re�ection corresponding to d-
spacings of 11.2 nm (110), 7.9 nm (200), 6.4 nm (211) indicating a cubic pore system with lattice
constant of 15.8 nm.153 Therefore, the SAXS and physisorption measurements suggesting the
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6. W-Mn/SiO2 Catalyst for Oxidative Coupling of Methane

Figure 6.3.: Analysis of W-Mn/SiO2 templated with F127 a) SEM, b) XRD, c) SAXS and d) NLDFT-
pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica (cylindr./sphere. pore NLDFT
ads. Modell) with inset showing N2-adsorption (black) and desorption (red) isotherm

existence of a cubic pore structure in the W-Mn/SiO2 prepared with F108. Hence, Pluronic F108
enables introducing controlled porosity into W-Mn/SiO2 powder.
The XRD analysis (see Figure 6.2b) shows a broad and weak re�ection at 2θ = 24.0° indicating

the presence of monoclinic SiO2 (PDF: 00-039-1425) mainly in amorphous form. Further, the
XRD features distinct signals at 2θ = 23.8°, 48.9°, 55.1°, 61.2° corresponding well to cubic WO3

(PDF: 00-041-0905). In addition, signals at θ = 33.8°, 41.7°, 44.2°, 46.9° corresponding well to
spinel type Mn3O4 (PDF: 01-086-2337). The Scherrer equation results in crystallite sizes of 3 nm
for tungsten oxide and 6 nm for manganese oxide.
Thus, the W-Mn/SiO2 catalyst exhibits ordered pores templated by F108. Nanocrystalline

WO3 and Mn3O4 are present in the amorphous SiO2 matrix.

W-Mn/SiO2 templated with F127

Figure 6.3 shows a) SEM, b) XRD, c) SAXS and d) pore size distribution derived from N2-
physisorption (with adsorption and desorption isotherms as inset) measurements recorded from
the F127 templated W-Mn/SiO2 catalyst.
The SEM image of the catalyst (see Figure 6.3a, right panel) shows spherical pores with pore

diameter of 4.0 nm. The pores are open towards the catalyst surface. In contrast, the second
SEM image (see Figure 6.3a, left panel) does not show any pores indicating that the catalyst is
not fully templated.
However, the pore size distribution (see Figure 6.3d) shows one strong maximum and a weak

signal corresponding to a pore diameter of 3.5 nm and 2 nm, respectively. The diameter of the
strong signal at a diameter of 3.5 nm is in good agreement with the SEM results. However, Zhao
et al. reported pore diameters of 5.4 nm for SBA-16 templated with F127.49

The adsorption and desorption isotherms (see Figure 6.3d inset) show a strong increase of
adsorbed gas volume at low relative pressure (p/p0 < 0.1) indicating a signi�cant amount of
intrinsic microporosity. The physisorption isotherms feature a weak hysteresis loop between
0.4 < p/p0 < 0.5. The form of the hysteresis loop can be categorised as H2-type (IUPAC)

58



6.1. Synthesis and Characterisation

Figure 6.4.: Analysis of W-Mn/SiO2 templated with P123 a) SEM, b) XRD, c) SAXS and d) NLDFT-
pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica (cylindr./sphere. pore NLDFT
ads. Modell) with inset showing N2-adsorption (black) and desorption (red) isotherm

indicating a cubic pore structure. The N2-BET surface area amounts to 662 m2/g. This surface
area is slightly smaller compared to the reported value of 740 m2/g obtained for SBA-16 templated
with F127.49

The SAXS measurement (see Figure 6.3c) shows one broad di�raction signal corresponding to a
periodical distance of 9.6 nm indicating a local ordered pore system. The existence of pore order
is in good agreement with the SEM results.
The XRD analysis feature only one broad di�raction signal at 2θ = 24.0° indicating the presence

of monoclinic SiO2 (PDF: 00-039-1425). No signals corresponding to manganese or tungsten
containing phases can be distinguished. Hence, manganese or tungsten containing species are not
present in crystalline form. Thus, W-Mn/SiO2 catalyst is only partially templated with F127.
A crystalline phase containing manganese or tungsten cannot be detected. The OCM results of
these catalysts have to be discussed with respect to this contradictory material characterisation.

W-Mn/SiO2 templated with P123

Figure 6.4 shows a) SEM, b) XRD, c) SAXS and d) pore size distribution derived from N2-
physisorption (with adsorption and desorption isotherms as inset) measurements recorded from
the W-Mn/SiO2 catalyst prepared with P123.
The SEM image (see Figure 6.4a) of the material synthesized by employing triblock-copolymer

Pluronic P123 shows cylindrical shaped pores with an average diameter of 4.3 nm. Pore diameter
and pore structure are in good agreement to the SEM results of the pure silica SBA-15 with
4.7 nm reported by Zhao et al.49

The pore size distribution derived from physisorption measurements (see Figure 6.4d) features
a narrow peak with maximum corresponding to a pore diameter of 10.8 nm. Therefore, the
PSD pore diameter is larger compared to the reported value of 4.7 nm obtained from pure silica
SBA-15,49 but signi�cantly larger compared to the pore diameter obtained by SEM of the W-
Mn/SiO2 catalyst. The adsorption and desorption isotherms (see Figure 6.4d inset) show a strong
increase of adsorbed gas volume at low relative pressure (p/p0 < 0.1) indicating a signi�cant
amount of intrinsic microporosity. The isotherms feature a strong H1-type hysteresis loop between
0.5 < p/p0 < 0.7 indicative for cylindrical pores. The pore shape matches the SEM results. The
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6. W-Mn/SiO2 Catalyst for Oxidative Coupling of Methane

BET surface area amounts to 640 m2/g. Therefore, the surface area is in the same order of
magnitude compared to the reported value for pure SBA-15 of 690 m2/g.49

The SAXS analysis (see Figure 6.4c) shows three Bragg re�ections corresponding to d-spacings of
9.8 nm (100), 5.7 nm (110), 4.9 nm (200) indicating a hexagonal pore system with a lattice constant
of 11.3 nm. The periodical distances and the pore system agree well with the physisorption and
SEM results as well as with the reported results for SBA-15.49

The XRD analysis (see Figure 6.4b) shows a broad and weak re�ection at 2θ = 24.0° indicating
the existence of monoclinic SiO2 (PDF: 00-039-1425). Therefore, silica is present in amorphous
form. In addition, the di�ractogram features the signals at 2θ = 23.8°, 48.9°, 55.1°, 61.2° corre-
sponding well to cubic WO3 (PDF: 00-041-0905). The Scherrer equation results in a crystallite
size of 5 nm for tungsten oxide. The XRD shows additional di�raction signals at 2θ = 33.8°, 41.7°,
44.2°, 46.9° corresponding well to spinel type Mn3O4 (PDF: 01-086-2337). The crystallite size of
Mn3O4 estimated by Scherrer equation amounts to 5 nm.
Hence, the developed synthesis procedure employing P123 as structure directing agent results

in amorphous silica with a hexagonal pore system and a narrow pore size distribution. WO3 and
Mn3O4 are present in nanocrystalline form in the silica matrix.
In summary, the physical characterisation evidences that the W-Mn/SiO2 materials are

mesostructured by the polymer templates Pluronic (F127, Brij56, F108, P123) and the devel-
oped synthesis route giving access to potential catalysts with templated pores from 3.5 nm to
10.8 nm with comparable element composition.
To further extend the range of available pore sizes in the W-Mn/SiO2 material the templating

P123 micelles were enlarged by the addition of 0.25 ml, 0.5 ml and 0.75 ml of the swelling agent
trimethylbenzene (TMB) during the synthesis. Synthesis procedure as well as swelling agent were
adapted from Zhao et al.49,57

W-Mn/SiO2 templated with P123 and 0.25 ml TMB

Figure 6.5 shows a) SEM, b) XRD, c) SAXS and d) pore size distribution derived from N2-
physisorption (with adsorption and desorption isotherms as inset) measurements recorded from
the W-Mn/SiO2 catalyst prepared with P123 and 0.25 ml trimethylbenzene.
The SEM image (see Figure 6.5a) of the material prepared with Pluronic P123 and 0.25 ml

TMB shows cylindrically shaped pores with an average diameter of 6.1 nm. This pore diameter
is lower compared to the values obtained by Zhao et al. for pure SBA-15 prepared with the same
amount of TMB (∼11 nm observed by TEM).57

The XRD analysis (see Figure 6.5b) features only one broad di�raction signal at 2θ = 24.0°
indicating the presence of monoclinic SiO2 (PDF: 00-039-1425). No signals corresponding to
manganese or tungsten containing phase can be distinguished. Hence, manganese or tungsten
containing species are not present in crystalline form.
The adsorption and desorption isotherms (see Figure 6.5d inset) show a strong increase of ad-

sorbed gas volume at low relative pressure (p/p0 < 0.1) indicating a signi�cant amount of intrinsic
microporosity. The isotherms feature a distinct H1-type hysteresis loop between 0.65 < p/p0 < 0.8
indicative for cylindrical pores. The shape of the isotherm and the hysteresis loop are in good
agreement with the literature obtained from SBA-15 prepared with TMB as swelling agent.49 The
BET surface area amounts to 755 m2/g. The pore size distribution (see Figure 6.5d) derived from
physisorption shows a strong maximum at a pore diameter of 11.7 nm and weak shoulder at 13 nm.
These pore diameters are signi�cantly higher compared to the pore size obtained from SEM, but
in good agreement with the literature value obtained from SBA-15 prepared with 0.25 ml TMB.57

SAXS analysis (see Figure 6.5c) shows three Bragg re�ections corresponding to d-spacings of
10.3 nm (100), 5.9 nm (110) and 5.1 nm (200) indicating a hexagonal pore system with a lattice
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Figure 6.5.: Analysis of W-Mn/SiO2 prepared with P123 and 0.25 ml trimethylbenzene a) SEM, b)
XRD, c) SAXS and d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica
(cylindr./sphere. pore NLDFT ads. Modell) with inset showing N2-adsorption (black) and desorption
(red) isotherm

constant of 11.8 nm. The pore structure is in good agreement with the physisorption and SEM
results as well as with the reported results for SBA-15 prepared with TMB as swelling agent.57

Thus, the W-Mn/SiO2 catalyst prepared with P123 and 0.25 ml trimethylbenzene is structured
with ordered cylindrical pores.

W-Mn/SiO2 templated with P123 and 0.5 ml TMB

Figure 6.6 shows a) SEM, b) XRD, c) SAXS and d) pore size distribution derived from N2-
physisorption (with adsorption and desorption isotherms as inset) measurements recorded from
the W-Mn/SiO2 catalyst prepared with P123 and 0.5 ml trimethylbenzene.
The SEM image (see Figure 6.6a) of the material prepared with Pluronic P123 and 0.5 ml TMB

shows cylindrical shaped pores with an average diameter of 7.1 nm. The pore diameter is lower
compared to the values obtained from SBA-15 prepared with 0.5 ml TMB (∼12.5 nm observed
by TEM).57

The XRD analysis (see Figure 6.6b) features only one broad di�raction signal at 2θ = 24.0°
indicating the presence of monoclinic SiO2 (PDF: 00-039-1425). No signals corresponding to
manganese or tungsten containing phase can be distinguished. Hence, manganese or tungsten
containing species are not present in crystalline form.
The adsorption and desorption isotherms (see Figure 6.6d inset) show a strong increase of ad-

sorbed gas volume at low relative pressure (p/p0 < 0.1) indicating a signi�cant amount of intrinsic
microporosity. The isotherms feature a hysteresis loop between 0.48 < p/p0 < 1.0. The overall
shape of the loop cannot be categorised according to IUPAC classi�cation. However, the loop
appears to be a superposition of a H1-type (0.48 < p/p0 < 0.8) and a H2-type (0.8 < p/p0 < 1.0)
hysteresis loop indicating a mixture of cylindrical and larger spherical pores, respectively. However,
the NLDFT pore size distribution features only one major signal with a maximum corresponding
to pore diameters of 13 nm. These pore diameter is signi�cantly higher compared to the pore size
obtained from SEM, but agrees well with the literature value obtained from SBA-15 prepared with
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Figure 6.6.: Analysis of W-Mn/SiO2 prepared with P123 and 0.5 ml trimethylbenzene a) SEM, b)
XRD, c) SAXS and d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica
(cylindr./sphere. pore NLDFT ads. Modell) with inset showing N2-adsorption (black) and desorption
(red) isotherm

0.5 ml TMB.57 The BET surface area amounts 682 m2/g which is signi�cantly lower compared to
the literature values obtained from SBA-15 prepared with swelling agent TMB.
SAXS analysis (see Figure 6.6c) shows three Bragg re�ections corresponding to d-spacings of

10.6 nm (100), 6.2 nm (110) and 5.4 nm (200) indicating a hexagonal pore system with a lattice
constant of 12.5 nm. The pore structure is in good agreement with the physisorption and SEM
results as well as with the reported results for SBA-15 prepared with TMB as swelling agent.57

Thus, the W-Mn/SiO2 catalyst prepared with P123 and 0.5 ml trimethylbenzene is structured
with ordered cylindrical pores.

W-Mn/SiO2 templated with P123 and 0.75 ml TMB

Figure 6.7 shows a) SEM, b) XRD, c) SAXS and d) pore size distribution derived from N2-
physisorption (with adsorption and desorption isotherms as inset) measurements recorded from
the W-Mn/SiO2 catalyst prepared with P123 and 0.75 ml trimethylbenzene.
The SEM image (see Figure 6.7a) recorded from W-Mn/SiO2 catalyst prepared with 0.75 ml

TMB shows a weakly structured surface. Only a few spherical pores with a diameter of about
18 nm can be distinguished. The diameter is slightly higher compared to the reported pore size
of ∼15 nm for pure SBA-15 prepared with 0.75 ml TMB.
The pore size distribution (see Figure 6.7d) does not show any pronounced peak indicating a

broad distribution of pore sizes. The adsorption and desorption isotherms (see Figure 6.7d inset)
show a strong increase of adsorbed gas volume at low relative pressure (p/p0 < 0.1) indicating
a signi�cant amount of intrinsic microporosity. The isotherm features a hysteresis loop between
0.48 < p/p0 < 0.9. This loop can be classi�ed as H1-type hysteresis and is indicative for a cubic
pore structure. Further, the existence of the hysteresis loop evidences the existence of accessible
mesopores. In addition, the BET surface area amounts to 604 m2/g.
The SAXS analysis (see Figure 6.7c) features one weak signal corresponding to a periodical pore

distance of 12 nm. The peak indicates the existence of locally ordered porosity in the material.
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Figure 6.7.: Analysis of W-Mn/SiO2 prepared with P123 and 0.75 ml trimethylbenzene a) SEM, b)
XRD, c) SAXS and d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica
(cylindr./sphere. pore NLDFT ads. Modell) with inset showing N2-adsorption (black) and desorption
(red) isotherm

The XRD analysis (see Figure 6.7b) shows a broad and weak re�ection at 2θ = 24.0° indicating
the existence of monoclinic SiO2 (PDF: 00-039-1425). Therefore, silica is present in amorphous
form. In addition, the di�ractogram features the signals at 2θ = 23.8°, 48.9°, 55.1°, 61.2° corre-
sponding well to cubic WO3 (PDF: 00-041-0905). The XRD shows additional di�raction signal at
2θ = 33.8°, 41.7°, 44.2°, 46.9° corresponding well to spinel type Mn3O4 (PDF: 01-086-2337). The
re�exes of manganese and tungsten oxide are too weak to apply the Scherrer equation.

Thus, the W-Mn/SiO2 catalyst prepared with P123 and 0.75 ml trimethylbenzene yields a
material with a broad pore size distribution and may be not fully templated. The OCM results
of these catalysts should be discussed with caution.

In summary, the developed synthesis strategy yields W-Mn/SiO2 powders with templated meso-
pores and partly nanocrystalline Mn3O4 and WO3. The pore diameter increases with increasing
molecular weight of the templating polymer. Therefore, the pore diameters are varied between
3.5 to 10.8 (PSD) by employing di�erent sized templates. Hence, the pore templating enables a
systematic pore size variation in one OCM catalyst. The variation of the pore sizes in dependence
of the template is in good agreement with the literature, although the concrete pore diameter
diverge. Only the templating with F127 yields pores with drastically reduced diameter compared
to the literature. The pore structure is mainly de�ned by the chemical and physical properties of
the template. Templating with Brij56, F108 and F127 yields W-Mn/SiO2 catalyst with a cubic
pore structure. Templating with P123 results in cylindrical shaped pores with hexagonal pore
structure.

However, employing P123 with the swelling agent TMB can change the pore structure. A
hexagonal pore structure is obtained for volumes up to 0.25 ml TMB. In contrast, physisorption
isotherms recorded from the material prepared with P123 and 0.5 ml TMB suggesting a mixture of
hexagonal and cubic pore structure. The W-Mn/SiO2 catalyst obtained by templating with P123
and 0.75 ml TMB exhibits poorly ordered spherical pores. However, the pore diameter increases
systematically with increasing amount of swelling agent. Hence, the range of pore sizes could be
further extended by swelling of the templating P123 micelles with trimethylbenzene up to 18 nm.
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Figure 6.8.: Methane conversion XCH4 (blue squares) and selectivity (SC2 violet squares, SC2H6 yellow
triangles, SC2H4 pink circles) versus time-on-stream of the W-Mn/SiO2 catalyst prepared with Brij56
recorded at 775 °C, 800 °C and 825 °C with three �ow rates (�ow 1 < �ow 2 < �ow 3) at each temperature

In addition, the N2-BET surface area of the materials is not correlated to the pore sizes and is
most likely determined by microporosity.
The crystalline composition analysed by XRD exhibits SiO2 for all prepared catalyst. The

broad shape and unresolved peaks suggesting SiO2 is present mainly in amorphous form. Addi-
tional re�exes corresponding to nanocrystalline Mn3O4 and WO3 are present in the di�ractogram
recorded from catalysts prepared with Brij56, F108, P123 as well as P123 + 0.75 ml TMB. The
small crystallite size allows the crystallite to be present in the pore walls of the mesoporous sil-
ica. However, the catalyst prepared with F127 as well as P123 with 0.25 ml TMB and P123
with 0.5 ml TMB does not feature signals corresponding to crystalline tungsten or manganese
containing phases.

6.2. Catalytic Testing

The catalytic testing was performed in parallel in a multi-channel �xed bed-reactor to ensure
comparable conditions for each catalyst. The catalysts were tested at three temperatures (775 °C,
800 °C, 825 °C) to gain information about the temperature dependence of the reaction. At each
temperature the performance was analysed with three di�erent gas �ows rates (�ow 1 < �ow 2
< �ow 3) to vary the contact time, but with a constant gas feed composition of 6:15 CH4:air
(volume ratio). The variation of the contact time leads to di�erent methane conversion allowing
the comparison of the catalysts selectivities at the same conversion and temperature, even if the
overall performance varies between the catalysts. After catalytic testing at 825 °C at all three
�ow rates, the reactor was cooled down to 775 °C with �ow rate 1 and the OCM was tested again
at �ow rate 1 to gain information about overall catalyst stability after 120 h.
Figure 6.8 presents the catalysis results of the Brij56 structured W-Mn/SiO2 on the OCM

reaction showing the methane conversion (blue squares) and selectivity (SC2 violet squares, SC2H6

yellow triangles, SC2H4 pink circles) versus time-on-stream.
The methane conversion shows a strong initial loss from the �rst to the second point from 21%

to 9% indicating either a restructuring of the pore system or change in the phase composition of
the catalyst. After the initial activity drop, the catalyst stabilises and the methane conversion
varies between 13.0% to 2.5% depending on the applied conditions.
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In general, the conversion increases with higher temperatures. At the lowest �ow rate 1 and
775 °C the methane conversion is between 7 and 9%. At 800 °C and 825 °C at �ow rate 1
the methane conversion is increased to 8 - 9% and 11 - 12%, respectively. This increase of the
conversion results from increasing reaction kinetics caused by higher temperatures.
In contrast to the temperature dependence, higher gas �ow rates result in decreasing methane

conversion, for instance XCH4 decreases at 800 °C from 8% (�ow 1) to 6% (�ow 2) to 4% (�ow
3). Higher �ow rates result in shorter contact times. Methane has less time at the catalyst to be
converted into C2 or COx.
After 101 h time-on-stream the reactor is cooled down to starting conditions (775 °C with �ow

rate 1) and the catalyst shows a slightly lower methane conversion (XCH4 = 4 - 5%) compared
to the initial starting conditions (XCH4 = 7 - 9%) indicating a loss of activity due to either a
restructuring of the pore system or change in the phase composition of the catalyst.
Both ethane and ethylene are observed as selective reaction products. In general, the ethane

selectivity is higher compared to ethylene. The SC2H6 increases with higher �ow rates, for example
the ethane selectivity increases from 21% (�ow rate 2) to 26% (�ow rate 3) at 800 °C. However,
the SC2H6 decreases with higher temperature, for example from 26% at 800 °C and �ow rate 2 to
24% at 825 °C and the same �ow rate.
In contrast to the behaviour of SC2H6, the ethylene selectivity decreases with higher �ow rates,

for example from 9.5% (�ow rate 2) to 8% (�ow rate 3) at 800 °C. The SC2H4 increase slightly
with increasing temperature rates, for example from 9.5% at 800 °C and �ow rate 2 to 14% at
825% and the �ow rate 2.
Hence, ethane and ethylene selectivity show opposing temperature and �ow rate dependency.

These dependencies suggest C2H4 to be the secondary product of the OCM, resulting from the
dehydrogenation of C2H6. A lower �ow rate and, therefore, shorter contact times decrease the
time for the dehydrogenation reaction, too. Therefore, an increase of ethane is detected while
ethylene concentration is reduced. At lower �ow rates but higher temperature the subsequent
dehydrogenation reaction occurs more often and the ethylene selectivity increases. This �nding is
in good agreement with reaction sequence described in literature.3,10

The selectivity SC2 is the result of the summation of ethane and ethylene selectivity and is
a measure for the overall methane coupling ability of a catalyst at a given temperature and
�ow rate. The C2-selectivity increases slightly with higher temperatures, for example from 30%
(800 °C) to 32% (825 °C) at �ow rate 2. In addition, the C2-selectivity increases with higher �ow
rate (smaller contact times), for example from 30% (�ow rate 2) to 34% (�ow rate 3) at 800 °C.
This increase of C2-selectivity increases with higher �ow rate (smaller contact times), because the
time at the catalyst for subsequent oxidation of ethane and ethylene to COx is shorter, suggesting
the overoxidation products to be mainly formed by oxidation of C2-products. This is in good
agreement with the literature.10

In summary, employing the W-Mn/SiO2 catalysts prepared with Brij56 in OCM reaction yields
the C2-products C2H6 and C2H4 accompanied by unconverted methane and the overoxidation
products CO and CO2. The amount of C3-products (for example propane, propylene) was below
the detection limit of the gas chromatograph. Hence, the micelle templated W-Mn/SiO2 catalysts
are active in the reaction of methane towards C2-products (ethene, ethylen).
Figure 6.9 presents the catalysis results of W-Mn/SiO2 prepared with a) F108, b) F127, c)

P123, d) P123 + 0.25 ml TMB, e) P123 + 0.5 ml TMB and f) P123 + 0.75 ml TMB on the OCM
reaction showing the methane conversion XCH4 (blue squares) and selectivity (C2 violet squares,
C2H6 yellow triangles, C2H4 pink circles) versus time-on-stream.
The catalysts show the same temperature and �ow rate dependency compared to the described

W-Mn/SiO2 catalyst prepared with Brij56. After a strong initial loss of methane conversion the
deactivation trend slows down but remains apparent with time-on-stream. This initial loss of
activity suggests either a restructuring of the pore system or a change in the phase composition
of the catalyst.
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Figure 6.9.: Conversion XCH4 (blue squares) and selectivity (C2 in violet squares, C2H6 yellow triangles,
C2H4 pink circles) OCM results of W-Mn-SiO2 catalyst templated with a) F108, b) F127, c) P123, d)
P123 + 0.25 ml TMB, e) P123 + 0.5 ml TMB and f) P123 + 0.75 ml TMB
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The methane conversion increases with higher temperatures for all examined catalysts. This
increase of methane conversion can be explained by increasing reaction kinetics caused by higher
temperatures.
In contrast to the temperature dependency, the conversion decreases at higher gas �ow rates.

The decrease of the �ow rate increases the contact time of the gas feed at the catalyst. Therefore,
more methane can be converted to C2-products or to undesired COx at the same temperature.
Therefore, the highest methane conversion for each catalyst is achieved at 825 °C and �ow rate
1. At this conditions the catalysts prepared with Brij56 and with P123 and 0.25 ml TMB yielded
the highest conversion of 12%. The lowest conversion of 8% is yielded from the W-Mn/SiO2

structured with F127 at 825 °C and �ow rate 1 . The catalysts templated with F108, P123, P123
+ 0.5 and 0.75 show the same conversion of about 11%. In general, the low methane conversions
of all catalysts indicate the moderate activity of all prepared catalysts.
Furthermore, both ethane and ethylene are observed as selective reaction products for all cat-

alysts. The trends for the tested catalyst of SC2H6 and SC2H4 are similar to the catalytic results
of the catalyst prepared with Brij56. The selectivity towards ethane is higher compared to the
ethylene selectivity. SC2H6 increases for all catalyst with increasing temperature but decreases
with higher �ow rates. The highest ethane selectivity of 30% is observed for W-Mn/SiO2 struc-
tured with P123 and 0.75 TMB at 775 °C and �ow rate 3. The lowest selectivity of 14% at this
condition is measured for the catalyst prepared with F127. The further catalysts show SC2H6

between 14% and 29%.
In contrast to the trend of the ethane selectivity, SC2H4 decreases with increasing temperature

and increases with higher �ow rates. The catalyst prepared with P123 and 0.75 ml TMB yields
the highest ethylene selectivity with a value of 18% at 825 °C and �ow rate 1. The lowest SC2H4

of 9% is observed for the catalyst prepared with F108 at the same conditions. The opposing
temperature and �ow rate dependencies of ethane and ethylene selectivity suggest that C2H4

results from the dehydrogenation of C2H6 supporting the mechanisms explained in the case of the
catalyst prepared with Brij56.
The overall C2-selectivity follows the trends described on the example of the Brij56 structured

W-Mn/SiO2: SC2 increases with higher temperatures and higher �ow rates. The C2-selectivity
varies for each catalyst in the range between 12% and 40%. However, the data scatter signi�cantly.
In addition, some outliers (for example the catalyst prepared with F127 at 800 °C and �ow rate 3)
result from insu�cient quanti�cation of COx and, therefore, underestimation of COx selectivities.
This leads to unrealistic high C2-selectivities. Furthermore, a fair comparison of selectivity data
is only permitted at the same conversion and temperature. A detailed correlation and discussion
of the C2-selectivities versus the pore diameter of the catalyst is given in section 6.4.

6.3. Reproducibility of Synthesis and Catalysis

The reproducibility of synthesis and catalytic testing is important to gain valid information on
how the pore size in�uences the C2-selectivity of OCM. The complex synthesis and long and
harsh catalysis conditions can scatter the evaluated data signi�cantly. Therefore, the synthesis
was repeated applying the previously developed procedure to obtain an additional set of W-
Mn/SiO2 templated with either with F127, Brij56, F108 or P123. These catalysts were tested
simultaneously in the same multi-channel �xed bed-reactor applying the same conditions for the
OCM test as for the other catalysts to estimate the error bar of combined synthesis and catalysis.
Figure 6.10 presents exemplarily the OCM results of the original Brij56 structured material (a)

and of the reproduced catalyst (b). Both catalysts show a similar behaviour in OCM reaction.
Both catalysts su�er an initial loss of activity, but stabilise between 3% to 5% methane conversion.
Also the reproduced catalyst increases its activity with higher temperatures at similar �ow rates
compared to the original Brij56 catalyst. Applying a higher �ow rate and, therefore, reducing
the contact time leads to decreasing methane conversion. After 101 h the starting conditions
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Figure 6.10.: a) methane conversion XCH4 (blue squares) and selectivity (SC2 violet squares, SC2H6 yellow
triangles, SC2H4 pink circles) versus time-on-stream of the reproduced W-Mn/SiO2 catalyst prepared with
Brij56 recorded at 775 °C, 800 °C and 825 °C with three �ow rates (�ow 1 < �ow 2 < �ow 3) at each
temperature; the blue frame highlights the data used for the evalution of the reproducibility; b) C2-
selectivity SC2 versus methane conversion XCH4 for the original (red) and the reproduced (green) catalyst,
the violet arrows highlighting the resulting C2-selectivity obtained at XCH4 = 5% (blue line).
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are applied and both catalysts are still active but with a slight loss of activity from about 6%
(initially) to 4% (end of test run).
The SC2H6 and SC2H4 trends of the reproduced catalyst are similar to the catalytic results of the

catalyst prepared with Brij56 (see section 6.2). The selectivity towards ethane is in the range of
15% to 30%. The ethylene selectivity is observed in the range of 3% to 10%. Hence, the selectivity
towards ethane is higher compared to the ethylene selectivity for both catalysts. However, the
reproduced catalyst shows slightly lower ethylene selectivity (6% �ow rate 2 at 800 °C) compared
to the original catalyst prepared with Brij56 (9% �ow rate 2 at 800 °C).
The C2-selectivity of the reproduced catalyst follows the same trends identi�ed for the original

catalyst. The C2-selectivity increases with higher gas �ow rates as well as with higher temperature
and is in the range of 15% to 36% for both catalysts.
The quantitative comparison of selectivities should only occur at the same conversion levels.

Figure 6.10c) illustrates how the selectivities are extracted from the catalytic data for the com-
parison of di�erent catalysts in the following section and in this section. The �gure plots for both
catalysts SC2 versus XCH4 at 775 °C and gas composition. The variation in methane conversion
results from the variation of the �ow rate within the �rst 28 h of the experiment. For each catalyst
a logarithmic �t of the curve S vs. X is shown. In the following section, SC2 will be compared at
X = 5% at 775 °C and 800 °C, respectively.
The comparison of the C2-selectivities of the original and reproduced catalyst results in S = 22%

and S = 20% results, respectively. Hence, the selectivities at the compared conversion level are
similar and the combined synthesis and catalysis error bar is only about 2%. Thus, the synthesis
and catalysis is reasonable reproducible.

6.4. Correlation between C2-Selectivity and Pore Diameter

In this section the correlation between C2-selectivity and pore diameter of the W-Mn/SiO2 OCM
catalyst is analysized. The selectivities of di�erent catalysts can only be fairly compared at the
same methan conversion and temperature. Moreover, the C2-selectivities are only comparable at
low methane conversions, because at low conversion the concentration of C2-products is low and,
therefore, sequential overoxidation reactions can be neglected.
The SC2 values for each catalyst at 775 °C and 800 °C, respectively, were extracted from the

OCM data presented in section 6.2. The C2-selectivities for each catalyst were plotted against
the methane conversion. Thereafter, the selectivity was determined by interpolation to a methane
conversion of 5%. The resulting selectivities are correlated with the initial pore diameters given
in Figure 6.11. The pore diameters were extracted from the maximum of the NLDFT pore size
distribution presented in section 6.1. As an exception, the pore diameter of the catalyst prepared
with P123 and 0.75 ml TMB was determined by SEM due to contradictory results of the pore size
distribution.
Figure 6.11 presents the C2-selectivity at a conversion of 5% versus the initial pore size obtained

from physisorption of the catalyst structured with F127, Brij56, F108, P123 (original synthesis and
reproduced material) as well as the materials obtained by addition of swelling agent in di�erent
amounts to P123 at a) 775 °C and b) 800 °C.
The C2-selectivity at 775 °C (see Figure 6.11a) increases with increasing initial pore diameter

from 17% at dpore=3.5 nm to 34% at dpore=18 nm indicating a linear correlation. The trend
appears rather robust also when single catalysts e.g. W-Mn/SiO2 catalyst prepared with F127 or
with P123 and 0.75 ml TMB are removed from the plot.
The increase of pore diameter at constant total pore volume of the porous material leads to

smaller pore wall area. Considering the wall of the catalyst to be the reactive centre of the
oxidation to COx a smaller pore surface should lead to a reduced amount of overoxidation products
and therefore a higher selectivity towards C2-products. Hence, the linear correlation between pore
diameter and C2-selectivity supports the assumption of overoxidation at the catalyst surface.

69
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Figure 6.11.: C2-selectivity at 5% methane conversion in OCM reaction versus the inital pore size of
W-Mn/SiO2 catalyst at a) 775 °C and b) 800 °C

Moreover, these results suggest that the formation of ethane and ethylene occurs by combination
of methyl radicals in the gas phase and therefore support the �ndings in literature.12

The C2-selectivities at 800 °C and 5% methane conversion (see Figure 6.11b) show a slight
increase with increasing pore diameter. The smallest pore diameter of 3.5 nm yields a SC2 of
32%, while the largest pore diameter of 18 nm yields a selectivity of 37%. However, the data
scatter strongly and the trend nearly disappears when the largest or the smallest C2-selectivity
are removed. Therefore, the trend observed at 800 °C is not as robust as the linear correlation
obtained at 775 °C.
One possible explanation for the blurring of trend at higher temperature could be the mor-

phological restructuring of the catalysts during the course of OCM. When the OCM data at 800
°C were collected, the catalysts remained under OCM conditions for signigicant longer time (up
to 70 h) compared to 775 °C. Therefore, the the restructuring of the catalyst could be further
progressed and the in�uence of the initial pore diameters on the C2-selectivity less observable. In
the next section the morphology and phase composition of the W-Mn/SiO2 catalyst after 120 h
of OCM up to 825 °C is described.

6.5. Catalyst Characterisation after OCM

The catalytic data obtained during 120 h of OCM reaction at temperatures up to 825 °C show an
initial loss of activity. This loss suggests restructuring of the catalyst morphology or a change in
the composition of the catalyst. Therefore, a structural and compositional analysis of the catalyst
after the OCM reaction was performed after separating the catalysts from the SiC powder that
was used to cover the catalyst bed in the reactor.

W-Mn/SiO2 templated with Brij56

Figure 6.12 presents a) SEM image, b) XRD, c) SAXS, d) NLDFT-pore size distribution (with an
inset showing N2-adsorption and desorption isotherms) of the catalyst structured with Brij56 after
120 h of OCM reaction up to 825 °C (note: corresponding data of the freshly prepared catalyst
are shown in Figure 6.1).
The SEM image recorded after catalysis (see Figure 6.12a) shows nano crystallites on the surface

of the catalyst. No pores are visible. In contrast, the N2-physisorption experiments indicate a
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Figure 6.12.: Characterisation of W-Mn/SiO2 prepared with Brij56 after catalysis by a) SEM, b)
XRD, c) SAXS, d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica
(cylindr./sphere. pore NLDFT ads. Modell) with an inset showing N2-adsorption (black) and desorption
(red) isotherms

narrow pore size distribution (see Figure 6.12d) around 3.2 nm pore diameter. The pore size is
slightly smaller compared to the diameter observed for the pristine catalyst (3.9 nm). However, the
adsorption and desorption isotherms (see Figure 6.12d inset) show a weak increase of adsorbed gas
volume at low relative pressures (p/p0 < 0.1) compared to the freshly prepared catalyst indicating
a loss microporosity during OCM. The loss of microporosity is also indicated by the drastically
diminished BET surface area from 522 m2/g of the fresh catalyst to 30 m2/g after OCM. A small
hysteresis loop in the physisorption isotherms between p/p0 = 0.6 and 0.7 indicates the existence
of mesopores.
SAXS investigations (see Figure 6.12c) of the used catalyst shows a broad di�raction signal at a

value corresponding to a d-spacing of 3.8 nm. Compared to the pristine catalyst with a d-spacing
of 5.1 nm the periodical order is smaller indicating contraction of the catalyst pore system. Hence,
the pore system, or at least parts of it, is still intact but smaller in size by an isotropic shrinkage
of the catalyst.
The composition of the crystalline components were analysed by XRD (see Figure 6.12b) and

shows no evidence of tungsten (e.g. cubic WO3) or manganese (spinel type Mn3O4) containing
phases which were found beforehand in the pristine catalyst. In contrast, WO3, Na2WO4, NaWSi,
MnWO4 and Mn2O3 were often reported as crystalline phases in the W-Mn/SiO2-type catalyst
after OCM.11,12 However, Simon et al. suggested partial melting of the catalyst as origin of the
loss of crystallinity during OCM.30

In contrast, besides the broad re�ex at 2θ = 24.0° corresponding to monoclinic SiO2 (PDF: 00-
039-1425) additional di�raction peaks were found at 2θ = 21.8° and 33.7° indicating the formation
of tetragonal α-cristobalite (PDF: 00-039-1425) during catalysis. Cristobalite and quartz are
reported to be typical crystalline phases observed at silica based catalyst after OCM testing at
temperatures between 750 °C and 850 °C.12

Thus, the initial loss in OCM activity can be assumed to result from changes in the phase
composition of the catalyst during the �rst hours of OCM testing. The pore system su�ers an
isotropic shrinkage but appears to be stable over the course of 120 h up to 825 °C under OCM
conditions.
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Figure 6.13.: Characterisation of W-Mn/SiO2 prepared with F108 after catalysis by a) SEM, b) XRD,
c) SAXS and d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica
(cylindr./sphere. pore NLDFT ads. Modell) with an inset showing N2-adsorption (black) and desorp-
tion (red) isotherms

W-Mn/SiO2 templated with F108

Figure 6.13 presents a) SEM image, b) XRD, c) SAXS and d) NLDFT-pore size distribution (with
an inset showing N2-adsorption and desorption isotherms) of the catalyst structured with F108
after 120 h of OCM reaction up to 825 °C (note: corresponding data for the freshly prepared
catalyst is shown in Figure 6.2). The SEM image of the catalyst prepared with F108 (see Figure
6.13a) features round pores in the size range of 10 to 45 nm. Some of the pores seem to be beneath
the surface and are blocked towards the surface. The catalyst surface appears unstructured and
no crystallites can be observed. The SAXS measurement (see Figure 6.13c) of the used catalyst
shows three broad Bragg re�ections corresponding to periodical order of 9.4 nm (110), 6.7 nm
(200) and 5.4 nm (211) indicating an intact cubic pore system. In comparison with the pristine
catalyst, the lattice constant is diminished to 13.4 nm (pristine 15.8 nm). Hence, the pore system
or at least parts of it is still intact but reduced in size. The pore size derived from the NLDFT
pore size distribution (see Figure 6.13d) is decreased from a pore diameter of 6.8 nm (pristine)
to 4.4 nm (used catalyst). An additional local maximum at pore diameters of about 11 nm is
shown in the PSD. This additional signal may be an artefact of the calculation on the basis of
the physisorption isotherms (see Figure 6.13d inset). The adsorption and desorption isotherms
show a very weak increase of gas volume at low relative pressures indicating a strong loss of
microporsity during the OCM. No clear hysteresis loop can be observed and the BET surface area
is drastically diminished from 358 m2/g (fresh catalyst) to 8 m2/g after catalysis. The signi�cant
loss of surface area, the smooth appearance of the catalyst measured by SEM and the existence
of pore order indicated by SAXS suggest that the pore system is not accessible to the N2 probe
gas. The X-ray di�ractogram (see Figure 6.13b) features a broad peak at 2θ = 24° corresponding
to monoclinic SiO2 (PDF: 00-039-1425). Additional peaks at 2θ = 21.8° and 33.7° indicate the
formation of tetragonal α-cristobalite (PDF: 00-039-1425) during catalysis. No di�raction signals
corresponding to manganese or tungsten containing phases can be detected.
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Figure 6.14.: Characterisation of W-Mn/SiO2 prepared with F127 after catalysis by a) SEM, b) XRD,
c) SAXS and d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica
(cylindr./sphere. pore NLDFT ads. Modell) with an inset showing N2-adsorption (black) and desorp-
tion (red) isotherms

W-Mn/SiO2 templated with F127

Figure 6.14 presents a) SEM image, b) XRD, c) SAXS and d) NLDFT-pore size distribution (with
an inset showing N2-adsorption and desorption isotherms) of the catalyst structured with F127
after 120 h of OCM reaction up to 825 °C (note: corresponding data for the freshly prepared
catalyst are shown in Figure 6.3). The SEM image (see Figure 6.14a) of the catalyst structured
with F127 cannot be imaged clearly due to drifts and charging of the sample. However, the
SAXS measurements (see Figure 6.14c) showing one broad Bragg re�ex corresponding to a d-
spacing of 8.2 nm indicating a periodical order of the pore system, suggesting a shrinkage of the
pristine material during catalysis. The NLDFT pore size distribution (see Figure 6.14d) shows a
maximum corresponding to a pore diameter of 3.1 nm suggesting shrinkage of the pore structure
of the pristine mateiral. An additional local maximum is to be seen at a diameter of 5.5 nm.
The physisorption isotherms feature a weak increase at low relative pressures indicative for a low
amount of microporosity. No clear hysteresis loop is observed. The BET surface area amounts
to 28 m2/g indicating a strong loss of surface area during OCM. The X-ray di�ractogram (see
Figure 6.14b) features a broad peak at 2θ = 24° corresponding to monoclinic SiO2 (PDF: 00-039-
1425). Additional peaks at 2θ = 21.8° and 33.7° indicate the formation of tetragonal α-cristobalite
(PDF: 00-039-1425) during catalysis. No di�raction signals corresponds to manganese or tungsten
containing phases.

W-Mn/SiO2 templated with P123

Figure 6.15 presents a) SEM image, b) XRD, c) SAXS and d) NLDFT-pore size distribution (with
an inset showing N2-adsorption and desorption isotherms) of the catalyst structured with P123
after 120 h of OCM reaction up to 825 °C (note: corresponding data for the freshly prepared
catalyst are shown in Figure 6.4). The SEM image (see Figure 6.15a) shows no clear evidence
of the pore structure. However, the anisotropic structure of the catalyst surface appears to
result from collapsed cylindrical pores. The SAXS measurement (see Figure 6.15c) recorded
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Figure 6.15.: Characterisation of W-Mn/SiO2 prepared with P123 after catalysis by a) SEM, b) XRD,
c) SAXS and d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at 77K on silica
(cylindr./sphere. pore NLDFT ads. Modell) with an inset showing N2-adsorption (black) and desorp-
tion (red) isotherms

after catalysis shows two broad Bragg di�ractions corresponding to 7.6 nm (100) and 4.0 nm
(200) indicating a hexagonal pore system with a lattice constant of 9.1 nm. The lattice constant
is reduced compared to 11.3 nm of the pristine material suggesting an isotropic shrinkage of the
catalyst. The adsorption and desorption isotherms (see Figure 6.15d inset) feature an increase
of adsorbed gas volume at low relative presure indicative for remaining microporosity after OCM
testing. The physisorption isotherms show a hysteresis loop (H1-type) suggesting the existence
of cylindrically shaped mesopores. The BET surface area decreases drastically from 640 m2/g
to 33 m2/g after OCM. The NLDFT pore size distribution (Figure 6.15d) indicates a broad
distribution of remaining pore diameters between 3 to 10 nm. The X-ray di�ractogram (see Figure
6.15b) features a broad peak at 2θ = 24° corresponding to monoclinic SiO2 (PDF: 00-039-1425).
Additional peaks at 2θ = 21.8° and 33.7° indicate the formation of tetragonal α-cristobalite (PDF:
00-039-1425) during catalysis. No di�raction signals corresponding to manganese or tungsten
containing phases can be detected.

W-Mn/SiO2 templated with P123 and 0.25 ml TMB

Figure 6.16 presents a) SEM image, b) XRD, c) SAXS and d) NLDFT-pore size distribution (with
an inset showing N2-adsorption and desorption isotherms) of the catalyst structured with P123
and 0.25 ml TMB after 120 h of OCM reaction up to 825 °C (note: corresponding data for the
freshly prepared catalyst are shown in Figure 6.5). The SEM image of the materials synthesized
with P123 and 0.25 ml TMB (see Figure 6.16a) does not evidence the existence of pores in the
material. However, parallel lines on of the catalyst surface could result from collapsed cylindrical
pores. The SAXS measurement (see Figure 6.16c) features Bragg re�exes corresponding to d-
spacings of 7.6 nm (100) and 4.3 nm (110) indicating remaining pore order though with reduced
lattice constants of 8.8 nm. The physisorption isotherms (see Figure 6.16d inset) feature a weak
increase of adsorbed gas volume at low relative pressure indicative for remaining microporosity
after OCM testing. The isotherms show a H1-type hysteresis loop between 0.4 < p/p0 < 0.8
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Figure 6.16.: Characterisation of W-Mn/SiO2 prepared with P123 and 0.25 ml TMB after catalysis by
a) SEM, b) XRD, c) SAXS,and d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at
77K on silica (cylindr./sphere. pore NLDFT ads. Modell) with an inset showing N2-adsorption (black)
and desorption (red) isotherms

suggesting the presence of cylindrical pores in the used catalyst. The N2-BET surface area amounts
to 118.7 m2/g indicating a strong loss of internal surface area during OCM. The NLDFT pore
size distribution (see Figure 6.16d) features one maximum corresponding to a pore diameter of
4.3 nm. This pore size suggests a strong shrinkage of the pore size and is in agreement with the
SAXS results. The X-ray di�ractogram (see Figure 6.16b) features a broad peak at 2θ = 24°
corresponding to monoclinic SiO2 (PDF: 00-039-1425). Neither di�raction signals corresponding
to manganese or tungsten containing phase nor of the SiO2 modi�cations cristobalite or quartz
were detected.

W-Mn/SiO2 templated with P123 and 0.5 ml TMB

Figure 6.17 presents a) SEM image, b) XRD, c) SAXS and d) NLDFT-pore size distribution (with
an inset showing N2-adsorption and desorption isotherms) of the catalyst structured with P123 and
0. 5 ml TMB after 120 h of OCM reaction up to 825 °C (note: corresponding data for the freshly
prepared catalyst are shown in Figure 6.6). The SEM image (see Figure 6.17a) of the materials
synthesized 0.5 ml TMB does not evidence the existence of pores in the material. The SAXS
investigation (Figure 6.17c) shows one broad Bragg re�ex which corresponds to d-spacing of 9.0 nm
and indicates remaining pore order with diminished periodical distance compared to the fresh
catalyst. The adsorption and desorption isotherms (see Figure 6.15d inset) feature an increase of
adsorbed gas volume at low relative pressure indicative for remaining microporosity after OCM
testing. The physisorption isotherms show a hysteresis loop between 0.48 and 0.98. The loop
appear to be a super position of a H1-type (0.48 < p/p0 < 0.8) and a H2-type (0.8 < p/p0 < 0.98)
hysteresis indicating a mixture of cylindrical and larger spherical pores, respectively. The principle
shape of the hysteresis loop is the same in comparison with the freshly prepared catalyst suggesting
that the mesopore system does not change during OCM testing. However, the BET surface area is
decreased from 682 m2/g (fresh catalyst) to 166 m2/g after OCM testing. The X-ray di�ractogram
(see Figure 6.17b) features a broad peak at 2θ = 24° corresponding to monoclinic SiO2 (PDF: 00-
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Figure 6.17.: Characterisation of W-Mn/SiO2 prepared with P123 and 0.5 ml TMB after catalysis by
a) SEM, b) XRD, c) SAXS and d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at
77K on silica (cylindr./sphere. pore NLDFT ads. Modell) with an inset showing N2-adsorption (black)
and desorption (red) isotherms

039-1425). Neither di�raction signals corresponding to manganese or tungsten containing phase
nor of the SiO2 modi�cations cristobalite or quartz were detected.

W-Mn/SiO2 templated with P123 and 0.75 ml TMB

Figure 6.18 presents a) SEM image, b) XRD, c) SAXS and d) NLDFT-pore size distribution (with
an inset showing N2-adsorption and desorption isotherms) of the catalyst structured with P123
and 0.75 ml TMB after 120 h of OCM reaction up to 825 °C (note: corresponding data for the
freshly prepared catalyst are shown in Figure 6.7). The SEM image (see Figure 6.18a) of the silica
templated with P123 and 0.75 ml TMB shows spherical pores with an average diameter of 10 nm.
The SAXS measurement (see Figure 6.18c) of the sample prepared with P123 and 0.75 ml TMB
shows a very weak signal corresponding to a d-spacing of 10.7 nm also indicating a shrinkage
of the pore system and nearly a loss of pore order. The adsorption and desorption isotherms
(see Figure 6.18d inset) show a weak increase of adsorbed gas volume at low relative pressure
(p/p0 < 0.1) indicating a remaining amount of intrinsic microporosity. The isotherms feature a
hysteresis loop between 0.45 < p/p0 < 0.98. The shape of the hysteresis loop can be classi�ed
as H1-type hysteresis and is indicative for a cubic pore structure. Further, the existence of the
hysteresis loop evidences the existence of accessible mesopores after catalysis. In addition, the
BET surface area is decreased during catalysis from 604 m2/g (fresh catalyst) to 74.1 m2/g (after
OCM). The X-ray di�ractogram (see Figure 6.18b) feature a broad peak at 2θ = 24° corresponding
to monoclinic SiO2 (PDF: 00-039-1425). Neither di�raction signals corresponding to manganese
or tungsten containing phase nor of the SiO2 modi�cations cristobalite or quartz were detected.
In summary, the catalysts show strong morphological and compositional changes between the

freshly prepared and the tested catalysts after 120 h of OCM up to 825 °C. The catalyst sur-
face imaged by SEM mostly does not show clear evidence of remaining mesoporosity. However,
SAXS measurements suggest remaining pore order, although the periodical distance is decreased
probably by shrinkage due to volume loss during catalysis. The XRD does not show any signals
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Figure 6.18.: Characterisation of W-Mn/SiO2 prepared with P123 and 0.75 ml TMB after catalysis by
a) SEM, b) XRD, c) SAXS and d) NLDFT-pore size distribution (Quantachrom NLDFT-Modell: N2 at
77K on silica (cylindr./sphere. pore NLDFT ads. Modell) with an inset showing N2-adsorption (black)
and desorption (red) isotherms

corresponding to tungsten or manganese containing phases. However, all catalyst show re�exes
indicative for remaining mostly amorphous SiO2. The catalyst prepared with P123 and swelling
agent TMB does not feature Bragg di�raction signals corresponding to further silica modi�cation.
The catalyst prepared with Brij56, F108, F127 and P123 feature additional XRD signals indica-
tive for α-cristobalite. This silica phase is often reported to be found as a crystalline phase after
OCM.12

6.6. Discussion

In this chapter a new synthesis for W-Mn/SiO2 OCM catalysts with templated porosity was
presented and the yielded materials were tested in OCM. The pore size of the catalysts was
successfully varied by employing di�erent sized block-copolymers and was further increased by
swelling of a P123 template with the swelling agent trimethylbenzene. This variation yields a
set of OCM catalysts with pore diameters between 3.5 and 18 nm. The resulting pore sizes and
structures of most of the catalysts were in good agreement with the reported results for porous
silica SBA.49,152 Only the catalyst with the smallest (prepared with F127) and largest (prepared
with P123 and 0.75 ml TMB) pore diameter yielded signi�cantly di�erent pore diameters compared
to the data presented by Zhao et. al.49,57 Moreover, Zhao et al. did not report a change of the
pore structure from hexagonal to cubic when larger amounts of the swelling agent were employed.
However, the pore size and structure of the catalyst is not fully comparable to the results of pure
silica due to the additional introduction of Na2WO4 and Mn(NO3)2 into the synthesis. Possibly,
the tungsten and manganese species interact with the polymer template during the synthesis and
in�uencing the micelle formation resulting in di�erent pore diameters and structures in the �nal
material. This interaction can be investigated by, for example, liquid-phase SAXS but has to be
a subject of future investigations.
Tungsten and manganese are present in the crystalline phases WO3 and Mn3O4. These phases

are contradictory to the reported crystalline composition mostly observed in W-Mn/SiO2 OCM
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catalyst, although the same precursors Na2WO4 and Mn(NO3)2 were employed in the synthesis.
Most of the reported catalysts prepared by wet impregnation observed Na2WO4 as crystalline
tungsten species on the catalyst surface.26�28,12,30,11 Only Langfeld et al.11 reported the presence
of WO3 additionally to sodium tungstate in an OCM active catalyst. This di�erence of reported
materials and the materials presented in this thesis is originated in the applied synthesis procedure.
For wet impregnation synthesis sodium tungstate is dissolved in pure water with a pH of nearly
seven. However, the synthesis procedure developed in this thesis uses strongly acidic condition to
initiate the sol-gel reaction. It is known from textbook154 that Na2WO4 forms polymeric WO3

at pH < 1.5. Therefore, it was unlikely to indentify Na2WO4 in the resulting catalyst. However,
the group of Lin and Wang28 prepared W-Mn/SiO2 catalysts by a sol-gel route in the presence of
HNO3, but did not mentioned the presence of a WO3 phase.
In addition, manganese was found in the spinel structure Mn3O4 and not in the thermody-

namically preferred modi�cation Mn2O3 as reported.26�28,12,30,11 The reason for the less oxidized
modi�cation of manganese oxide can probably be originated in the presence of reductive hydro-
carbon groups of the polymer template. Moreover, catalysts presented in this thesis were calcined
at 600 °C to ensure an calcination una�ected pore system according to Zhao et al.49,57 However,
the catalysts reported by other groups were calcined at elevated temperatures between 800 and
900 °C. These higher temperature can also initiate the formation of Mn2O3 as thermodynamically
preferred modi�cation.154

No crystallisation of SiO2 occured at the employed calcination temperature. The lower calci-
nation temperature is most probably the reason for the formation of mainly amorphous SiO2 in
the freshly prepared catalyst. In literature, the silica phase in W-Mn/SiO2 catalysts is reported
to consist mainly of α-cristobalite for the freshly prepared catalysts.26,27,12,30,11 Therefore, α-
cristobalite is often discussed as essential for the catalytic activity in the OCM reaction. This
assumption is in contrast to OCM testing and characterisation after catalytic testing presented in
this thesis.
All prepared catalysts were active in OCM, although they showed mediocre performance with

C2-selectivity between 12 - 40% at methane conversions < 12%. However, the catalyst prepared
with P123 and swelling agent (0.25 - 0.75) showed the best OCM performance with C2-selectivities
up to 40%, but did not feature any di�raction signals corresponding to crystalline α-cristobalite.
Hence, α-cristobalite is not necessarily essential for a well performing OCM catalyst, although Lin
et al. (sol-gel catalyst: SC2= 69% at XCH4=22% and 820 °C) and Arndt et al. (wet impregnation:
SC2= 78% at XCH4=4% and 750 °C) reported higher performance with initially characterized α-
cristobalite. In addition, Lin et al. reported stable long time activity of the catalytic performance
for 500 h and 820 °C.28,30 In contrast to this observation, the catalysts presented in this thesis
have shown a slight deactivation over 120 h up to 850 °C and a strong initial loss at the beginning
of the catalytic test. The reason for these changes in the catalytic performance are most likely
originated in morphological and compositional changes occured during OCM testing.
The loss of activity is probably correlated to the strong loss of BET surface area. The decrease

in surface area can result in the loss of accessible active sites for the methane activation and,
therefore, will result in diminished methane conversion. The surface area is mostly determined
by the amount of microporosity in the material, although mesoporosity contribute. One possible
explanation for this loss is the transformation of amorphous silica into crystalline α-cristobalite.
This transformation was observed for the catalyst prepared with Brij56, F127, F108 and P123.
The catalyst at which this transformation was not observed (P123 + 0.25 - 0.75 ml swelling agent)
also show signi�cantly less diminished surface area. In addition, Simon et al. suggested partly
melting of the catalyst. Molten material could �ll micropores or mesopores and diminish the
accessibility of the pore network for the reactant gas during catalysis or the probe gas (N2) during
physisorption experiments.
The physisorption experiments indicate signi�cant changes in the templated mesopore structure

during catalysis. Especially the catalyst prepared with small mesopores < 10 nm show signi�cantly
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changed shapes of the hysteresis loop indicative for the loss of mesoporosity. The catalyst prepared
with the larger mesopores with diameters of 10 - 18 nm features a nearly unchanged shape of the
hysteresis loop indicating a nearly una�ected mesopore structure.
In contrast to physisorption, the SAXS measurement indicated remaining pore information for

all catalysts. This result implies that parts of the pore system were still intact. In comparison
with physisorption experiments, SAXS can yield bulk information, while physisorption can only
probe the parts of the sample which are accessible for the probe gas. When only the surface of
the material was restructured (for example by a melt) the bulk would undergo less structural
changes, then SAXS could still evidence the periodical order in the material. However, the degree
and the location of the structural changes in the catalysts cannot be ultimately decided from the
present data. TEM measurements could enlighten this question, but this remains subject of future
investigations.
In addition, for all catalysts the SAXS investigations show a diminished d-spacing of the pore

system indicative for a shrinkage of the catalyst during catalysis. This shrinkage occurs due to
volume loss of the catalyst powder maybe by dehydration of remaining hydroxide groups of the
initial silica. In contrast to layers where the shrinkage occurs unidirectional during calcination due
to the contact to the substrate, an isotropic shrinkage can be observed for powders.49 However,
the templated pore information survives at least partly after the OCM testing up to 825 °C.
The in�uence of the templated mesoporosity correlates to the C2-selectivity in the OCM re-

action. The correlation of SC2 with pore diameter at 775 °C and a methane conversion of 5%
showed an apparent linear increase of the selectivity with the pore diameter. With increasing pore
diameter d the volume per pore increases by a factor of d3 while the surface area per pore increases
only by a factor of d2. Therefore, the pore volume increases stronger than the pore surface with
increasing diameter. Lunsford et al.4 suggested that the formation of ethane by the combination
methyl radicals takes place in the gas phase while the oxidation to COx occurs on the catalyst
surface. Hence, at higher pore diameters more gas volume for the formation of C2-products is
accessible, while less pore surface area for the overoxidation is available which would diminish
the C2 selectivity. Thus, the observed trend in the correlation of C2-selectivity versus the pore
diameter supports the suggestion of Lunsford. In addition, only an in�uence of the pore diameter
on the C2-selectivity was distinguished. A dependence of the pore shape could not be observed.
However, the in�uence of the pore diameter is not the only interpretation that could explain the

observed trend of the selectivity. The characterisation of the catalysts after catalysis suggested
a dependence of the morphological restructuring of the initial pore diameter. The W-Mn-SiO2

with largest pore diameters showed less pronounced change in the mesopore structure than the
catalysts with smaller mesopores. Therefore, the observed trend of the correlation between C2-
selectivity and the pore diameter at 775 °C is possibly an e�ect of di�erent equilibration times
due to morphological changes. This suggestion is supported by the signi�cantly less pronounced
trend of selectivity versus pore diameter observed at 800 °C when the morphological change is
further progressed.
In future works, this trend can be veri�ed by OCM test at only 775 °C and fast cool down of

the catalyst bed after catalysis. The morphological characterisation of the catalysts at this point
can result in information about the structural decay of the pore system at this point.
Moreover, the trend should be further validated by extending the pore size range to smaller

and larger pores in the catalyst material. Smaller pores in silica can be templated with smaller
templates. This was already shown by the Mobil Company in the MCM-41 materials by employ-
ing cetyltrimethylammonium bromid (CTAB) as template.48 The larger pore diameters in the
catalyst could be obtained by employing more swelling agent. However, according to Zhao et al.
enlargement of the pores was only investigated up to pore diameters up 32 nm.49,57 Even larger
pores could be obtained by employing larger block-copolymers or polymer latex as template.
In addition, the dependence of the C2-selectivity on the pore diameter should be investigated

on a structurally more stable catalyst to ensure the preservation of the templated pore system
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over the whole temperature range between 750 °C and 850 °C. It can be assumed that a SiC
matrix instead of SiO2 is more stable at these elevated temperatures. Therefore, the synthesis
of W-Mn/SiC catalyst with templated mesoporosity and testing in OCM reaction could provide
more reliable results for the in�uence of the pore diameter on the C2-selectivity.
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The oxidative coupling of methane can contribute to overcome the dependence on fossil oil of many
branches of the chemical industry as methane is abundant in natural gas or biogas. However, the
mechanistic steps of the reaction are not fully understood, yet. In particular, the role of the pore
system in the proposed coupling between surface reaction and radical-based gas phase reaction
has not been revealed so far. For the investigation of such e�ects OCM catalysts with narrow
pore size distribution and the ability to control and tune the pore size are required.
Goal of this thesis was the development of synthesis methods to obtain OCM catalysts with

template-controlled tuneable mesoporosity. The in�uence of the templated pore size was evaluated
by testing synthesised catalyst in OCM.
The syntheses of ordered mesoporous oxides and OCM catalysts were realized in the form of

micelle-templated model systems. The developed synthesis concept is based on chemical com-
plexes formed by metal nitrate and citric acid as a new type of material precursor. This type
of precursor helped to overcome limitation of typically employed precursor e.g. insolubility in
typical solvents, crystallisation upon drying, melting during calcination or the fast progression of
hydrolyse-condensation reaction preventing the formation of the required mesophase. In contrast
to the typically employed precursors, the citric acid complex decomposes at �rst into a structural
stable carbonate before transforming into the �nal oxide material.
The developed synthesis concept consists of the following subsequent steps: First metal ni-

trate and citric acid form a chemical complex in solution. A micelle structured mesophase is
then obtained by co-dissolving the precursor complex with a micelle forming template followed
by a coating process. The precursor complex is thereafter transformed into a structural stable
carbonate at low temperatures by calcination. The corresponding mesoporous metal carbonate
is obtained subsequently by thermal removal of the template. In the last step of the synthesis
concept the amorphous carbonate is transformed into a nanocrystalline metal oxide.
The interaction of the citric acid ligand and the metal nitrate was proven by mass spectrom-

etry. By comparison of the decomposition behaviour of the precursor complex and the polymer
template, the accessibility of the mesoporous metal carbonate can be predicted as well as optimal
calcination conditions. The mesoporous carbonates can only be synthesised when the template
decomposes at temperatures where the carbonates are still thermally stable.
Applying the new concept, the synthesis of magnesium, zinc and aluminium carbonates as

micelle templated �lms was successful for the �rst time. The direct synthesis of cobalt carbonate
was not possible, because the carbonate decomposes at lower temperature than the employed
template. Moreover, Co3O4, MgO and ZnO were obtained as micelle templated layers for the �rst
time applying this new synthesis concept. The additional variation of the pore size by employing
di�erent sized templates demonstrated the versatility of the new concept.
The presented synthesis strategy for creating functional metal oxides and carbonates can be

easily tuned and optimized for energy storage, electro catalysis, sunlight harvesting or biomedical
applications. In particular amorphous CaCO3 could be of interest for biocompatible implant
coating and de�ned model systems in bone cell culturing155 and biomineralisation research.156

However, the synthesis should be further re�ned based on improved fundamental understanding.
Physico-chemical investigations could reveal the type of interaction between precursor complex and
micelles, guide the tailoring of the complex structure and explain how crystallites are formed. Most
importantly, extending the synthesis strategy to yield also bimetallic carbonates and oxides with
optimized pore structure such as the Cu/ZnOx-based catalysts employed in industrial methanol
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synthesis137 or indium-free transparent conductive oxides could result for many applications in a
tremendous increase in performance.
After successfully developing a synthesis concept for micelle templated MgO �lms, the concept

was transferred to obtain mesoporous MgO and Li@MgO in the form of powders as OCM catalyst.
The synthesis successfully yields MgO and Li@MgO with good precision of the target lithium
content. Unfortunately, the analysis of the pore system indicates no pore order. The obtained
powders were compared with the untemplated analogous in terms of composition, pore morphology
and performance in OCM reaction.
The MgO based powders are active in OCM and yield C2-products at temperatures > 600 °C.

In comparison, the lithium doped MgO shows higher methane conversion and C2-selectivity at
any given temperature. This is in good agreement with the literature. Moreover, all catalysts
show signi�cant loss of activity over time-on-stream indicating a restructuring of the catalysts. In
the case of Li-containing catalysts also a loss of Li contributes to the observed deactivation. The
morphological characterisation of the catalysts after OCM testing con�rms a strong crystallite
growth and signi�cantly changes in pore structure. Due to these morphological changes the
catalysts never fully equilibrate preventing a reliable examination of the pore size in�uence on
MgO based OCM catalyst.
Therefore, a synthesis procedure was developed to introduce controlled porosity into a catalyst

system with potentially higher stability. The OCM catalyst system W-Mn/SiO2 was synthesised
by combining a sol-gel approach to introduce the OCM active elements in mesoporous SBA-type
silicas. The pore diameters of the obtained materials could be tuned by employing di�erent sized
polymer templates as well as by swelling of the Pluronic P123 micelles yielding a pore size range
of 3.5 - 18 nm in the composite material. Hence, the pore templating enabled a systematic pore
size variation in one OCM catalyst.
The obtained templated powders are active and selective in the OCM reaction. Compared to the

literature data the catalysts show a typical performance expected for this catalyst composition.
Moreover, the synthesis and the OCM performance show reasonable reproducibility. All the
synthesised catalysts show the same typical behaviour under OCM-conditions, i.e. an initial
loss of activity followed by equilibration. The stabilisation of the activity at the lowest applied
temperature (775 °C) allowed the investigation of the in�uence of the size of templated mesopores
on the observed C2-selectivity at 5% methane conversion. The extracted data indicate a monotone
increase of the selectivity with increasing pore sizes. This increase of selectivity with increasing
pore diameter supports the hypothesis of coupling methyl radicals in the gas phase and the
formation of COx on the catalyst surface.
However, this clear correlation between the size of templated mesopores and SC2 was in this

thesis studied on only one catalyst composition. The trend has to be validated with di�erent com-
positions. Moreover, the state of the equilibrated catalyst is not known. Therefore, an additional
OCM test at only 775 °C has to be performed to con�rm the existence of a stable pore system
during the test. Further, the volume to surface ratio is only one possible explanation for the
observed selectivity trend. The results should thus be validated on a more stable OCM-catalyst
system in the future.
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A. Appendix

Characterisation of Citric Acid Complexes with Metal Nitrates

Precursor Complex Characterisation by ESI-MS

Figure A.1.: Electrospray ionization mass spectrometry analysis of a mixture of Mg(NO3)2 and citric
acid in ethanol. a) ESI-mass spectrum recorded in cation mode and b - g) calculated MS-spectra of the
corresponding mass fragments as well as the stoichiometry for magnesium and citric acid ligand (L).
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Figure A.2.: Electrospray ionization mass spectrometry analysis of a mixture of Al(NO3)3 and citric
acid in ethanol. a) ESI-mass spectrum recorded in anion mode and b - d) calculated MS-spectra of the
corresponding mass fragments as well as the stoichiometry for aluminum and citric acid ligand (L).

Figure A.3.: Electrospray ionization mass spectrometry analysis of a mixture of Zn(NO3)2 and citric
acid in ethanol. a) ESI-mass spectrum recorded in anion mode and b - f) calculated MS-spectra of the
corresponding mass fragments as well as the stoichiometry for zinc and citric acid ligand (L).
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Figure A.4.: Electrospray ionization mass spectrometry analysis of a mixture of Co(NO3)2 and citric
acid in ethanol. a) ESI-mass spectrum recorded in anion mode and b - g) calculated MS-spectra of the
corresponding mass fragments as well as the stoichiometry for cobalt and citric acid ligand (L).

Analysis of Gaseous Decomposition Products of the Precursor Complex

Figure A.5.: Infrared spectrum of the gaseous decomposition products recorded at 425 °C during ther-
mal decomposition analysis of the precursor complex in air (a). Curve (b) shows for comparison the
reference spectrum of carbon dioxide (EPA Database No. 2835). Based on the spectra CO2 is concluded
to be the major decomposition product. The CO2 formation results from decomposition of the carbonate
intermediate.
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Figure A.6.: Infrared spectrum of (a) the gaseous decomposition products recorded during thermal de-
composition analysis of the aluminum precursor complex in air at 400 °C. Curve (b) shows for comparison
the reference spectrum of carbon dioxide (EPA Database No. 2835). The spectra evidence that CO2

is the main decomposition product, whereas no signi�cant amounts of water are detected. CO2 forma-
tion can result from two processes, either the decomposition of aluminum carbonate or the oxidation of
organic residue. However, since water formation is not observed, thermal decomposition of a carbonate
intermediate is concluded to be the main source of CO2 formation.

Figure A.7.: Infrared spectrum of (a) the gaseous decomposition products recorded during thermal
decomposition of the zinc-precursor complex in air at 350 °C. Curve (b) shows for comparison the reference
spectrum of carbon dioxide (EPA Database No. 2835). The spectra evidence that CO2 is the main
decomposition product, whereas no signi�cant amounts of water are detected. CO2 formation can result
from two processes, either the decomposition of zinc carbonate or the oxidation of organic residue. However,
since water formation is not observed, thermal decomposition of a ZnCO3 intermediate is concluded to be
the main source of CO2 formation.
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Figure A.8.: Infrared spectrum of (a) the gaseous decomposition products recorded at 270 °C during
thermal decomposition analysis of the cobalt precursor complex in air. Curve (b) shows for comparison the
reference spectrum of carbon dioxide (EPA Database No. 2835). The spectra evidence that CO2 is the main
decomposition product, whereas a signi�cant amount of water is detected as well as signals corresponding to
C-H vibrations. CO2 formation can result from two processes, either the decomposition of cobalt carbonate
or the oxidation of organic residue. Although, water formation is observed, thermal decomposition of a
carbonate intermediate is concluded to be the main source of CO2 formation. Nevertheless, additional
bands corresponding to C-H vibrations and water suggesting the presence of residues of citric acid in the
cobalt-precursor complex.
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A. Appendix

Characterisation of Micelle-Templated Metal Carbonates and Oxides by TEM

Figure A.9.: Bright �eld and dark �eld TEM images of a) MgO b) Al2O3 c) ZnO and Co3O4
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Figure A.10.: Bright �eld and dark �eld TEM images of MgCO3
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A. Appendix

Characterisation of MgO and Li@MgO OCM Catalyst

Figure A.11.: SEM images and XRD results obtained before catalytic testing of a) MgO powder prepared
with PEO213-PB184-PEO213 template b) Li@MgO powder prepared with PEO213-PB184-
PEO213 template c) MgO prepared without template d) Li@MgO prepared without tem-
plate; the peak positions corresponding to MgO in periclase structure (PDF: 00-045-0946)
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Figure A.12.: SEM images and XRD results obtained after catalytic testing of a) MgO powder prepared
with PEO213-PB184-PEO213 template b) Li@MgO powder prepared with PEO213-PB184-
PEO213 template c) MgO prepared without template d) Li@MgO prepared without tem-
plate; the peak positions corresponding to MgO in periclase structure (PDF: 00-045-0946)
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B. Acronyms

BET Brunauer-Emmett-Teller method

BFTEM Bright-�eld-transmission electron microscopy

BJH Barrett-Joyner-Halenda

Brij56 C16H33-PEO10-OH

cmc Critical micelle concentration

CMK Templated mesoporous carbon

CTAB Cetyltrimethylammonium bromide

CTACl Cetyltrimethylammonium chloride

DFTEM Dark-�eld-transmission electron microscopy

EIMA Evaporation-induced micelle assembly

EISA Evaporation-induced self-assembly

ESI-MS Electron spray ionisation mass spectra

F127, P123, F108 PEOx-PPOy-PEOx (Pluronic)

FFT Fast fourier transformed

FTIR Fourier transform infrared spectroscopy

HRTEM High-resolution-transmission electron microscopy

KLE PHBx-PEOy

Li@MgO Lithium doped magnesium oxide

MCM Mobil crystalline materials - type of templated mesoporous silica

NLDFT Non-local density functional theory

OAc Acetate

OCM Oxidative coupling of methane

OER Oxygen evolution reaction

PB Polybutadiene

PDF Power di�raction �le

PEO Polyethylenoxide

PI Polyisoprene
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B. Acronyms

PIB Polyisobutylene

PMA Polymethyacrylate

PPO Polypropylenoxide

PS Polystyrene

PSD Pore size distribution

SAED Selected area electron di�raction

SAXS Small angle X-ray scattering

SBA Santa Barbara amorphous - type of templated mesoporous silica

SEM Scanning electron microscopy

TEM Transmission electron microscopy

TG Thermogravimetry

XRD X-ray di�raction
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