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Abstract

Different one-pot approach methods are used to synthesize metal oxide nanoparticles (MONPS)
and noble metal nanoparticles (NMNPs) for specific catalytic applications. A solid solution of
NixMn1xO supported on porous silica is obtained by a one-pot approach, a combination of co-
precipitation and the sol-gel process. Through adjusting the pH to 10, the gelation of sodium
metasilicate is controlled at a low rate, which contributes to the high dispersion of metal
precursors and subsequent forming metal precipitates in the network of the gel. By that
NixMn1xO nanocrystallites highly dispersed on amorphous silica can be obtained. Interestingly,
NixMn.xO catalysts show high activity for the dry reforming of methane (DRM) reaction. For the
first time, the thermodynamic equilibrium (TDE) of the DRM reaction below 600 °C is achieved
with NiyMn1.4O catalysts. Compared to the bulk NixMn;O catalyst, silica supported NixMn;xO
exhibits highly improved catalytic performance in the DRM reaction. An optimized catalyst,
Nio.0sMno.g50/SiO- (calcined at 750 °C), at the conditions of 600 °C and GHSV 80 L h™ gest, is
stable for 5 days and the conversion of methane is still 50% after 120 h time on stream.

Pd dispersed on silica xerogel is synthesized by a one-pot approach and tested for hydrogenation
reactions. By using a water soluble polymer, the preformed Pd NPs are stabilized during the sol-
gel process and therefore are highly dispersed on the xerogel. The polymer is removed
completely by water extraction and can be reused for the next preparation. The obtained Pd/SiO;
xerogel shows comparable activity as the homogeneous Pd sol catalyst in the hydrogenation of
cyclooctadiene (COD). During the recycling applications, after 10 runs no deactivation or metal
leaching is observed yet.

Another noble metal catalyst, Pt supported on SBA-15 is also synthesized by a one-pot approach
and tested for both liquid-phase hydrogenation and gas-phase oxidation reactions. Poly(vinyl
alcohol) (PVA) is employed as both a stabilizer for Pt NPs and a template to create
interconnection between the channels in SBA-15. Under a certain concentration, Pt loading
shows no influence on the surface area and pore structure of the support SBA-15. The obtained
Pt/SBA-15 catalyst is highly active and stable in both oxidation of CO and hydrogenation of
COD reactions. During the recycling applications, no Pt leaching or Pt NPs agglomeration is
observed, indicating efficient immobilization of Pt NPs on SBA-15.



Zusammenfassung

Mehrere Eintopfreaktionen werden in dieser Arbeit angewendet um Metalloxid- und Edelmetall-
Nanopartikel fiir die Anwendung in der Katalyse herzustellen. Eine feste NixMn1.xO Lésung wird
durch die Kombination aus Co-Fallung und Sol-Gel-Prozesses an pordses Silikat angebracht.
Hierdurch konnten NixMn;,O Nanokristalle erhalten werden, welche hdchst dispergiert und an
Silikat angebracht vorlagen. Interessanterweise zeigen die NixMn;xO Katalysatoren eine hohe
Aktivitdt in der der trockenen Gasspaltung von Methan (DRM). Erstmalig konnte das
thermodynamische Gleichgewicht der DRM Reaktion durch die Verwendung des NiyMn;.O
schon unter 600 °C erreicht werden. Im Vergleich zu dem Bulk Katalysator besitzt der Silikat
stabilisierte NixMn;.xO eine stark verbesserte katalytische Aktivitat fir die DRM Reaktion. Der
optimierte Katalysator NigosMnggs0/SiO, welcher bei 750 °C kalziniert wurde, ist bei 600 °C
und GHSV 80 L h™ ge.™* fiir 5 Tage stabil und der Umsatz von Methan betragt noch 50% nach

120 Stunden im Gasstrom.

Pd auf Silikatxerogelen dispergiert wird durch eine Eintopfreaktion synthetisiert und fur
Hydrierungsreaktionen angewendet. Durch die Verwendung von wasserléslichen Polymeren
kdnnen die vorgebildeten Pd-Nanopartikel wéhrend dem Sol-Gel-Prozess stabilisiert werden und
liegen daher hochst dispergiert in dem Xerogel vor. Das Polymer wird vollstandig durch eine
waéssrige Extraktion entfernt und kann somit fiir die nichste Reaktion wiederverwendet werden.
Das hergestellte Pd/SiO, xerogel zeigt eine hohe Aktivat, welche mit der von homogenen Pd-
Solkatalysatoren in der Hydrierung von Cyclooctadien (COD) vergleichbar ist. Durch das
Recycling durch zehnmalig durchgefiinrte Wasserextraktion wird kein nachteiliges Matall-

Leaching beobachtet.

Zusétzlich kann ein Pt Edelmetallkatalysator, an SBA-15 angebracht, ebenfalls durch eine
Eintopfreaktion hergestellt werden. Dieser wird auf dessen Aktivitat in einer Flissig- und
Gasphasenoxidationen untersucht. Polyvinylalkohol (PVA) wird sowohl als Stabilisator flr die Pt
NPs als auch als Templat fur die Herstellung von verbundenen Poren in SBA-15 verwendet. Bei
einer bestimmten Konzentration hat die Pt Beladung keinen Einfluss auf den Oberflacheninhalt
und die Porenstruktur des SBA-15-Gerlstes. Der hergestellte SBA-15-Katalysator ist wéhrend
der Oxidation von CO und der Hydrierung von COD hdchst aktiv und stabil. Das Recyclings
konnte ohne nachteiliges Pt-Leaching oder Agglomerierungen der NPs durchgefiihrtt werden.
v
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Introduction

1. Introduction

1.1 Introduction to porous materials

A solid material that contains cavities, channels or holes can be regarded as a porous material.
The presence of pores in a solid material can bring itself all sorts of useful properties that the
corresponding bulk material would not have. Physical properties such as density, thermal
conductivity and strength are dependent on the pore structure of the solid. The characteristics of a
porous material, such as surface area, porosity and pore size distribution, can determine the
behavior and performance of the material.' For example, porosity influences the chemical
reactivity and the physical interaction of a solid with gases and liquids; high surface area porous
materials are of great importance especially as catalysts, catalyst supports, thermal insulators,
sensors, filters, electrodes and burner materials. The science and technology of porous materials
has progressed steadily and is expanding in many new directions with respect to processing
methods and applications.

1.1.1 Definitions of pores and classification of porous materials

In general porous materials have a porosity (volume ratio of pore space to the total volume of the
material) between 0.2-0.95. Porous materials are of scientific and technological interest because
of their ability to interact with atoms, ions and molecules not only at their outer surfaces, but
throughout the bulk of the material. Not surprisingly, traditional applications of porous materials
thus involve ion exchange, adsorption (for separation) and catalysis.

This chapter is a literature survey about preparation methods of porous materials (mainly about the sol-gel process of
silica materials), different methods of immobilizing MONPs and NMNPs on porous materials, and catalytic
applications of these immobilized MONPs and NMNPs. It also contains the introduction of the DRM reaction
including the reaction mechanism, the development of catalysts, and the deactivation problem. A short introduction
of NMNPs supported on porous silica for catalytic applications was presented in the end.
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Based on the accessibility for an external fluid, pores can be classified into open pores and closed
pores. Materials with open pores which are connected to the surface of the material can be
applied in adsorption, sensing, separation and catalysis. Materials with closed pores which are
isolated from the outside are useful in sonic and thermal insulation, or lightweight structural
applications. Pores have various shapes and morphology such as cylindrical, spherical, hexagonal
and slit types, which is determined by properties and concentration of the template. According to
pore size, porous materials are classified by International Union of Pure and Applied Chemistry
(IUPAC) into three categories: microporous with pore diameter of less than 2 nm, mesoporous
with pores between 2-50 nm and macroporous with pores lager than 50 nm. The distribution of
sizes, shapes and volumes of the voids in porous materials directly relates to their ability to
perform a desired function in a particular application.

1.1.2 Development of porous materials

Over the last decade, there has been a dramatic increase in synthesis, characterization and
application of novel microporous materials.® They are mostly used as heterogeneous acid and
redox catalysts in petroleum industry and in the production of chemicals for various types of
shape-selective conversion and separation reactions.* Among the family of microporous materials,
the best known members are zeolites which have a narrow and uniform micropore size
distribution due to their crystallographically defined pore system. These materials are crystalline
oxides with a tetrahedral framework structure that contains cavities in which “guest” molecules
can move freely> Usually zeolites are synthesized under hydrothermal conditions.
Aluminosilicates zeolites can be synthesized through a zeolitization of a mixed solution

containing Si and Al species, metal cations, organic molecules and water.

It is possible to say that zeolites are the most widely used catalysts in industry. They have
become extremely successful as catalysts for oil refining, petrochemistry, and organic synthesis
in the production of fine and speciality chemicals, particularly when dealing with molecules
having kinetic diameters below 10 A.” One of their most useful properties is their ability for
selecting molecules based on size (molecular sieving properties). But for some applications, such
as cracking of hydrocarbons, and specifically hydrocracking, this advantage becomes a weakness

due to the poor access of large reactants to the acid sites located inside the crystals.
2
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In 1961, organic molecules were used in zeolite synthesis as the first time reported by Barrer and
Denny.? They noted that the addition of quaternary ammonium cations sodium aluminosilicate
gels increased the framework Si/Al ratio. Afterwards the application of organic materials in
zeolite synthesis was quickly expanded.® In 1992, the first paper reported on ordered mesoporous
silicas (MCM-41, MCM-48, and MCM-50) synthesized in the presence of cationic surfactants via
a supramolecular templating mechanism.*® Compared to the diffusion inside zeolites, mesoporous
materials permit faster migration of guest molecules in the host frameworks, which enhances the

mass transfer efficiency significantly in catalytic applications.

Metal-organic Frameworks (MOFs) have open framework structures, involving the coordination
of metal ions to organic “linker” moieties. In the 1990s, MOFs materials gained interest, but an
obvious shortcoming of these materials is the pores collapsing and the structural rearrangement
upon guest removal or guest exchange. MOF-5, consisting of Zn*" and 1,4-benzenedicarboxylate,
is the first such solid exhibiting permanent porosity and it has a microporous volume larger than
any known zeolite.'* Porous MOFs are unlikely to compete with zeolites and other oxide-based
porous materials in high-temperature-applications due to their limited long-term stability under
such conditions and high cost. But the ability to prepare such solids, including frameworks with
extra-large pores and high pore volumes, is nevertheless likely to open up many application
possibilities in niche areas.” For example, the methane adsorption capacity of MOF materials

11,12

based on copper dicarboxylates and triethylenediamine, exceeds that of any other known

crystalline material.

The past decades have seen significant advances in the ability to fabricate new porous solids with
ordered structures from a wide range of different materials. This has resulted in materials with
unusual properties and broadened their application range beyond the traditional use as catalysts,
adsorbents and ion exchangers. In fact, porous materials contribute to developments in areas

ranging from microelectronics to medical diagnosis.”

1.1.3 Sol-gel synthesis of inorganic oxides

The sol-gel process is the most common and widely used process to synthesize porous materials.

This process is a colloidal route with an intermediate stage including sol formation and gelation.

3
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A sol is a stable suspension of colloidal particles in a liquid medium. A gel is a three
dimensionally interconnected porous solid network that expands stably throughout the liquid
medium. Metal salts and alkoxides are typical precursors which are responsible for the formation
of porous materials, with the general formula of M,X,, and M(OR),, respectively. In a sol-gel
process, metal hydroxides, from hydrolysis of metal salts or alkoxides precursor, form small
colloidal NPs which disperse in the solution so that a sol is formed. These small NPs link
together to three dimensional networks filled with the liquid phase, which is the state of a gel.
The precursor sol can either be deposited on a substrate to form a film (e.g. by dip-coating or
spin-coating), casted into a suitable container with the desired shape (e.g. to obtain monolithic
ceramics, glasses, fibers, membranes, aerogels), or used to synthesize powders (e.g. microspheres,
nanospheres).

Main advantages of the sol-gel process are low temperature and ease of the process, high
homogeneity, high purity, and high surface area of the obtained product. The average pore size,
pore size distribution, surface area, refractive index and polarity of the resultant matrix can be
controlled and tailored via manipulations in the sol-gel process conditions. Furthermore, the mild
reaction conditions offer an opportunity to sol-gel derived materials for further modification and
processing. For example, they can incorporate various molecules such as proteins, enzymes, dyes,
organic and organometallic reagents into glass composites. The derived materials have diverse
applications in optics, electronics, energy, space, biosensors, controlled drug release and

separation technology.

1.1.3.1 Sol-gel process applied to silica

The sol-gel process of silica precursors has been studied much more extensively than that of any
other precursors, due to the fact that Si atoms carry a lower reduced partial positive charge than
metals such as Al, Ti and Zr. In case of these metals, the significant magnitude of partial positive
charge 8%, e.g. 0.63 in Ti(OEt); and 0.65 in Zr(OEt),," causes an easy nucleophilic attacking of
oxygen atoms from water molecules, which carry a partial negative charge &". In consequence,
both the hydrolysis and condensation reactions of these metal precursors are fast. Hence, it is
difficult to experimentally determine both reactions separately. Moreover, instead of polymer

4
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network, oligomers or packed clusters are derived from the fast hydrolysis and condensation
reactions. In contrast, Si carries a reduced partial positive charge, '~ 0.32 in Si(OEt),* which
yields slow gelation Kinetics. Often the hydrolysis and condensation reactions of Si alkoxides
need to be catalyzed, either with acids or bases. The most common silica precursors are
alkoxysilanes Si(OR),, such as tetramethyl orthosilicate, Si(OCHz3)4, and tetraethyl orthosilicate,
Si(OC;Hs),, designated as TMOS and TEOS separately. Since the monomer has four arms, the
resulting polymer is extremely branched and a monolithic sol-gel block can in principle be one

huge molecule.

Most of the sol-gel procedures are aqueous, but nonaqueous sol-gel chemistry has also been
developed. The following reaction procedure describes the sol-gel process of silica where R is an
alkyl group. In the hydrolysis reaction, alkoxide groups are hydrolyzed and converted to
hydroxyl groups. A complete hydrolysis (eq. 3) can be achieved when the stoichiometric molar
ratio H,O/Si(OR), is 4. Any intermediate species [(OR),-Si-(OH),] or [(OR)s-Si-(OH)] would be
considered as the result of partial hydrolysis (eq. 2a, 2b). Subsequent condensation reactions
involve the silanol groups (Si-OH), produce siloxane bonds (Si-O-Si) and the by-products,

alcohol or water.

hydrolysis
(RO);-Si-OR+H,0 = - (RO), - Si— OH + ROH (1)
esterification

alcohol condensation
(RO);—Si— OR+ HO—-Si—(0OR), — = (RO);—-Si—0-Si—(0R);+ROH (2a)
alcoholysis

water condensation
(RO); -Si-OH+HO-Si-(0R); = = (RO);-Si—0-Si—(OR); + H,0 (2b)
hydrolysis

Si(OR), + 4H,0 — Si(OH), + 4 ROH (3)

The complexity of the polymerization process has two levels. The first one is the competition
between the rate of the hydrolysis of SIOR groups (eq. 1), forming SiOH and ROH, and the rate

5
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of the condensation/polymerization steps (eq. 2a and 2b). Under most conditions, condensation
can start before a complete hydrolysis. Reaction conditions, such as pH, H,O/Si molar ratio and
catalyst, can force complete hydrolysis before condensation begins. Due to the immiscibility of
the alkoxide and water, a mutual solvent, e.g. an alcohol, is usually used as homogenizing agent
to facilitate the hydrolysis process™*. The second one is that, in small oligomers, each of the SiOH
and SiOR groups has a distinctly different electronic and steric environment, resulting in distinct
hydrolysis and condensation rates for each of these groups.

1.1.3.2 Mechanism of sol-gel process of silica precursors

It is known that Si atoms possess relative low partial positive charge (5" = 0.32 in Si(OEt),)*® and
the nucleophilic attack of O atom from water molecules becomes difficult. In consequence, both
the hydrolysis and condensation reactions of silica precursors can be the order of months. In
order to facilitate polymerization, Br¢nsted acids and bases are used to catalyze both the
hydrolysis and condensation steps through nucleophilic substitution. Acids and bases cause
different reaction mechanisms to catalyze hydrolysis and condensation.

In the acid-catalyzed reaction, the first step is the protonation of an alkoxyl group. Silicon
donates electron density to the protonated alkoxyl group and becomes more electrophilic in the
reaction and thus can be attacked by water molecule. This reaction follows a Sy2 mechanism.
Figure 1.1 shows the hydrolysis of Si(OR), catalyzed by acid.™’

A water molecule attacks the silicon atom from the opposite side as that of protonated alkoxyl
group and acquires a positive charge. The magnitude of the charge on the protonated alkoxyl
group is correspondingly reduced with the ultimate effect of making the alcohol group labile. As
the alcohol leaves, the silicon undergoes inversion of configuration, and the water group looses a

proton taking the positive charge with it, as been proposed by Sommer and coworkers.™™’

Studies have shown that by reducing steric crowding around the silicon atom, an increase in the
hydrolysis rate is observed. This type of mechanism favors the condensation reaction occurring
between small clusters at terminal silicons, which form relatively long polymer chains with little

branching. This process has been referred to as the reaction-limited cluster aggregation.*®
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Figure 1.1 Acid catalyzed Sn2-Si hydrolysis showing transition state (upper), and base catalyzed
Sn2™-Si and Sn2™-Si hydrolysis showing intermediates 1 and 2 (bottom).

Under basic conditions, the first step is an attack of a hydroxide ion to the silicon. A Sy2™*-Si and

Sn2*-Si mechanism proposed by Pohl and Osterholtz is described in Figure 1.1 (bottom).™ In this
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case a stable pentacoordinate intermediate is proposed, and Sy2™-Si and Sn2*-Si represent the
rate-determining formation or decay of 2 intermediates, intermediate 1 and intermediate 2,
respectively. The hydrolysis rate is sensitive to inductive and steric effects due to the formal
negative charge at the silicon imparted to it from the electron withdrawing group of the hydroxide
ion (OH) in the transition state between intermediate 1 and intermediate 2. Once the silicon has
achieved a formal negative charge, the steric effects determine which group will leave. In Figure
1.1 (bottom) the OR group is larger than the OH group and will leave first, taking the negative
charge with it. Steric interference prohibits clusters from undergoing condensation with each
other.

From an examination of the two types of reaction mechanisms, it is apparent that the rate-
determining step is different for the acid and the base catalyzed reactions. This affects cluster
growth, and it is known that the overall final network produced is governed by the relative rates
of hydrolysis and condensation. In the base-catalyzed route, the hydrolysis step is rate limiting. It
produces a network which is more cross-linked than that produced under acidic conditions.

1.1.3.3 Different parameters for silica formation

Besides the reaction kinetics of gel formation, the nature of precursor materials, catalysts and
solvents, the use of modifying agents, pH, the synthesis temperature, and the aging or drying
conditions etc., all these factors can significantly affect the textural and structural characteristics
of the resulted silica materials. Longer alkoxyl groups such as Si(OR); (R = CsHjp) cause
incompletely reacted monomers which remain in the system and evaporate during drying and
heating. Branching and increasing of the chain length of precursor substituent decreases the
hydrolysis rate.”> Compared to the transition metal alkoxides, TEOS is known to be less sensitive
to hydrolysis, due to the poor electropositivity of Si.2* Thus, a change of surface charge can easily
be carried out by changing pH to enhance the hydrolysis of silicon alkoxides. The pH also
influences the dissolution of silica oligomers.?? At high pH values, where the particles may have
a high solubility in the sol, more porous structures are formed. On the other side, under low pH
values fine pore networks and dense structures are obtained due to low dissolution-reprecipitation

rate.”® The quantity of water in the sol-gel solution strongly influences the hydrolysis and
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condensation Kinetics. In case of Si(OR), precursor, it is preferable when the stoichiometric
molar ratio water/Si(OR), is equal to or higher than 4 under acidic conditions, because a low
water content or high dilution with alcohols (solvents) can lead to a high solubility of oligomers
therefore a decrease in the yield of SiO,.* The temperature of aging and drying also takes an
important role with respect to homogeneity, purity and porosity of the silica gels. Under
atmospheric conditions, drying involves the loss of water, alcohol and other volatile components,
which leads to gel shrinkage,? and as a consequence to high stress in the structure.? If the strains
cannot be released by relaxation, it will be difficult to obtain monoliths due to the cracks
appearing.?* Furthermore, it may create additional random porosity, deformation and breaking of
the structure. When gel starts formation, both hydrolysis and condensation are not completed and
some reactive silanols remain in the system. Aging at relative high temperature (100-500 °C) can
accelerate hydrolysis and condensation and remove the organic species which leads to formation
of covalent Si-O-Si bonds. In addition, increasing thermal treatment temperature leads to

increasing porosity.?

1.1.3.4 Aging and drying in aerogel, xerogel and cryogel silicas

Aging is the process of keeping the gel in the solution for a period of time in order to increase the
strength of the gel network so that gels cracking and pores collapsing during drying can be
avoided. It was demonstrated that condensation in silica gels continues long after gelation due to
the large concentration of labile hydroxyl groups. Therefore, in a conventional sol-gel process,
the aging lasts for at least 24 hours in order to obtain a stable and massive network.

Besides aging, the drying process can also affect the pore structures of silica gels. Once a stable
three-dimensional polymer network is formed, it is necessary to remove the reaction media
solvent. There are different types of drying methods, each of which produces materials with
different properties. Therefore drying is another synthesis condition that needs to be taken into
account when trying to control the final properties of the gel. The most widely used drying
methods include (a) supercritical drying, i.e. eliminating the solvent in supercritical conditions
(high pressures and temperatures), which produces an aerogel; (b) subcritical drying, i.e. drying
the gel by simple evaporation of the solvent at ambient pressure, which produces a xerogel; (c)

freeze-drying, i.e. the solvent is frozen and then removed by sublimation, which produces a
9
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cryogel. Figure 1.2 shows a schematic representation for the obtaining of aerogels, xerogels and
cryogels by the conventional method. The drying conditions determine the textural and structural
properties of the final materials. Moreover, none of these drying methods are perfect. All the
three methods have their advantages and disadvantages, as shown in Table 1.’ The choice of
method depends on the requirements of the material for specific applications.

alkoxysilane + catalyst + H,O

sol [°

subcritical freeze
‘ drying

aerogel xerogel cryogel

Figure 1.2 A schematic representation for the obtaining of aerogels, xerogels and cryogels by the
conventional method.
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Table 1 Summary of the main characteristics of the drying methods for the obtaining of silica
gels.”’

Drying Material Advantages Disadvantages
method

- Requirements of high T. and P.
- No shrinkage of pore - Extremly high cost

Supercritical ~ Aerogel - Long process time

texture
- Necessarnity of solvent exchange

with CO,

- Simple, rapid and cheap

, . . - High surface areas and - Capillary forces destroy part of
Subcritical Xerogel = o apriar Y P
pore volumes the initial porosity
- High cost, long time, complicated
_ . - Low shrinkage method
Freeze Cryogel
- High pore diameter - With aqueous gel. need to

exchange the solvent

Based on the removal of the solvent under high pressure and temperature, supercritical drying is
the best way to preserve the porous texture and structural properties created during the synthesis
of the gels. The resulting aerogels possess unique properties such as high pore volumes, low
density, low thermal conductivity etc., which make them widely applied for pesticides, absorbers,
fuel storage materials, thermal insulators, capacitors and so on. However, supercritical drying is
also the most expensive and complicated drying method. In addition, this process is tedious and
time consuming, requiring several days to obtain dry gels.

Subcritical drying is the cheapest and easiest drying process, and usually it is rapid compared to
supercritical drying or freeze-drying. Xerogels can be easily obtained in the form of monoliths,
powders and even films. The drying of gels under subcritical conditions is based on the
evaporation of the solvent. When the solvent inside the pores of the material evaporates, the pores
are subjected to high tension which causes the partial collapse of the porous structure. However,
in many cases the partial shrinkage of the porous structure is not a significant issue, especially

11
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when the desired porous texture is micro or micro-mesoporosity. Therefore, compared to aerogels

or cryogels, xerogels have most potential for industrial applications.

The third drying method, freeze-drying, is based on the freezing and subsequent removal of the
solvent by sublimation. This method is an effective way for preparing gels with a controlled pore
structure. With freeze-drying, it is possible to obtain high mesopore volumes, but it is very
difficult to prepare monoliths and in addition, this drying process is much more expensive than

subcritical drying.

1.1.3.5 Advantages and limitations of sol-gel process

The sol-gel process has captured full attention both from academic and also industrial researchers
by virtue of many advantages. This process not only applies for synthesis of oxide materials, it
also permits the production of new hybrid organic-inorganic materials which do not exist
naturally.?® Using this process, highly pure products are obtained by simple purification of the
precursors such as distillation, crystallization, or electrolysis. Furthermore, the Kinetics of the
various chemical reactions can be easily controlled by the low processing temperature and
dilution of the medium. The sol-gel process offers the most outstanding advantages for mixed
oxides systems in which the chemical homogeneity of the various elements can be controlled

|.28

down to the atomic level.” This brings significant progress into the synthesis of solid solution

and perovskites catalysts.

The main limitation to the sol-gel process, especially in the synthesis of ceramics, is the high cost
of precursors, especially of alkoxides, which hinders the sol-gel synthesis of ceramics to the mass
production of large scale materials. However, the sol-gel process becomes more interesting for
synthesis of highly advanced ceramics.

12



Introduction

1.2 MONPs and NMNPs in catalysis

Metals and metal oxides (MOs) play a very important role in many areas of chemistry, physics
and materials science. The main apparent difference between bulk material and nanomaterial lays
on the size difference. Compared to bulk materials, nano-sized metal and metal oxide exhibit
unique physical and chemical properties due to their limited size and a high density of corner or
edge surface sites, which makes them a class of novel materials with tremendous new
applications. Within the last decades, many areas of industry have witnessed the advent of
nanoscience. This PhD thesis is concentrated on applying NMNPs and MONPs as catalysts, so
that this section is focused only on the uses of nano-sized noble metals (NMs) and MOs in

catalysis.

1.2.1 Application of NMNPs in hydrogenation reactions

NM catalysts have been used in many industries, such as refinery, petrochemicals, polymer,
chemicals, pharmaceuticals, and environment etc., because of their high activity and selectivity
and stability under various reaction conditions. Not only advanced preparation technology but
also unique properties of NM catalysts allow them to be used for wide range of applications.

NMNPs show high dissociative adsorption of hydrogen and oxygen. The dissociative adsorbed
hydrogen and oxygen are very active and readily react with many substitutes under mild
conditions, and byproduct formation can be minimized. Therefore, all NMs, including Pt, Pd, Rh

and Ru, present a high activity and also high selectivity in different hydrogenation reactions.

Each NM catalyst shows unique characteristics, for instance, olefin hydrogenation can be
accomplished with Pd/Al,O3; without hydrogenating aromatic systems at mild condition. In case
of hydrogenation of phenol, Pd/Al,Oj3 is selective to cyclohexanone formation; Pt/Al,O3 is highly
selective to cyclohexane formation, however, Rh or Ru/Al,O; gives high cyclohexanol selectivity.
Furthermore, preparation technology of precious metal catalysts has been advanced in recent
years based upon nanotechnology. As a result, energy saving, high productivity, production cost

reduction were achieved.
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1.2.1.1 Unique properties of NMNPs

Catalytic activity and selectivity largely depend on particle size of NMs. For example, bulk gold
is chemically inert, while gold particles with the diameter of several nanometers exhibit
unexpected high catalytic activity. The term “size effect”, is used to describe the property change
accompanied with particle size change. Figure 1.3 is the percentage of surface atoms as a
function of the diameter of Pd particles. With reducing particle size, the performance of surface

atoms became dominant when the particle size reduced to several nanometers.

100 1

807 (1.2 nm, 76%)

60 1

(5nm, 45%)

40
9 (7 nm, 35%)

Surface Atoms Distribution (%)

201
(63 um, ~0%)
ot1 1 10 100 10° 10°

Particle Size (nm)

Figure 1.3 The percentage of surface atoms as a function of Palladium cluster diameter.

1.2.1.2 Immobilization of NMNPs on porous materials

Due to the extraordinary high activity, selectivity and stability, NMs possess irreplaceable
position in catalysis. However, the extremely high cost limits the industrial application of NM
catalysts. Therefore, immobilization of NMNPs becomes extremely important for the catalyst
recyclability. NMNPs can be immobilized on porous supports by both chemical and physical
routes. The review paper by R. J. White et al. introduced all preparation routes in detail.” Among
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all those chemical routes, impregnation, co-precipitation and deposition-precipitation are most

common preparation methods for immobilization of NM catalysts.

Impregnation: Impregnation of high surface area porous supports is the easiest method to
prepare supported NM catalysts. It is commonly referred to as wetness impregnation. In this
method, a metal precursor, often a metal salt is dissolved in the minimum quantity of solvent to
afford its complete dissolution. The resulting solution is then added to a porous solid support and
form a highly viscous mixture. The driving force of this process is capillary forces which absorb
the metal precursor into the pores of the support. In an ideal case, the volume of metal precursor
solution equals the pore volume of the support. The solvent is then removed from the mixture and
the final solid is dried in a vacuum oven and subsequently calcined and reduced in H, (if

necessary) prior to a reaction.®

The impregnation method is suitable especially for preparing MO supported Pt catalysts since the
corresponding Pt oxide interacts strongly with the MO (e.g. Al,O3 or TiO,), which enhances the
dispersion of Pt NPs. In general, this methodology often provides a broad NP size distribution
due to a poor control over the growth of NMNPs. One possible mean to improve this is to lower
the concentration of metal loading. Very often the metal loading is controlled below 10% in order
to obtain a highly dispersed catalyst. On the other side, the number of active sites per unit is
limited because of low metal loading.

Co-precipitation: The co-precipitation method involves the simultaneous precipitation of the
NM and the support. Both the metal salt precursor and the support salt precursor dissolve in
water (or other solvent) and precipitate with the help of a precipitate precursor (a base or a
carbonate). Afterwards the precipitate is separated from the solution by filtration and then dried
in vacuum and subsequently calcined and reduced in H; (if necessary) prior to a reaction. This
method is one of the most common used methods for synthesizing solid catalysts because of its
ease, simplicity, low cost and large scalability. However, very often, control of size and chemical
homogeneity in the case of mixed-metal oxides are difficult to achieve.

Deposition-precipitation: Deposition-precipitation involves the dissolution of a metal precursor
in an appropriate solvent, followed by pH adjustment (often basic) to achieve the complete
precipitation of the metal hydroxide. The hydroxide precipitate is subsequently deposited on the

surface of a support. Often, after deposition, the catalyst requires a washing step to remove
15
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impurity ions (e.g. halogen ions) to avoid contamination. The obtained solid is then dried,
calcined and reduced to form the final catalyst. The deposition-precipitation method allows
preparing relatively stable well dispersed gold and Pd NPs in the range of 5 nm on various MO
supports such as Al,03,3* Ce0,,* Fe,05°% and TiO2**. The main limitations of this approach are

particle agglomeration and fragile support collapsing.

Precipitation in microemulsions: Compared to traditional impregnation, co-precipitation and
deposition-precipitation methods, precipitation in microemulsion provides controllable and
narrow particle distribution of NMNPs due to highly dispersion and limited concentration of NM
precursor in each micellar solution. Generally, a microemulsion containing NM salt precursor is
mixed with another microemulsion solution containing reducing agent, e.g. hydrazine, NM salt is
therefore reduced and forms NMNPs which are stabilized in the microemulsion and form
colloidal solution. By changing temperature or pH of the emulsion, the micelles break down and
NMNPs can be deposited on any porous support. R. Parapat etc. used a thermal sensitive
microemulsion system to immobilize Pt NPs on SBA-15. Pt NPs with particle size of nm are
highly dispersed on different porous supports.** The main drawback of this method is the
incomplete release of nanoparticles from micelles. Other possible limitations are the usage of a
large amount of surfactants and the difficulty of reusing the surfactants.

Chemical vapor deposition (CVD): Although it requires special instruments, CVD is still a
promising route to prepare NMNPs and it has been regarded as a powerful method to generate
highly dispersed metal NPs in a controllable way. It involves the vaporization of metals and
growth of the NMNPs under high vacuum in the presence of an excess of stabilizing organic
solvents and/or reducing agent. However, this method is often limited by the availability of NM

precursor, vapor-pressure of the precursor and mass-transfer-limited kinetics.?®

1.2.1.3 The role of stabilizer during formation of NMNPs

By traditional impregnation, co-precipitation or deposition-precipitation methods, the resulting
product of supported NMNPs have broad particle size distribution and a problem of particles
agglomeration/sintering. In order to overcome this limitation and meanwhile take the advantage

of simplicity and convenience from these traditional methods, preformed NMNPs, instead of NM
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salts, have recently been employed during the synthesis. An effective method is to use stabilizer,

often polymers, to avoid NMNPs agglomeration or sintering.

A number of polymers have been employed to enhance NMNPs stabilization properties, such as
poly(vinyl alcohol) (PVA), poly(vinyl pyridine), dendrimers and fibers etc. In my PhD work, we
have used a water soluble polymer with core-shell architecture, hyperbranched polyglycerol-
poly(ethylene glycol) (hPG-b-mPEG), as a stabilizer for immobilization of Pt NPs on silica
xerogel. Because of water solubility, this polymer can be separated from the system by
ultrasonication in water and thereby be reused. The detail information about this project will be
presented in chapter 5.1.

1.2.2 Application of MONPs in catalysis

In catalysis, the size of MOs is the most crucial property for the activity. In the bulk state, many
oxides have wide band gaps and a low reactivity. A decrease in the average size of an oxide

738 with strong influence on catalytic activity.®

particle does in fact change the band gap
Furthermore, with a nanostructure, the presence of under-coordinated atoms (like corners or
edges) or oxygen vacancies in MONPs produce specific geometrical arrangements as well as

occupied electronic states located above the valence band of the corresponding bulk material,***2

therefore enhance the chemical activity of the MO catalyst.****

MONPs can be obtained by two different approaches, which are so called top-down (from large
to small dimensions) and bottom-up (from molecular scale to nanoscale) methods. A common
top-down approach involves breaking bulk materials to nano-sized particles. This process is
generally associated with the use of mechanical force, such as grinding and ball milling. By that
the size distribution of obtained particles is quite broad and uncontrollable. In order to control
morphological characteristics with certain chemical versatility, usually a bottom-up approach is
employed to prepare nano-sized solid catalysts.

A number of specific methods have been developed to synthesize metal or MONPs, among
which most common used methods are co-precipitation, sol-gel processes, the microemulsion
technique, solvothermal methods, template or surface derivatized methods, chemical vapor

deposition, (multiple-) pulsed laser deposition and so on. Most of the methods mentioned above
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are similar as the methods for preparation of immobilized NMNPs so that will be not repeated

here. Only sol-gel process and solvothermal method will be individually described.

Sol-gel processing: The method prepares MOs via hydrolysis of precursors, usually alcoxides in
alcoholic solution, resulting in the corresponding oxo-hydroxide. Condensation of molecules
releasing water leads to the formation of a network of the metal hydroxide: Hydroxyl-species
undergo polymerization by condensation and form a dense porous gel. Appropriate drying and
calcinations form ultrafine porous oxides. This method can be used to prepare porous TiO,
Al,03, ZrO, and Fe,0; etc.

Solvothermal and hydrothermal synthesis: Solvothermal synthesis is a method for preparing a
variety of materials such as metals, semiconductors, ceramics, and polymers. The process
involves the use of a solvent in a sealed heated autoclave above ambient temperature and pressure
that facilitates the interaction of precursors during synthesis. If water is used as the solvent, the
method is called hydrothermal synthesis. The synthesis under hydrothermal conditions is usually
performed below the supercritical temperature of water (374 °C). The process can be used to
prepare different geometries including thin films, bulk powders, single crystals, and nanocrystals.
In most of cases, the process is used for preparing nanocrystals. The limitation of this method is

the requirement of expensive autoclaves and the availability of specific metal precursors.
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1.3 Background of the DRM reaction

Fossil fuels are an important part of everyday life, providing us with multitudes of materials,
energy and fuels. Since the twentieth century oil has played the most important role, it has
become the driving force for the world’s economy, being used for motor car, heated buildings,
commercial air travel and so on. However, the finite and readily accessible oil reserves are being
depleted and in recent years, the oil price has rocked. Therefore, alternative energy resources are
required. One alternative is natural gas, which is composed predominantly of methane. Large
amounts of natural gas are mainly found in remote areas, which hinder its full exploitation due to
cost ineffective gas transportation, thus it is necessary to convert natural gas into more
economically attractive products, such as liquid transportation fuels of higher energy density.
There has been considerate investment in research programs, both academic and industrial, for
the development of routes from methane to liquid synfuels as substitutes for petroleum. This
research has lead to a number of promising processes, e.g., the oxidative coupling of methane to

45-48

higher hydrocarbons, the oxychlorination of methane to methyl chloride and subsequent

49,50 51-53

conversion to ethane, and the direct production of methanol and other oxygenates.
Among all those processes, the following three attract greatest industrial interest: steam
reforming of methane (SRM), dry reforming of methane (DRM) with carbon dioxide, and partial
oxidation of methane (POM) with oxygen or air together with the associated reverse water gas
shift (RWGS). All these processes are involved with the preparation of synthesis gas from natural

gas, which is the most important step in the gas-to-liquid transformation.

(SRM)  CH, + H,0 > CO + 3H, AH%s = + 206 ki mol~? (5)
(POM)  CH, + 1/20, - CO+ 2H, AHYs = — 38 kimol1 (6)
(DRM)  CH, + CO, — 2CO + 2H, AHY,s = + 247 kImol—! 7
(RWGS)  CO, +H, —» CO+ H,0 AHY = — 41 kimol™? (8)

Steaming reforming of hydrocarbons is the principle industrial process used for the manufacture

of hydrogen and synthesis gas, and more than 80% of the world ammonia production is based on
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the steam reforming of hydrocarbons. Nevertheless there are several aspects for further
improvement or optimization: the expensive generation of superheated steam (in excess) at high
temperature, the production of significant concentrations of CO, in the product gas via the
reverse water gas shift reaction, and the production of high molar ratio of Ho/CO. In the case of
the Fischer-Tropsch synthesis, high H./CO ratios limit the carbon chain growth.>*

In contrast to endothermic SRM process, exothermic POM process needs much less energy.
However, it requires pure oxygen, which is produced in expensive air separation units consuming
up to 40% of the cost of a synthesis gas plant. Therefore, during the past half century the SRM

process remained the main commercial process for synthesis gas manufacture.

Like the SRM reaction, the DRM reaction is also endothermic. It yields syngas with equal molar
ratio of H,/CO, which can be used directly for the Fischer-Tropsch synthesis of long-chain
hydrocarbons. The addition of H, will be required to enhance the molar ratio of H,/CO to 2. It
also contributes to minimize of emissions from the green house gases (CH4 and CO;) to the
environment. In addition, it can be combined with the SRM reaction to obtain variable H,/CO
ratios for various downstream processes. Therefore, methane reforming with CO; has been
gaining increasing attraction especially in areas where water is not available. However, despite
great scientific attention to this topic, no breakthrough technology has emerged so far as the
process of methane conversion suffers from both thermodynamic and kinetic limitations. Besides
the large amount of energy that is necessary, a suitable catalyst that would decrease the activation
energy has yet to be developed.> Sintering of the catalyst and formation of coke are also known
difficulties in high temperature DRM reaction. Therefore a suitable catalyst for the DRM process
in industrial technology is still waiting for discovery.

1.3.1 Thermodynamic equilibrium and mechanism of the DRM reaction

The DRM reaction (eq. 7) is accompanied by several side reactions, of which the RWGS reaction
(eg. 8), the methane cracking reaction (eq. 9) and the CO disproportionation reaction (the
Boudouard reaction, eq. 10) seem to be the most important. Both the methane cracking reaction

and the Boudouard reaction, produce carbon which deposits on the surface of the catalyst causing
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deactivation. The catalyst deactivation in the DRM reaction will be additionally discussed in

chapter 1.3.3.

CH, == C+ 2H, AHZ%s = + 75 kimol~? 9)

2C0 == C+ CO,  AH%g= —173kimol? (10)

Understanding the mechanism of the DRM reaction is the prerequisite for the discovery and
design of a successful catalyst. The highly endothermic DRM reaction requires high reaction
temperature to achieve a good conversion. The reaction equilibrium for the production of
synthesis gas from CH4 and CO; is typically influenced by the simultaneous occurrence of the
RWGS reaction (eq. 8) which results in H,/CO ratios less than unity.>® The equilibrium
conversions of CH4 and CO, calculated by the program ARL SOLGASMIX are shown in Figure
1.4. The calculation is based on a feed stream at 1 atm total bar with CH,/CO,/He = 1/1/1.8. Due
to the RWGS equilibrium, the conversion of CO; is always higher than that of CH,4, which is in

practice advantageous for producing gas streams with equal molar or lower H,/CO ratio.
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Figure 1.4 (A) Equilibrium conversion of CO; (o) and CHj4 (e); (B) product ratios of H,/CO (1)
and H,O/CO (m) for simultaneous dry reforming and RWGS reactions as a function of
temperature. Reaction conditions: Py = 1 atm, CH4:CO2:He = 1:1:1.8.
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The activation of both CH4 and CO; on transition metal surfaces may depend on both electronic
and geometric factors such that their dissociative adsorption may be structure sensitive.*®
Numerous kinetic models have been proposed to describe the DRM reaction quantitatively, for
example, the earliest report of a Langmuir-type rate expression for the DRM reaction was
presented by Lewis et al. with a Cu/SiO; catalyst,”” Bodrov etc. studied the DRM reaction over a
nickel foil catalyst and fit their data to an expression which they originally derived to explain the
kinetics of the SRM reaction.”®*° Richardson and Paripatyadar provided redox mechanisms based
on a Langmuir-Hinshelwood approach. Zhang and Verykios provided a rate expression, derived
from a Langmuirian model assuming that methane dissociation is the rate determining step.® The
most consistent model currently available was proposed by Bradford and Vannice over supported

61,62

Ni and Pt catalysts®™ "¢, which is shown in the following generalized reaction sequence:

CHy +x = CHyx + (ZX)H, (11)
2[CO, + * & CO, ] (12)
H, + 2% & 2H * (13)
2[CO, * +H* & CO* +OH ] (14)
OH* +H*x o H,0+ 2 (15)
CH, * +OH* & CH,O* +Hx (16)
CH0* > COx + (X)H, (17)
3[CO * & CO + ] (18)

It corresponds to the overall reaction stoichiometry:

CH, + 2CO, - H, + H,0 +3CO (19)

From the above reaction sequences, * denotes an active site on the catalyst surface, — denotes an

irreversible reaction, and < denotes a quasi-equilibrated reaction. The mechanism can be
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summarized as that: the reversible dissociation of CH,; to yield CHy species and Ho,
nondissociative adsorption of CO, on the support, H-promoted CO, dissociation in the metal-
support interfacial region, the reaction of CHy species with OH (or O) species to yield CH,O
species in the metal-support interfacial region, and CH,O decomposition in the metal-support
interfacial region to yield CO and H,. Besides the proposed mechanism, Bradfords et al. also
suggested that the proposed kinetic model for the DRM reaction should be applicable to SRM

reaction.

The Kkinetic rate equation developed for dry reforming is shown in Eq. 20-23.%® The water-gas
shift reaction was also in the model reaction scheme, assuming first-order reaction in each
reactant and the same rate constant as the CO:. reforming reaction. The corresponding rate

equations were formulated according to the Langmuir-Hinshelwood-Hougen-Watson formalism.

_ kiKenaKeoa(PeuaPeoz/PRs — Piis Peo/Krer)

Trpr = (20)
ref (1 + Pcpa/Ps Kena + Peo2Kco2)?
Where
33204 +52.40
k, = 359 * 1021 exp( ) 1)
RT
10968 + 57.53
Keps = 2.89 % 1078 exp( ) (22)
RT
_12539 + +39.11
K,op = 353 10-° exp( — ) (23)

1.3.2 Solid catalysts in the DRM reaction

In the DRM reaction, in order to enhance the catalytic activity of a DRM catalyst, it is essential to
maximize the number of active sites available to the reactants by dispersing the catalyst species
onto a support or carrier surface. Furthermore, the larger the support surface the more likely that
the catalytic species will be present as tiny, discrete particles (or crystallites). The smaller the
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crystallites, the greater their individual surface to volume ratio and hence the greater total surface
area per unit mass for a collection of small crystallites. This maximizing catalytic surface area per
unit of mass enhances the number of sites per unit of mass upon which chemisorptions of the
reactants and the DRM reaction occurs. To accomplish this, most commonly the catalyst
components are dispersed on high surface area porous oxides such as SiO;, Al,O3, TiO; or high

surface area carbons. The DRM reaction has been concentratively studied over numerous

62,64-67 68-60

supported metal catalysts, such as NMs and the group VIII transition metals, solid

72-76 77-83

solution catalysts and also perovskites catalysts

1.3.2.1 Metal oxides supported Ni catalysts

In terms of cost, Nickel-based catalysts appear to be the most suitable catalysts for the DRM
reaction. An extensive study about Ni supported on Al,03°%% Ca0,®® Ce0,%*® zr0,,3%®
MCM41,** porous silica, ™% zeolites,* carbon nanotubes® etc. has been reported. In general,
Ni-based catalysts show good activity when the temperature is above 650 °C. However, the fast
deactivation caused by particle sintering and/or carbon deposition significantly inhibits the
applications of these catalysts. One method to overcome this severe problem is adding promoters.
Alkali and alkaline earth metals have been employed as promoters.”%% By diluting the
concentration of Ni, agglomeration of Ni clusters and carbon formation can be suppressed to
some degree. On the other side, the activity of the catalyst is also drastically reduced by the
promoter. Compared to alkali and alkaline earth metals, NPs have much stronger impact on the
catalytic performance of Ni. Due to the SMSI properties of NPs and MO supports, both the
activity and selectivity of Ni can be significantly improved. However, NM doped Ni catalysts
have limited usage for industrial applications because of the high cost of NPs.

1.3.2.2 Supported nanoparticle catalysts

It is well known that NP catalysts are highly active and also selective in the DRM reaction.

Rh 96-98 Pd 64,73 Pt 80,91,92

Various NPs, such as Ru,** and Ir, have been investigated extensively

for the DRM reaction. It is reported that the strong metal-support interaction (SMSI) between
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NPs and MO supports can significantly affect both catalytic activity and stability in the DRM
reaction. The SMSI phenomenon was first observed between Group VIII NPs and reducible
transition MOs (such as titania).®* It was found that this interaction drastically suppressed the
chemisorption of H, and CO™ on the metal surface, which can be explained by simple site
blockage of the metal surface due to the overlayer of the partial reduced transition MO. Because
of reduced H, and CO adsorption, the equilibrium of the DRM reaction is shifted to the
production of synthesis gas. Another specific property brought by SMSI is the generation of
hydrogen spillover on the surface of the catalyst. Takayasu et al. have suggested that hydrogen
spillover onto the support during CH,4 reforming helps to minimize inactive carbon deposition by
shifting the equilibrium of reactions, thereby stabilizing CHy intermediates on the support
surface.'®® Furthermore, SMSI brings reversible reducibility of NPs and an increase of interfaces
therefore stabilizes NPs in the form of thin and flat structure on the surface of MOs supports.*®*
Due to the high cost and poor availability, NPs are often only used as promoters to enhance the

performance of Ni catalysts by suppressing the coke formation.

1.3.2.3 Solid solution catalysts

In the DRM reaction, two main kinds of catalysts, Ni- and the NM based catalysts, are employed
and extensively studied. The cheap Ni-based catalysts show high activity and selectivity, but
involve severe carbon deposition and are deactivated consequently. Compared to Ni-based
catalysts, the NM-based catalysts suppress carbon deposition and thereby are highly stable, but
not economic. Therefore, from an industrial standpoint, it is more practical to develop an
improved Ni-based catalyst which is stable as well as active and selective.”

One of the important developments for the DRM reaction is the realization of MgO-NiO solid
solution catalyst by Ruckenstein et al.!®*. As the best performing example of solid solution
catalysts for the DRM reaction, MgO-NiO exhibited high conversion and selectivity and a rather
high stability at a reaction temperature of 800 °C. It was suggested that the strong interactions
between Ni and Mg inhibited both the sintering of NiO and MgO and the formation of the large
clusters of Ni causing coke deposition.'®*% Fujimoto and his group also studied MgO-NiO solid
solution catalyst and reported a ultra-stable catalyst Nio03sMgo.97O which presented neglectable

deactivation after 100 days reaction at 850 °C.”>"® They presented a scheme of the reaction to
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explain the high stability of Nig03Mgoe7O, shown in Figure 1.5. There are two paths for the
activation of CO,. One is the activation of CO, adsorbed on support surface at interface between
Ni metal and support (path I). The other path is the activation of CO, on Ni metal surface (path
I1). It was suggested that path | was more effective for the inhibition of carbon formation than
path 1l. Since CHy species are the reaction intermediates of whisker carbon formation which
cause catalyst deactivation, rapid oxidation of CHy species on Ni surface by oxygen species from
CO, dissociation at metal-support interface is a key step for the inhibition of carbon formation.

Ni particle

/////%/ZZ/////

Figure 1.5 Scheme of the reaction of CH, species with CO,."”

However, this catalyst was difficult to reduce. The reduction conditions at 850 °C for at least 10 h
are much harsher than normal reduction conditions with over 500 °C for 1 h. Moreover, due to
the extremely low Ni loading, this catalyst required high temperature for activation. It showed
neglectable activity when the reaction temperature was 500 °C."

Similar to NiO, CoO and FeO have the same crystal structure and comparable lattice parameters
as MgO. It is also possible to inhibit carbon deposition by the formation of CoO-MgO'”’ and
FeO-MgO solid solutions.®® However, the transition MOs exhibit cation deficiency, the defect
concentration increasing from NiO to CoO to FeO by sequence, which leads to different behavior
of NiO-MgO, Co0O-MgO and FeO-MgO solid solution catalysts. The stoichiometric FeO with its
rock salt structure is not stable below 10 GPa. At lower pressure, it is a nonstoichiometric
complex with a nominal composition of Fe2*, Fe3+02~ (x is between 0.04 ~ 0.12).°® CoO-MgO
solid solution catalysts showed similar performance as NiO-MgO catalysts. However, the former

109,110

one caused hot spots in the application of partial oxidation of methane, which makes the

process hazardous and uncontrollable. Later on, Ruckenstein and Wang reported that CoO-MgO
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solid solution catalysts also have excellent activity, selectivity and high stability for the

combination of POM and DRM reaction.''!

As an alternative solid solution catalyst, CoO-MgO
has similar catalytic performance as NiO-MgO, but requires higher reaction temperature for

methane conversion to syngas.”

1.3.2.4 Perovskites catalysts

Perovskite type oxides have the same type of crystal structure as calcium titanium oxide
(CaTiO3). The general formula of perovskite type oxides is ABOs, in which the cation A of larger
size, often rare earth metals, is responsible for the thermal resistance of the catalyst, while the
cation B of smaller size, more often transition metals, is associated with the catalytic activity. In
many cases, A and B site ions can be partially substituted by other ions and generate a large
family of substituted oxides of general formula A;xAx B1xBx Oz, in which X is the substitution
degree. ™3 The extensive use of these oxides as catalysts is not only due to their ability in
stabilizing unusual oxidation states of the transition metal cation (B or B”) but also to their ability
for providing high oxygen mobility and also high structural stability.”® These characteristics
make perovskite oxides an attractive alternative to Ni based catalysts in the DRM reaction.

In general, the perovskite-based Ni catalysts show sufficiently good catalytic properties for the

DRM reaction in terms of activity, coke resistance, and thermal stability.""

During the reaction,
the perovskites precursors are reduced under H, atmosphere at elevated temperatures, by that the
perovskite structure are partially or completely destroyed and the metallic Ni (0) is generated as
active sites. However, perovskites catalysts need high activation temperature in the DRM

reaction due to their endothermicity™> "

. Furthermore, the strong metal-metal interaction in
perovskites catalysts makes Ni difficulty to reduce and therefore requires high reducing
temperature.”® Another limitation of perovskites is their small specific surface area (lower than 10
m?g)**" which heavily limits the complete exploitation of the catalytic potential of perovskites
catalysts. Recently perovskite-based Ni catalysts were incorporated into a mesoporous SBA-15
support reported by Rivas et al..* The addition of SBA-15 enhanced the dispersion and surface

area consequently improved the activity and selectivity of the catalyst.
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1.3.3 Deactivation in the DRM reaction

In the DRM reaction, carbon formation on metal surfaces and sintering of the catalyst take the
main responsibility for the catalyst deactivation. Carbon formation can occur via two possible
pathways which are the CH, decomposition reaction (eq. 9) and the Boudouard reaction (eg. 10)
separately. Since CH,4 decomposition is endothermic while CO disproportionation is exothermic,
the former one is the main contributor to inactive carbon formation at higher reaction temperature
and conversely the latter one is the dominating reason at lower reaction temperature. However,
due to the different equilibrium constant between CH, decomposition and CO disproportionation,
the extent of graphitic carbon deposition during the DRM reaction decreases at higher reaction
temperatures,® which indicates that CO disproportionation is the main contributor to inactive
carbon deposition. Rodriguez reported that the rate-determining step for the formation of
filamentous whisker carbon is the diffusion of carbon through a metal particle*®. The driving
force for this diffusion process is considered to be heat generated by exothermic surface

processes, such as CO adsorption and disproportionation.

In overall, carbon formation is dependent on several parameters, such as the metal,** ° metal

crystallite structure, metal-support interactions, support acidity,®® *%°

and also the support basicity.
Additionally, the catalysts which exhibit suppressed, or weak, CO adsorption can sufficiently
resist excessive carbon formation during the DRM reaction, due to the inhibition of CO

disproportionation.

1.3.4 Challenge of investigating a catalyst for the DRM reaction

Synthesis gas is an important raw material for several industrial processes, such as methanol
synthesis, oxo-synthesis and Fischer-Tropsch-synthesis. Presently, synthesis gas is mainly
generated via partial oxidation of coal, leading to carbon monoxide. In a subsequent process,
hydrogen is formed by water-gas-shift-equilibrium from carbon monoxide and water. An
alternative route to obtain synthesis gas is the DRM reaction. CH4 and CO, are inexpensive due
to their natural abundance. Conversion of these two molecules through the DRM reaction to
higher-value compounds is of interest. However, due to some limitations, this process has not

been operated in industry yet.
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Considering the TDE limitation (shown in Figure 1.4) and the carbon deposition problem caused
by the Boudouard reaction, it is practical to operate the DRM process at high temperatures (>
1000 °C) with a high ratio of CO,/CH; (> 1). However, under these conditions, particle
sintering/agglomeration could become severe. Especially, operating a reaction at high
temperatures is not economic from an industrial viewpoint. It is desirable to operate the DRM

process at lower temperatures and with a ratio of near unity.

The DRM process could be applied in addition to an existing partial oxidation of methane in
which carbon dioxide is produced as a side product, such as the oxidative coupling of methane

(OCM). The structure of a combined process is shown in Figure 1.6.

Residual educt CH,
Heat

Side product CO,

Oxidative coupling of methane Dry reforming of methane
(OCM), exothermic (DRM), endothermic

Figure 1.6 Scheme of combining the OCM and the DRM process

The heat produced by such exothermic oxidation reactions could be conveniently used for
providing the energy for the endothermic DRM reaction. Besides the usage of heat from the
OCM reaction, the main side product CO; and the residual reactant CH4 can also be used for
feeding of the DRM reaction. The OCM reaction could be operated at 800-850 °C. Considering
the energy loss caused by the heat transfer between reactors where these two separate processes
are conducted, it is of course highly desirable to operate the DRM reaction at a temperature 100
K below the OCM reaction.
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As the most common catalyst in the DRM reaction, Ni has many advantages including its
abundance, high activity and selectivity etc. However, the stability of Ni catalysts is still a main
challenge in order to apply this type of catalysts for industrial processes. Because of the
thermodynamic limitation of the DRM reaction, a relatively high reaction temperature (above
650 °C) is required in order to achieve a high conversion of CH, and CO,. Under this condition,

Ni catalysts can be deactivated because of particle sintering and carbon deposition.

The main challenge is that most of catalysts for the DRM reaction require high temperature to
activate. Only a few catalysts reported recently showed activity between reaction temperature of
400-550 °C 1?19 hyt the TDE has not been achieved yet under 600 °C. Moreover, the
Boudouard reaction is favoured at low temperatures, which deposits carbon onto the surface of

active sites therefore causes deactivation.
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1.4 Immobilization of NMNPs --- a literature survey

As discussed in chapter 1.2.1.2, there are various routes to immobilize NMNPs on porous
supports. This chapter will present recent reported immobilization methods in detail and discuss
the advantages and limitations of each method.

NM catalysts are used in a large number of commercially important processes, including

hydrogenation, naphtha reforming, oxidation and automotive exhaust catalysis.'?

Among these
catalysts, palladium- and platinum-containing materials have received particular attention in
recent years owing to their role as oxidation catalysts in automobile emission control systems as
well as reforming catalysts for the production of high-octane gasoline. In order to achieve easy

separation and catalyst recycling, NMNPs are often immobilized on a porous solid support.

Various methods and supports have been investigated in order to obtain homogeneous size and
dispersion as well as high accessibility of the active species in the porous support, together with
their immobilization inside the inorganic host materials to prevent any migration, leaching and

agglomeration. Pd and Pt NPs have been immobilized on different supports such as spherical

123,124 125 126

polyelectrolyte brushes, semiconducting MOs,*® carbon materials*®® and alumina films*’.
Mesoporous silica has been regarded as ideal and also most commonly used support due to its
high surface area, tunable pore size, high accessibility, excellent stability, and straightforward

synthesis.

Recently, it has been reported that Pt NPs with defined size and shape can be obtained in
colloidal solution. This catalyst showed excellent activity in the electron transfer reaction

between ferricyanide and thiosulfate.*?®

Au NPs have been synthesized with relative precisely
controlled particle size in a core-shell system.'?° The obtained catalysts can be used for selective
reactions because the hydrophobic polymer shell allows only hydrophobic molecules to pass
through and achieve the metal/metal oxide core. By this method, metal/metal oxide NPs are
encapsulated in a polymer in a solution. During the applications, specific separation techniques,
e.g. membrane ultrafiltration, are required for reusing the catalyst. The following discussion will

mainly focus on NMNPs supported on inorganic oxides.

130-133 134-136

NMNPs can be immobilized on mesoporous silica supports by impregnation,
35,36

grafting,

and microemulsion etc. followed by calcination and reduction. One of the most prominent
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methods is incipient wetness impregnation, in which the silica support is impregnated with NM
precursors in solution, followed by thermal treatment and/or reduction to form NMNPs. Due to
its simplicity and effectiveness, the wetness impregnation method is successful for large scale
production of catalysts. However, NMNPs generated through this method often lack uniformity
both in size and shape. To overcome the shortage of the traditional incipient wetness
impregnation method, several groups have used hyperbranched or dendritic polymers, which
acted as anchors to grasp NM ions, to functionalize mesoporous silica basing on the electrostatic
and hydrogen bonding interactions between the dendrimers and the silica support. Cao’s group
used encapsulate Pd and Pt NPs in the mesopores of SBA-15 functionalized by polyamidoamine
(PAMAM). The obtained NPs exhibited good activity in organic reactions.”*"**® G.A. Somorjai’s
group also used PAMAM to synthesize Pt and Rh NPs with diameter of ~ 1 nm immobilized on
SBA-15."° These NPs catalysts were active for ethylene hydrogenation without any

pretreatments. Another often employed dendrimer is poly(propylene imine) (PPI).**

Similar as these improved wetness impregnation methods, grafting methods can also be used for
stabilization of NPs. In case of the former method, a specific polymer with dendritic structure is
utilized as a stabilizer and this polymer is removed by thermal treatment at the end of preparation.
The stabilization can be achieved by hydrogen bonding or electrostatic interactions between
polymer and NPs. In contrast, using the grafting method, some ligands such as thiols and
phosphines are inserted into porous matrix irremovably. NPs are stabilized by covalent bonds

141 cobald-phosphine'®® etc. Because of these

between NMs and ligands such as gold-thiols,
chemical bonds, NPs are strongly stabilized and particles agglomeration can be totally inhibited.
It was also reported that by using reducing agents the in situ growth of NMNPs was controlled,
and NPs with different particle size & narrow particle size distribution can be obtained.***** One
question is: Do these chemical bonded NPs have any catalytic activity? Since above all the cited
papers didn’t mention any applications of presented grafted NPs, it is still critical to apply this

type of materials in catalysis.

Recently there are increasing publications with one step approach to prepare metallic catalysts

with NMNPs finely dispersed on a mineral support.**’

In this method, support precursor, NM
precursor, template and reducing agent are mixed in one solution. Under suitable conditions, a

porous network is formed via sol-gel process, and meanwhile the NM precursor is reduced and
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forms NMNPs located in the pores of the support. The template is removed by the following

thermal treatment.

However, NMNPs are in situ formed during the sol-gel process, which makes it difficult to
control the formation and growth of NMNPs which is most crucial to obtain highly dispersed
NMNPs on porous supports. One efficient method to solve this problem is using preformed metal
colloids or metal sols, in which NMNPs are stabilized by a polymer. By choosing a specific
polymer stabilizer, adjusting the concentration of NM precursor and polymer, particle
agglomeration is successfully suppressed and therefore the size of NMNPs can be controlled.
During the subsequent immobilization process, due to the static electric interaction between the
polymer and NMNPs, a high dispersion of NMNPs on a porous support can be ensured. One of

the pioneer reports from A. Corma etc.'®®

established the validity of the concept of such an
approach. They synthesized gold NPs and stabilized them by capping with a quaternary
ammonium ion ligand, with a long alkyl chain at one end and a triethoxysilyl group at the other
end. The stabilized gold colloids joined the subsequent sol-gel process of TEOS, by that Au NPs
were highly dispersed on mesoporous silica without severe agglomeration. By using this concept,
Somorjai et al. prepared Pt NPs dispersed of SBA-15 using preformed Pt colloids stabilized by
poly(vinyl pyrrolidone) (PVP).**® They found Pt particle agglomeration during the synthesis and
silica matrices disorder occurred severely under acidic conditions. Therefore, their process
proceeded under neutral conditions which caused SBA-15 much lower surface area. More
recently, it was reported that n-octylsilane was an optimal stabilizer for Pt colloids due to a strong
bonding between n-octylsilane and Pt particles.** In this procedure the calcination temperature

was limited at 320 °C in order to avoid particle sintering and pore collapse.

In my PhD work, we used a water soluble polymer hPG-b-mPEG and PVA individually to
stabilize Pd and Pt sols for the subsequent sol-gel process. The detailed information about the
procedure and the catalytic performance of the obtained catalysts will be presented in chapter 5.1
and 5.2. The advantages of the one-pot synthesis including the easy process, mild conditions, no
need for support functionalization make this approach interesting for synthesizing catalysts for
industrial applications.
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2. Scientific goal

Solid catalysts in heterogeneous catalysis provide numerous opportunities for being recovered
and recycled from reaction environments. These features can lead to improved processing steps,
better process economics, and environmentally friendly industrial manufacturing. However,
traditional solid catalysts with non-porous structure are limited in the accessibility of their active
sites and thus the scope of reactions that they can accomplish is restricted. Soluble catalysts are
active in a much larger variety of reaction types than traditional solid catalysts but suffer from the
high challenge to be recycled. In order to combine the characteristics of high activity and
selectivity from homogeneous catalysis together with the characteristics of recyclability and
recoverability from heterogeneous catalysis, various booming developments focus on loading or
immobilizing catalytic NPs/species on porous materials matrix.

During catalytic applications, controlling the size, shape and dispersion of NPs is the key to
enhance their selectivity and activity. One mechanism to achieve this control is to utilize
nanoporous materials as supports. For example, by employing polymers as stabilizers, the size
and dispersion of NPs is able to be controlled because particle sintering can be avoided by static
electric interaction between polymers and NPs. Immobilization and stabilization of NPs allow
exploitation of the special properties that occur at this size regime. Therefore, the fusion between
NPs and nanoporous materials technology represents one of the most interesting and rapidly
expanding areas. It offers the opportunity to design specific catalysts for specific catalytic

applications.

As a porous support, mesostructured silica (SBA-15, silica xerogel and amorphous silica) is most
favorable due to its straightforward synthesis, high surface area, tunable pore size and stable
structure. Moreover, in most cases silica support is inert during the reaction so that it will not
poison or deactivate the catalyst. Therefore mesoporous silica was chosen as the support for
immobilization of the model catalysts.

The goal of my PhD thesis is to develop the potential of mesoporous silica supported NMNP and
MONP catalysts for industrial applications. In the project of “Amorphous silica supported
NiMnO for the DRM reaction™, the specific goal is to design a suitable catalyst for the DRM

reaction fulfilling the requirements of industrial applications. The catalyst should be economic,
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active, stable and also easy to obtain. By following the structural change of the catalyst during
preparation and reaction, we want to obtain the correlation between the structure transition and
activation/deactivation of the catalyst. Thereby we set up a concept of stabilizing the catalyst by
controlling its structure. Certainly it is interesting to investigate the structure and the properties of
a catalyst and answer the following questions:

1. Which type of catalysts can be activated at relatively low reaction temperature?
2. How to avoid carbon deposition and catalyst deactivation?

3. How do the active sites form from the pre-catalyst and how do they interact with reactants and
products during the reaction?

4. In which state are the active species stable?
5. How does the structure of a catalyst influence its catalytic performance?
6. Is there any interaction between the support and the metal?

7. How does the support influence the activity and the stability of the catalyst?

In another project “Immobilization of NMNPs onto mesoporous silica by a one-pot approach for
catalytic applications™, the specific goal is to immobilize NMNPs on silica xerogel or SBA-15
with simple but controllable methods. Particle agglomeration is often a severe problem for the
recycling of NMNPs catalyst, therefore, the dispersion and stabilization of NMNPs on the
support are the most crucial factors for their catalytic performance. In order to obtain a NM
catalyst with optimal performance, it is necessary to study some important issues:

1. How does the synthesis approach influence on the structure of the catalyst?
2. Which type of method is controllable and suitable for synthesizing industrial catalysts?

3. How to avoid particle agglomeration during the synthesis and during the catalytic applications?
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3. Experimental section

3.1 Amorphous silica supported NiMnO catalyst for the DRM reaction

Preparation and characterization of NixMn;.,O and NiyMg;.xO by co-precipitation method:

(1.25 ~ 5.00 mmol) Ni(OAc),-4H,0 and (20.00 ~ 23.75 mmol) Mn(NO3),-4H,0 (for NixMg1.xO,
the precursors were Ni(OAc),-4H,0 and Mg(NQO3),-6H,0) were dissolved in 100 ml of deionized
water. 0.055 mol NaHCO; was dissolved in 50 ml of deionized water. The NaHCO3 solution
was added into the metal precursor solution drop wise under vigorous stirring. Molar ratio
Ni(OAC)2:Mn(NO3)2/Mg(NO3),:NaHCO3 = x:(1-x):2.2. The mixture was stirred for 8 h at room
temperature, followed by filtration of the precipitate and washing with deionized water. The
obtained solid was dried in vacuum at 80 °C overnight and then calcined at 500 °C for 4 h and
subsequent reduction at 500 °C for 4 h. Quantitative yield was observed. The obtained materials
are named NixMn;.,O_cp and NiyMg;-xO_cp respectively.

Preparation and characterization of Nig>,MnggO by co-precipitation/sol-gel method:

25 mmol Na,SiO3-5H,0 was dissolved in 50 ml deionized water. First 30 ml NaHCOj3 (55 mmol)
aqueous solution and later a certain amount of HCI (2 M, ~ 20 ml) were added into the NazSiOs
solution, the pH was adjusted to 9-10 by HCI. Subsequently 50 ml of metal precursor solution,
containing 5 mmol Ni(OAc),-4H,0 and 20 mmol Mn(NO3),-4H,0) was added into the mixture
under vigorous stirring (note that the solution becomes immediately viscous, thus manual stirring
is advisable). Molar ratio Na,SiO3:Ni(OACc)2:Mn(NO3)2:NaHCO3 = 1:x:(1-x):2.2 (150 ml mixture
contains 25 mmol metal precursors). In the following step, the whole mixture was stirred at room
temperature for 24 h, followed by filtration of the precipitate and washing with deionized water.
The obtained solid was dried in vacuum at 80 °C overnight and then calcined at 500 °C for 4 h
with subsequent reduction at 500 °C for 4 h. The obtained materials are named Nip2MnsO_cp-
SiO,. The catalyst NiggsMnggsO_cp-SiO,_750 (molar ratio of Ni/Mn = 5/95) was calcined first at
500 °C for 4 h then at 750 °C for another 4 h with subsequent reduction at 750 °C for 4 h.
Quantitative yield was observed. The materials are investigated before the reduction process.
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Catalyst testing:

The catalytic testing was performed in a fixed-bed reactor made of silica with an inner diameter
of 5mm and a length of 40 mm. Silica is known to have no catalytic activity on the reaction in the
examined temperature range of 400-850 °C. The reactor was heated by an electric furnace (HTM
Reetz). The catalyst bed consisted of varying masses of catalyst and silica grains (Merck) with a

total volume of 1.25 ml.

e
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Figure 3.1 The scheme of experimental setup of the DRM reaction.

Before experiments started, the catalysts were in situ reduced in a pure hydrogen flow of 15 ml
min™ at a temperature of 500 °C for one hour. Accordingly, the gas composition was chosen to
be CH4:CO,:N, = 2:2:1 for both screening and long term experiments. Thereby, nitrogen was
taken as internal standard for the gas analysis. Samples were taken after 25 min steady-state at
each temperature point. Process gas analysis was performed by gas chromatography (HP 5890
Series I1) equipped with methanizer, TCD, FID and mole sieve 5A and Hayesep Q columns (both
Supelco). Argon was used to be carrier gas to detect small amounts of hydrogen in the process

gas.
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3.2 One-pot synthesis of silica xerogel supported Pd NPs for catalytic

applications

Preparation of preformed Pd sol Pd/hPG-b-PEG (by Sabrina Nowag):

200 ul of HoPdCl, solution (1.07 x 10? mol L) were added into 10 ml of an aqueous solution of
the polymer hPG-b-mPEG (10 g L™). The mixture was left at r.t. for 24 h. 1 ml of a freshly
prepared agueous NaBH, solution (the molar ratio of NaBH,4 to HPdCl, is 4, excess of NaBH, is
expected to ensure the complete reduction of HPdCI, to Pd) was added at once, upon which the
brown solution slowly turned into black, indicating the formation of Pd NPs. At 25 °C, the
reduction of Pd ions by the polymer was finished within one day.

Preparation of SiO; xerogel:

Silica gel was prepared by adding 12-20 ml 2 M HCI drop wise to 1 ml TMOS. The mixture was
stirred 8 h at 75-80 °C. After precipitation, water washing and overnight drying in vacuum oven,
it yields a white solid monolith.

Preparation of Pd/SiO, catalyst:

1) The catalyst was prepared by mixing the metal sol of hPG-b-mPEG stabilized Pd (5 ml) with
2M HCI (12-20 ml), followed by drop wise addition of TMOS (3 ml). Molar ratio of the
precursor sol was hPG-b-mPEG/Pd/TMOS/H,0 = 10°:0.5~2 x 10*:0.015:0.22. The mixture was
stirred in a closed flask at room temperature for 15 min, and subsequently at 75-80 °C for 8 h.

2) A gray gel was obtained in step 1. This solid was precipitated and washed with ultrasonication

in water for 15 min x 4 times.

3) The final product was obtained in the shape of monolith by drying the solid from step 2 in a
vacuum oven at 60 °C overnight. It was meshed into powder before being applied into
hydrogenation reactions.
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3.3 One-pot synthesis of Pt NPs supported on SBA-15 for catalytic

applications

Preparation of SBA-15-V:

0.5 g of P123 (EO2PO7EO4, M\, = 5800 g/mol) was dissolved in a mixture of distilled water
(75 g) and 2 M HCI solution (15.0 g), with continuous stirring and the temperature was
controlled at ~35 °C; after the P123 was fully dissolved, a freshly prepared 1 wt.% aqueous PVA
(M, = 130,000 g/mol) was added in different amounts. To this solution, 1.1 g TEOS was added
and the resulting mixture was stirred at ~ 35 °C for 24 h, subsequently poured into a teflon-lined
autoclave and aged at 80 ~ 150 °C for another 24 h. Finally, the sample was filtered, dried at
100°C overnight and calcined at 500 °C for 4 h. The samples show comparable thermal and long-
term stability under ambient conditions as observed for pure SBA-15 materials.

Preparation of Pt/SBA-15:

The platinum sol was prepared by mixing 100 ml 0.015 M H,PtClg solution with 3 ml 0.1 wt.%
PVA solution. Subsequently 0.1 M NaBH, (20 equ. to Pt) was added in drop wise. The sol was
stirred 5 min for the further step. The PVA stabilized Pt sol was used to prepare the Pt/SBA-15

catalyst. The loading of platinum measured by ICP analysis was 0.29 wt.%.
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3.4 Characterization methods

BET: Nitrogen sorption isotherms were measured at liquid-nitrogen temperature (-196 °C) with
an Autosorb-1. The samples were degassed at 150 °C overnight before the measurement. The

BET surface area was calculated by multiple-point (five-point) measurement.

ICP-MS: The mass content of metals was measured by ICP-MS Element 2 (Varian Inc., USA),
with sample gas flow 0.863 L/min and plasma power 1350 W.

Raman spectra: The measurement was done using a Labram 3 with 10 mW 647 nm excitiation.

Solid state NMR: The solid-state NMR **C CPMAS (Cross Polarization Magic Angle Spinning)
measurements were carried out using a Bruker 4 mm double resonance probe-head operating at a
spinning rate of 10 kHz. 3C chemical shifts were referenced externally to tetramethyl silane

using adamantane as a secondary reference.

TEM: TEM images were obtained on a Philips CM200 instrument, operated at 120 keV, using
amorphous carbon-coated copper grids. The specimens were dispersed in water with

ultrasonication and loaded onto a copper grid.

TPR: 65 mg catalyst was used for TPR/TPO measurement. TPR experiment proceeded under a
mixed gas with 10% H, in N,. Gas flow velocity was 60 ml/min. Reduction temperature was
between r.t.-750 °C with a heating rate of 1 K/min. The samples were held at 750 °C for 30 min.
TPO experiment was carried out under air with a gas flow velocity of 60 ml/min. Oxidation
temperature was between r.t. and 800 °C with a heating rate of 10 K/min and the samples were
held at 800 °C for 30 min.

XRD: XRD was performed using a Bruker D8 Advance X-ray diffractometer with Cu K,; =
1.5418 A radiation between 2° and 90° (20).
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4. Amorphous silica supported NiMnO for the DRM reaction

4.1 A solid solution of NixMn;_4O catalyst for the DRM reaction

So far the solid solution NiO-MnO has not been reported as a catalyst yet. It is the first time that,
here in my PhD project, NiO-MnO solid solution is applied for the DRM reaction. Before
considering this material as a catalyst for the DRM reaction, it is necessary to mention SMSI,
which is described in the chapter 1.3.2.2 (page 24). It appears that these interactions require
transition metal cations with d orbital electrons. The surface transition metal cations must be
reduced to produce oxygen vacancies, so that a charge transfer from the reduced cation to the
adjacent metal atom will occur, resulting a strong anionic attraction between the support and the

metal !

The overlap of metal atom and adjacent cation d orbital electrons causing a weak
covalent bond is another contribution. For example, when TiO, is reduced to TiOsp, Ti*" with a
d° electron configuration is converted to Ti** with a d* configuration. The absence of SMSI with
some transition MOs, e.g. ZrO,, was attributed to the difficulty of reducing their d° cations to the

d* state.’ Another important prerequisite is the reducibility of the transition metal oxide.

Tauster et al. extensively investigated SMSI behavior with a wide range of MOs supporting
group VIII metals. It was found that, similar to titania, oxides of manganese, niobium, vanadium
and tantalum showed also SMSI. But no SMSI was evident for alumina, silica, magnesia, scandia,

hafnia, zirconia, or yttria."™>*

The strength of SMSI is determined by the migration rate of transition MOs to the surface of

metals. It is proven that the migration of MnOxoccurs much more rapidly than that of TiOx. An

This chapter discusses the main project of my PhD work, which is about the DRM reaction. In this project, |
collaborated with Dr. Torsten Otremba (a former colleague from AK Schomécker, currently a postdoc in BasCat —
UniCat BASF Joint Lab). My work was mainly about the synthesis and characterization of the catalyst, finding out
the relationship between the structure and catalytic properties of the catalyst by following the structural changing
during the catalytic applications, so that optimizing the catalyst through designing and adjusting the structure of the
catalyst. Torsten contributed most of catalytic data over the DRM reaction. Later on Mr. Patrick Littlewood (AK
Schomécker, TU Berlin) took over the DRM project and also contributed a part of the catalytic data (noted in the

results discussion).
41



Results and discussion

experimental study has shown that a 12 nm thick Ni film deposited on TiO, showed signs of TiOx
after 10 min exposure to H. at 425 °C.**? In contrast, a 15 nm thick Ni film deposited on MnO,
shows substantial amounts of MnOyon its surface after 100 s of vacuum annealing at 230 °C.**®
This means that MnO has even much stronger interaction with group V111 metals than TiO,. Most
NMs supported on transition MO supports show SMSI which make them highly stable as well as
active over the DRM reaction. However, considering the cost, a solid solution or a perovskite

catalyst will be more feasible for industrial applications.

Because of the SMSI between Ni and MnO, we expected that when a MnO supported Ni catalyst
is applied for the DRM reaction, this catalyst should show a significantly reduced H,/CO
adsorption (compared to Ni supported on other oxides), which drives the DRM reaction to the
production of H, and CO. Ni° clusters can be stabilized either by spreading of Ni® onto the
surface of MnO or by fast migration of MnO onto Ni° clusters therefore minimizing the size of
Ni° clusters and also suppressing Ni° clusters agglomeration. Mn has already been used as a
doping element in order to increase the stability of Ni catalysts in the DRM reaction,>*%487:155.156
The enhanced stability of Ni is owing to the partial coverage of the Ni surface by patches of Mn
so that CO, adsorption on the surface of Ni is increased, resulting in the formation of surface
carbonate species which remove carbon precursors from the catalyst surface.**®” This means that
Mn surface shows stronger CO, adsorption than Ni surface and therefore accelerate the reverse

Boudouard reaction and remove the surface carbon.

Instead of choosing Ni supported on MnO catalyst, we decided to use NiO-MnO solid solution
catalyst as our target, because within the solid solution, Ni** homogeneously replaces the position
of Mn?" in the unit cells. Therefore the surface Ni** has low concentration but high dispersion,
which is absent in the catalyst of MnO supported Ni. After reduction, the formed Ni® will
correspondingly be highly dispersed by that Ni° particle sintering is suppressed and the stability
of the catalyst is ensured. During the synthesis of the catalyst, no matter at which oxidation state
the Mn starting material is, during the calcination in the ambient atmosphere, it will be oxidized.
However, the SMSI will be actualized by the reduction process where Mn™ (x> 2) will be

reduced to Mn?* and the surface Ni®" can be reduced to Ni°,

Besides of the most crucial property of SMSI between Ni and MnO, there are some more factors
making NiO-MnO catalyst extraordinary interesting for investigation:
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1. Both Ni and Mn are abundant metals. Low cost materials are always more preferable in
industrial application.

2. NiO and MnO have the same NaCl type crystal structure and thereby a solid solution of NiO-

MnO could be formed with varying molar ratio of NiO/MnO.*’

3. It has been proven that MnO surfaces show a stronger CO, adsorption which accelerates the
reverse Boudouard reaction and removes the surface carbon from methane decomposition

therefore avoids catalytic deactivation.

Basing on the factors mentioned above, NiO-MnO has been chosen for the candidate catalyst for
the DRM reaction. It is desirable to observe an exciting catalytic performance of NiO-MnO
promoted by the interaction between the active sites Ni® and MnO for the DRM reaction.
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4.2 Bulk NiyMn;.4O solid solution for the DRM reaction

4.2.1 Synthesis and characterization of bulk Nig,MnygO_cp catalyst

In order to obtain a direct impression of the catalytic activity of NiMnO catalysts, we select
NiMgO as a reference catalyst. Both NiMnO and NiMgO catalysts are synthesized under
identical conditions. A bulk Nig2MnggO catalyst is synthesized by conventional co-precipitation
method. NaHCO3 is used as the precipitation precursor to obtain a high specific surface area,
since metal carbonates release CO, during calcination. The later shown BET results indicate that
NaHCOs indeed gives a high surface area catalyst. For comparison, a Nip2MgosO solid solution
catalyst is prepared by the same method. The samples prepared by co-precipitation method are
named as Me,Me"yO_cp (x and y indicate atomic molar fractions of the corresponding metals).
The detailed information about the preparation process and the materials before reduction are
shown in Appendix A.

Nitrogen adsorption isotherms of Nip2MgosO_cp and Nig2MnggO_cp are shown in Figure 4.1. It
should be mentioned that NiMgO synthesized by co-precipitation reported elsewhere”™**® has a
surface area of 20 m?/g. In contrast, the sample NiMgO obtained from our method shows a much
higher surface area of 170 m?%g. Both NiMgO and NiMnO show a similar surface area and a
meso-size porosity which can be crucial for reactants diffusing to the active sites.
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Figure 4.1 N; adsorption isotherms of Nig2MgosO_cp and Nig2MngsO_cp.
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Figure 4.2 The XRD patterns of Nig2MngsO_cp and Nig2MgosO_cp.

Figure 4.3 TEM images of Nig2MnggO_cp.

XRD patterns of Nig2MngsO_cp and Nig2MgosO_cp are presented in Figure 4.2. It shows that
both samples are composed of a single phase of Nig2MngsO and Nip2MgosO, respectively. In
order to investigate the structure of the materials, TEM images of Nig,MnogO_cp are obtained,
shown in Figure 4.3. Large spherical aggregates in the range of 1.5-3 um are observed, which are
composed of smaller MONPs with a size of 50-200 nm, with a broad size distribution.
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4.2.2 Thermodynamic equilibrium of the DRM reaction under the standard conditions

In order to compare the real performance of the catalysts and obtain detail information about the
catalytic deactivation, the saturation of the catalyst usage and the TDE of the reaction should be
avoided. Therefore, it is necessary to obtain the data about TDE of the DRM reaction before the
catalytic studies. Since most of DRM reactions (except the long term measurements at 675 °C) in
this project are investigated with a gas molar ratio of CH,:CO;, = 1:1, the TDE is calculated based
on this gas flow. Figure 4.4 shows the TDE conversion of the DRM reaction in the reaction
temperature range of 400-800 °C. Considering the cost of energy input, it is more feasible to
proceed this reaction at relative low temperature, e.g. at or below 600 °C. When the reaction
temperature is too low, the TDE severely limits the conversion of the reactants. Therefore, 550-

600 °C will be an optimal reaction temperature from the point of view of industry.

It should be mentioned that in the following presented catalytic results, the conversion of CHy is
sometimes over the thermodynamic equilibrium limitation. The reason is that the TDE data
presented here was calculated without consideration of side reactions. In real reaction conditions,
the reverse Boudouard reaction and the reverse WGSR could convert CO, and CH,4 to C and H,0,

which shifts the equilibrium and enhance the reaction rate under the TDE.
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Figure 4.4 Thermodynamically limited conversion of the DRM reaction with the reaction
temperature range of 400-800 °C.
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4.2.3 Catalytic performance of Nip2MnggO_cp in the DRM reaction

The DRM reaction has been studied intensively at high temperature above 650 °C, which is due
to the thermodynamic limitation and the poor activity of most of catalysts at lower temperature.
Recently Meshcani et al. reported that their best performing catalyst is Ni supported on 0.1%
Pt/MgO which gives 38% conversion of CH, at 550 °C, with 200 mg catalyst and 15 L h™ gea™
GHSV.**! Another example is mesoporous La,Os-ZrO- supported Ni reported by S. Sokolov et
al.*® They tested this catalyst at 400 °C, with 100 mg catalyst and 7.2 L h™ gex* GHSV, where 5%
of H, yield and 8% of CO yield were achieved.

In this project, all catalysts are tested for the DRM reaction in a fixed-bed reactor made of quartz
with an inner diameter of 5 mm and a length of 40 mm. In order to verify the activity of the
catalyst Nip2MnggO_cp, the screening experiment of the DRM reaction over both catalysts,
Nip2MgosO _cp and NipoMnggO cp, respectively, are operated under identical conditions. The
experiment starts from 400 °C and ramps to 850 °C, with an increasing rate of 50 °C and each
temperature lasting for 0.5 h. Conversion of CH4 as a function of the reaction temperature is
presented in Figure 4.5.
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Figure 4.5 Conversion of CH4 as a function of the reaction temperature for two solid solution
catalysts Nig2MgosO_cp and Nip2MnggO_cp, respectively. Reaction conditions: CH4:CO,:N,:He
=1:1:0.5:7.5, Mear = 100 mg, GHSV =40 L h™ gear ™.
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It is obvious that Nip,MngsO_cp is much more active than Nip,MgosO_cp over the whole
temperature range. The former one has been activated since the beginning of the experiment at
400 °C and the activity is strongly growing with increasing reaction temperature, especially
between 650-700 °C. Over the catalyst Nip2MnysO, TDE of the DRM reaction is fully achieved
under these mild conditions. In contrast, Nig2MgosO_cp requires higher temperature for
activation and the catalyst starts reactant conversion at 500 °C. The activity increases slowly with
the increasing reaction temperature and achieves the maximum at 600 °C. After 5 hours reaction

at 850 °C, Nip2MgosO _cp shows no more activity. Both catalysts suffer from deactivation at

higher reaction temperature.

4.2.4 What makes Nip2MnggO_cp so active for the DRM reaction?

The screening results presented above show that Nip2MngsO cp is much more active than
Nig2MgosO_cp. In order to obtain a quantitative impression, Nip2MnogO_cp is compared with all
reported DRM catalysts tested below 600 °C 2%

Table 2 The activity of some Ni-based catalysts in the DRM reaction below 600 °C.

catalyst Tr (°C) GHSV (Lh™gear)  Mear (MQ) Xcha (%)
Nlon nolgo_Cp 550 80 50 30
Ni/Mg0/0.1% Pt*** 550 15 200 30-38
Ni/Zro,® 500 15 200 10
5% H,
Ni/La,04/Zr0,% 400 7.2 100
8% CO
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Interestingly, Nio>MnogO_cp shows higher activity than any other Ni-based catalysts, including
Pt doped NiMgO solid solution. Considering the impressively high activity, one would ask, why
IS Nip2MnogO_cp so active in the DRM reaction? What decides or affects the activity of this

catalyst?

Nip2MnogO _cp and Nip2MgosO _cp are prepared under identical conditions, with the same
atomic ratio of Ni/Mn or Ni/Mg as 1/4, and with very similar surface area of 150-170 m%g. BET
isotherms of these 2 catalysts are shown in Figure 4.1. The XRD patterns in Figure 4.2 indicate
that both catalysts form a solid solution before being applied to the DRM reaction. The most
probable answer for the much higher activity of NiMnO catalyst is SMSI between Ni and MnO,
which is absent between Ni and MgO. Due to SMSI, the NiMnO catalyst possesses special
properties such as suppressed adsorption of CO and H,, significant enhancement of the boundary

surface, which makes it more active for the DRM reaction.

For a Ni catalyst, the active sites are atomic Ni° or Ni° clusters. Therefore, besides of the strong
influence of the support, the concentration of surface Ni atoms which decides the size of reduced
Ni° particles is another crucial factor: high concentrations cause Ni clusters agglomeration,
therefore resulting catalytic deactivation. Low concentrations can avoid Ni clusters
agglomeration but cause sparse active sites resulting in low activity. Conclusively a suitable
concentration of surface Ni atoms is important for synthesizing a highly active catalyst. Figure
4.6 illustrates possible factors influencing the activity of a Ni catalyst in the DRM reaction.
Essentially, the dispersion and stability of surface Ni° atoms/clusters decide the catalytic
performance of a Ni catalyst. Therefore, the factors or conditions influencing the formation of Ni°
active sites become especially important. Taking NiMnO catalyst as the example, the most

important factors can be:

1. The interactions between reduced Ni and the support MnO help to stabilize Ni° on the surface
of MnO. Moreover, the strength between Ni** and the unit cells has significant impact on Ni*

diffusion, which strongly affects the concentration of surface Ni.

2. The concentration of Ni loading in the catalyst has a direct impact on the formation of active
sites Ni°. Ni cluster sintering/agglomeration can be suppressed by decreasing the concentration of

Ni therefore stability of the catalyst is enhanced.
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A Diffusion path of Ni2* to the surface of metal oxides particles
@® Surface Ni”: active sites

Figure 4.6 lllustration of possible factors which influence the activity of a Ni catalyst in the
DRM reaction.

3. The size of MONPs decides the diffusion path of Ni®* to the surface. Smaller MOs give shorter
diffusion paths and contribute to faster Ni° formation therefore bring higher activity.

4. 1t has also been reported that the catalyst with very low Ni loading requires high reduction

temperature and long reduction time to form a surface Ni’.

4.2.5 Influence of Ni loading on the activity of NiMnO catalyst

As discussed above, a suitable Ni concentration in the catalyst is the most direct factor to control
the formation of surface Ni°. In order to find the suitable concentration, a series of NixMn1.,O_cp
samples (Nio.osMng.gsO, Nig1MnogO, Nio2MnosO and NigsMngsO) are prepared by co-
precipitation with identical procedure. (The screening results shown here were provided by
Patrick Littlewood)

Figure 4.7A is the screening results of the DRM reaction over the catalysts NigosMnggsO,

Nip.1Mng 90, Nig2MnggO and NipsMngsO prepared by co-precipitation methods. For all catalysts,
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Figure 4.7 Screening experiments over NiposMng.gsO_cp, Nig1MnogO _cp, Nig2MnegO_cp and
NiosMngsO_cp catalysts. Reaction temperature 500-550 °C, feed gas CH4:CO,:He = 1:1:8, M¢y =

Time on stream (h)

50 mg, GHSV =80 Lh* g™

the activity increases as ramping up the reaction temperature. Except NipsMngsO, the other
catalysts show an increasing activity at a higher Ni loading from Ni(0.05) to Ni(0.2). At 500 °C,
all catalysts show deactivation, which is most probably due to the surface carbon deposition
caused by CH,4 decomposition. The later occurring higher stability at higher reaction temperature
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indicates the removal of surface carbon by the reverse Boudouard reaction; at 525 and 550 °C,
Nig.0sMng 950 and Nig1Mng g0 are stable however Nig2MnggO and NigsMngsO show deactivation,
especially at 550 °C. It is noticeable that the enhancement of CH, conversion from Nig.0sMng.9sO
to Nig1MngoO is higher than that from Nip1MnogO to Nig2MnggO. From the catalytic
performance of NixMn.,O, one can conclude that Nig1Mng¢O is the optimal catalyst due to its

good stability as well as activity.

In order to obtain a direct impression of the activity of NixMn;xO_cp samples series, the turn
over frequency (TOF) of CH,4 as a function of time on steam is presented as Figure 4.7B. It is
assumed that all Ni atoms are identical active sites and the TOF of CH, is calculated per mg of
Ni. It is not surprising that NigsMngsO_cp has the lowest TOF and the TOF increases with
decreasing Ni loading, since the catalyst with higher Ni loading has higher concentration of
surface Ni and a more severe Ni particle sintering problem. This significantly decreases the
number of active sites and causes lower TOF.

4.2.6 Stability study of bulk Nig2MnygO_cp catalyst

Generally, carbon deposition by the Boudouard reaction (eq.10) is favoured at low temperatures
and low amounts of CO,. In order to minimize this effect, the fraction of carbon dioxide is raised
to 0.67 and reaction temperature is increased to 675 °C. Based on thermodynamic calculations
using values from the NIST database,™ under these conditions, surface carbon deposition is less
favourable. A long term measurement (LTM) is performed at 675 °C with the catalyst
Nig.2MnogO _cp, presented in Figure 4.8.

Since Ny is excluded from the molar fraction calculation, ideally, before any reaction starts the
molar fraction of CO, and CH,4 should be 0.83 and 0.17, respectively, with zero yields of CO, H;
and H,0. In Figure 4.8, the first point of all components (especially in case of CO,, CO and H,0)
at the beginning of this experiment is discrete from others, which is also observed in other
experiments. The first points of molar fraction reveal a complete consumption of CHy, little or no
conversion of CO,, a low yield of CO and a high yield of H, and H,0. Based on this information
one can certainly assume that the dry reforming reaction over Nip2MnggO_cp catalyst starts from

CH, decomposition reaction, described by eg. 9, and CO; is mainly reduced by H, (RWGS, eq. 8)
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instead of surface carbon (the Boudouard reaction, eq.10). The rate of CH, decomposition
reaction is obviously much higher than that of the Boudouard reaction.
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Figure 4.8 A LTM over Nip2MngsO_cp in the DRM reaction. Molar fraction of all components
as a function of time on stream. (M = 64.4 mg, reaction temperature 675 °C, GHSV = 47 L h*
g*, feed gas CH,:CO,:N, = 1:5:1.5. Note that N is excluded from molar fraction calculation.)

From the 2™ point of molar fractions, there is a strong decrease of CO, fraction and an increase
of CO fraction, meaning a high conversion of CO, and high yield of CO. By comparison, the
fraction of CH,4 and H; are nearly unchanged. However, the fraction of H,O decreases greatly. It
is not difficult to conclude that the rate of the Boudouard reaction largely increases and thereby
the surface carbon produced by CH4 decomposition is quickly removed.

During the first 13 hours, the catalyst shows severe deactivation. It could be caused by the
coverage of the active sites by deposited carbon; it could be also resulted from structural change
of the catalyst, such as pore collapsing and phase transition. After 70 h measurement, the activity

elapsing of the catalyst tends towards stability. It is imaginable that as time of the reaction, a
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steady state could be achieved where the rates of eq. 9 and eq. 10 are equal, and the structure of

the catalyst become stable.

In order to distinguish between the reasons of the deactivation by either coke formation or
particle sintering/Ni® agglomeration, a reoxidation procedure is established. In case of the
deactivation caused by coke formation, a reoxidation can remove the deposited carbon
completely and recover the original activity of the catalyst. If the deactivation is caused by
particle sintering or agglomeration, the process of reoxidation will not help to recover the lost
activity. The reoxidation experiment is processed as follows: after the LTM (70 h reaction at
675 °), the catalyst is treated by oxidation under air flow to remove the possible deposited carbon
and subsequent reduction under H, flow for the new application to the DRM reaction. The
reoxidation experiments are repeated in 3 runs, 1% and 2™ run with 1 h oxidation and 3" run with

2 h oxidation time.
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Figure 4.9 Reoxidation experiments of Nig2MngsO_cp in the DRM reaction. Conversion of
methane as a function of time on stream. (m¢; = 64.4 mg, reaction temperature 675 °C, GHSV =
47 Lht g?, feed gas CH4:CO2N; = 1:5:1.5)

After the reoxidation experiments, shown in Figure 4.9, the conversion of CH, starts at a much
lower level compared to that of the original LTM, so one can infer that the main reason of the
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deactivation that occurred during the LTM must be agglomeration of Ni° clusters to larger Ni°
NPs. Therefore the activity is unable to be reestablished by the subsequent reoxidation. Carbon
deposition can be accompanied as a minor factor. During the reoxidation recycling, the catalyst
shows very similar catalytic behavior and the activity of the catalyst is able to be reestablished
after the reoxidation treatment, which strongly indicates that the deactivation occurred during
reoxidation recycling should be caused by carbon deposition. Furthermore, the same conversion

of CH, in the beginning of each run indicates that the carbon coverage is removed completely.

Based on the information from the LTM and reoxidation experiments, one can conclude that
during catalytic application, particle sintering is the dominant reason for the catalyst deactivation,
which is more pronounced in the beginning of the reaction and causes an exponential decay of
the activity; in comparison, carbon deposition is a minor factor for the catalyst deactivation,

leading to a slower and linear deactivation with reaction time.

XRD patterns and TEM images of Nip2MngO_cp after the LTM are obtained. In Figure 4.10,
the XRD patterns reveals an increase of crystallite size after the reaction (as shown in Table 3,

page 61), which indicates particle ripening or sintering during the DRM reaction.
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Figure 4.10 XRD of Nip2MngsO_cp before and after the LTM at 675 °C for 60 h. (> noted as
the phase of Ni%
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Furthermore, the characteristic peaks from Nig2MngsO cp are shifted to lower 20 after the
reaction, which indicates lower concentration of NiO in the solid solution. The missing Ni**
diffused to the surface and was reduced to Ni°.The occurrence of a new phase of Ni® (noted from
the two small peaks at 20 44° and 52°) can confirm it. Since metallic Ni’ is the active site for the
DRM reaction, one could imagine that the agglomeration of metallic Ni to Ni® NPs is one of the

main reasons for the catalyst deactivation.

TEM images revealed a severe particle sintering during the DRM reaction, shown in Figure 4.11,

consistent with the information from the XRD patterns.

Figure 4.11 TEM images of Nig2MnogO_cp after the LTM at 675 °C for 60 h.
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4.3 NiMnO nanocrystallites supported on porous silica for the DRM

reaction

As discussed in part 4.2, the solid solution Nip2MnogO_cp is highly active over the DRM
reaction and this catalyst already exhibits activity since the beginning of the reaction at 400 °C.
On the other hand, the catalyst shows deactivation after several hours of reaction. The most
important issue is to avoid the deactivation while the high activity remains. From the view of
microstructure, the catalyst should have the following characters: relative low Ni** concentration
but fast Ni?* diffusion. Fast Ni** diffusion ensures an easy formation of surface Ni° therefore
provide a high activity; low Ni?* concentration forming smaller Ni° clusters with high dispersed
species can avoid the agglomerations of Ni’clusters and therefore the catalyst deactivation. In this
chapter, it will be discussed in detail how to fulfill the goal by a nanocrystallite catalyst NiMnO
with additional SiO; support material by a combined preparation method of co-precipitation and
sol-gel process.

4.3.1 Advantages of silica as catalyst support

Among the catalysts for the DRM reaction, there are various oxides which are used as support,
such as SiO,, Ca0O, MgO, Al,03, CeO,, TiO,, La,0Ozand ZrO; etc. Basically those supports are
separated as two types: acidic and basic supports.

The support material plays an important role in the reaction. It influences the adsorption of both
reactants and products. For example, CH4 has much stronger adsorption on acidic supports; on
the other side, CO, shows stronger adsorption on basic supports so that surface carbonate species
can be formed which removes deposited carbon from the catalyst surface. Therefore it is assumed
that basic supports can inhibit carbon deposition. Besides, when the support interacts with the
metal, it can significantly affect the catalytic properties of the catalyst. A strong interaction
between the support and metal makes the catalyst more resistant against sintering and coking, but

also less active.

In this project, we choose SiO; instead of basic metal oxides as the support, because certainly no

metal-metal interaction exists between silica and the catalyst. Therefore, it is expected to see that
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the addition of silica shows no disturbance to the formation of the solid solution of NiMnO.
When a metal oxide with different crystal structure from NiO/MnO is used as the support, the
formation of the solid solution NiMnO can be disturbed. As a catalyst, NiMnO solid solution is
highly active in the DRM reaction. Our goal is not to study the effect of different supports to the
catalyst. Instead, we are interested in the optimization of catalytic properties of NiMnO by
decreasing the size and increasing the surface area of NiMnO NPs.

4.3.2 Synthesis and characterization of Nig2Mng sO/SiO, nanocrystallites

From the results presented in Chapter 4.2.5, among the series of bulk catalysts NixMn;.xO with
different Ni loading, Nip1Mno¢O exhibits best catalytic performance with good stability as well
as high activity. In case of silica supported NiMnO catalyst, considering the addition of silica
(equal molar amount as metal oxides), we choose Nig2MnygO/SiO, as a standard catalyst to

ensure the same overall Ni loading as the bulk catalyst Nip.1MngO.

A NiMnO/SiO, catalyst, named Nig2MnygO_cp-SiO,, is prepared using a combination of co-
precipitation with a sol-gel process forming the silica phase. Sodium silicate Na,SiO3, also named
as water glass, is chosen as the silica precursor. It is worth to mention that this chemical is very
cheap with the price of 25 EURO for a 5 kg pack.

During the synthesis, first a Na,SiOssolutionis mixed with the precipitation precursor NaHCOs.
In order to obtain suitable gelation kinetics of Na;SiOs, a certain amount of HCI solution is added
to the mixture until the pH decreases to ~ 10, where Na,SiO; starts gelating. Subsequently the
metal salt precursors are added to the mixture drop wise. Due to the dispersion of NaHCOjs in the
gel and also the drop wise addition of metal salt precursors, NiCOs; and MnCOs; precipitate
slowly and therefore highly disperse in the silica gel formed meanwhile. This one-pot approach is
practical for industrial catalysts synthesis due to its large scalability, ease and simplicity without
any tedious or time consuming processes. With this new method, NixMnixO nanocrystallites
dispersed on porous silica can be obtained. The following detailed characterization and catalytic
information will show the benefits of the catalyst obtained from this one-pot approach.
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The samples prepared by co-precipitation method are named MeMe’yO_cp-SiO,. X and y
indicate the molar fraction of the corresponding metal. Without any additional note, the molar

ratio of metal oxides to silica is 1. The detail preparation process is shown in Chapter 3.1.2.

In order to investigate the influence of silica on the dispersion of the NiMnO catalyst,
Nig2MngsO _cp-SiO, is compared with Nig2MnosO_cp at each state. In Figure 4.12, H,-TPR
profiles of the as synthesized materials (before reduction), Nig2MnysO_cp-SiO, and
Nig.2MnogO_cp, show two dominant peaks in temperature ranges between 200-250 °C and 300-
350 °C, respectively, which is probably attributed to the reduction sequence from MnO; to
Mn3QO,4 and finally to MnO. First of all, one can realize that the area of each peak from the sample
Nip2MnggO _cp-SiO, is much smaller than that from Nig>MnygO_cp, which is caused by the
lower content of manganese oxide due to the dilution by SiO,. Secondly, compared to
Nig2MngsO_cp, Ho-TPR profile of Nig2MngsO_cp-SiO; is shifted to lower temperature, which
indicates that MnO; can easier be reduced to MnO and therefore easier form a solid solution of
NiMnO. By that it could be inferred that Nig2MnysO_cp-SiO, can be activated at lower reaction

temperature.
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Figure 4.12 H,-TPR profiles of Nig2MnggO_cp-SiO, and NigMnygO_cp before reduction.
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The samples Nig2MnggO_cp-SiO, and Nip2MnggO _cp before reduction are additionally
determined by XRD. The XRD patterns are presented in Figure IV (Appendix A, page 110).
Before reduction both samples are composed of mixed phases of MnO, and NiMnOs. This
confirms the assumption from the TPR experiments that the two dominant peaks are attributed to

the reduction from MnQO; to Mn,0O3 and from Mn,O3 to MnO, separately.

In all XRD patterns of NiyMn;xO_cp-SiO, samples, a broad peak at 26~22° is noted as the
characteristic peak from silica. It must be noted that in case of all silica supported samples, the
silica peak at 206~22° is excluded by baseline subtraction, to obtain a clear and high resolution

XRD patterns. The XRD patterns of the catalysts are presented in Figure 4.13.
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Figure 4.13 XRD patterns of Nig2MnggO_cp-SiO, and Nig2MnogO_cp.
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It can be seen that a solid solution of NixMn;4O is formed in both cases. A metal ratio
corresponding to x = 0.2 reflects the initial molar ratio of the metals used in the synthesis. This
ratio is also found in the final oxide by ICP measurements (see Table 3). The similar peak
positions in both patterns furthermore show that the simultaneous formation of an amorphous
silica phase in Nip2MnggO_cp-SiO, indeed does not influence the crystal structure formation or

composition of the ternary oxide. However, compared to Nig,MnogO_cp, the pattern of
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Nig.2MnggO_cp-SiO, shows much broader peaks indicating the formation of smaller crystallites.
Applying the Scherrer formula, an average crystallite size of around 30 nm is found for the bulk
oxides, while this is greatly reduced to around 10 nm for the supported oxides (Table 2). Also an
increased surface area of 221 m%g is found for Nip2MnggO cp-SiO, by nitrogen sorption
measurements. This noticeable increase of the surface area is not only due to the smaller particle
size of the metal oxide, but it can be assumed that also the silica phase had a large contribution.

Table 3 Summary of the structural properties of the catalysts.

SBET CI’yStal size® (nm) ICP Cdeposited

Sample name Preparation
method?
(m?/g) B.R¢ AR Ni %¢ w.t.%f
Ni, ,Mg, 3O cp cp 170 - - 0.200 ---
Ni, ,Mn, ;O cp cp 158  24.5/33.2 35.0/35.6 0.201 2.38

Nij,Mn 4O _cp-Si0,  cp-Si0, 221  10.5/8.5 21.2/192 0200 3.54/0.21

% cp: co-precipitation; cp-SiO2: co-precipitation combined with a sol-gel process of

Na,SiO3-5H,0.

® The crystal size is derived from the Scherrer equation using the (1 1 1) and (2 0 0) peaks of the
diffractogramm.

° B.R.: before the catalytic reaction

¢ AR.: after 40 h at 525 °C in the DRM reaction.

® molar fraction of Ni/(Mn+Ni).

"the results of carbon deposition is obtained by elemental analysis. Nio2MnesO_cp is tested after
the reaction at 525 °C for 40 h; Nig2MnggO_cp-SiO; is tested after the reaction at 525 °C for 40 h
and at 500°C for 60 h separately.
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Figure 4.14 TEM images of Nig2MnogO_cp (A-C) and Nig,MnogO_cp-SiO, (D-F).

In order to further investigate the structure of the materials, TEM images of Niy>MnygO_cp and
Nig.2MnogO_cp-SiO, are shown in Figure 4.14. Figure 4.14 A-C show the sample Nip2MngsO _cp
obtained from co-precipitation. Large spherical aggregates in the range of 1.5-3 um are observed,
which are composed of smaller metal oxide particles with a size of approx. 100 nm, however
with a broad size distribution. In contrast, for Nig2MnygO_cp-SiO, (D-F) no large metal oxide
aggregates can be seen. Instead, MONPs with a diameter of 6-10 nm are observed, which are
dispersed on the amorphous silica support. The addition of the silica phase indeed efficiently
suppresses the agglomeration and improves the dispersion of MONPs. The approach shown here
therefore provides a simple and feasible pathway for the one pot synthesis of supported MONPs,

even with mixed metal compositions.

4.3.3 Catalytic performance of Nip2MnggO/SiO, in the DRM reaction

The nanocrystalline catalyst of Nig2MngsO supported on silica is applied for the DRM reaction.

It is desired to find out, if and how the additional presence of the silica support and the structure
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variation introduced by the here discussed one-pot approach (co-precipitation combined with sol-
gel process) influences the catalytic performance of Nig2MngsO. Therefore, the supported
catalyst Nig2MnogO _cp-SiO, is compared to the bulk catalyst Nigo,MnggO cp during the
following catalytic applications. In order to enable such a comparison, Nip2MnesO cp and
Nig.2MnosO_cp-SiO; are tested for the DRM reaction under identical conditions.

4.3.3.1 Activity study

Figure 4.15 is a screening experiment over catalysts Nip2MngsO_cp and Nip2MngsO_cp-SiO; at
low reaction temperature range between 500-550 °C. Obviously the catalyst Nig2MngsO_cp-SiO,
shows a much higher activity than Nip2MngO_cp during the whole reaction. At 550 °C, with the
catalyst Nig>2MnogO_cp-SiO,, methane conversion is still over 30% after 17 h reaction time on

stream. Despite of high activity, one has to admit that the deactivation is also pronounced for
both bulk and nanocrystalline catalysts.
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Figure 4.15 Methane conversion as a function of time on stream overNip2MnesO _cp and
Nig2MngsO_cp-SiO; catalysts. Feed gas CH4:CO,:Nz:He= 1:1:0.5:0.75, for Nip2MnogO_cp, Mcat
=50 mg, GHSV = 80 L h™ g™; for Nip2MnogO_cp-SiOz, Mex = 100 mg, GHSV = 40 L h™ g™.
The net mass of Ni is 7 mg for both catalysts.
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4.3.3.2 Long term stability at 525 °C

In order to obtain more detailed information about the catalyst deactivation and consequently to
improve the catalyst by tuning and modifying the structure, some long term experiments are
carried out with the nanocrystalline catalyst Nig2MngsO_cp-SiO;.

ok ' - - Thermddynan'llic eqﬁilibriuIm
[ | NiuzMnuO_cp
0.4 A Ni ,Mn O_cp-SiO, -
Snser S e e S e e R
I ““m
><0 0.3 - A“A ]
AL,
Ay
Ad,L
Al
024 . Add, T
n
.
e (LD
0.1 ]
T T T T T T B T
0 10 20 30 40

Time on stream (h)

Figure 4.16 CH,4 conversion as a function of time on stream over catalysts Nip>MnygO_cp and
Nig2MnggO cp-SiO,. Reaction temperature 525 °C, CH4:CO,:N2:He = 1:1:0.5:7.5 (Note that a
double amount of Nip2MnggO_cp-SiO; is used to observe the same molar amount of Ni in both
catalysts. For Nigz2MnggO_cp, Mea = 50 mg, GHSV = 80 L h™ ge™; for Nig2MnosO_cp-SiO.,
Mear = 100 mg, GHSV = 40 L h™ geac ).

Figure 4.16 shows the CH,4 conversion as function of time on stream over both catalysts
Nip2MnggO cp and Nip2MnggO _cp-SiO,. Both bulk and supported oxides show significant
activity and Nig2MnggO can easily achieve TDE under mild condition below 550°C in the DRM
reaction, which prevails over other reported Ni catalyst in the DRM reaction. Moreover,
Nig.2MnggO_cp-SiO, shows a much higher activity than Nig2MnysO_cp among the whole course
of the experiment and it achieved the TDE during the first 10 h, even though deactivation of this

catalyst is more significant.
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It should be mentioned that CH,4 conversion differs at 525 °C from the screening results (Figure
4.15) to the LTM results (Figure 4.16). In the screening experiment, the DRM reaction starts
from 500 °C. When the temperature increases to 525 °C, both the structure and surface
composition of the catalyst have changed. However, in the LTM measurement, the catalyst is

fresh. Therefore it is impossible to compare the Kinetics of these two experiments.
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Figure 4.17 XRD patterns of Nig2MnggO_cp and Nig,MnysO_cp-SiO, after 40 h time on stream
measurement at a reaction temperature of 525 °C. The symbol (><) denotes diffraction peaks of

Ni° phase.

In order to identify possible changes in the structure of the catalyst, XRD measurements are
carried out on the material after the DRM reaction, shown in Figure 4.17. In case of
Nio.2MngsO_cp no considerable change in the XRD patterns is observed, beside a further increase
in crystallite size (shown in Table 3), indicating particle sintering during the DRM reaction, a
possible reason for the observed slow deactivation. Nig2MnggO_cp-SiO, also shows some
enlargement of the Nix\Mn1.O crystals, but additionally new distinct diffraction peaks attributed
to formation of a Ni° metal phase are observed. Accordingly the peaks corresponding to the metal

oxide slightly shift to lower angles, which is due to the depletion of nickel in the solid solution.

Notably, the formation of small NPs of the solid solution seems to facilitate the diffusion of Ni

species to the surface and the reduction of Ni** to Ni° clusters, which is probably the main reason
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for the significantly enhanced activity of the supported solid solution catalyst Nig2MnogO_cp-
SiO,. On the other side, the facilitated reduction rate causes the agglomeration of Ni° clusters to
larger Ni® NPs, which results in stronger deactivation in comparison to the bulk material.

Elemental analysis is also applied to investigate carbon deposition on the surface of the catalyst
during the reaction. After 40 h reaction at 525 °C, both Nip2MngsO_cp and Nip2MngsO_cp-SiO;
show carbon deposition on the surface, with 2.38% and 3.54%, respectively (Table 3). This
indicates that with both, bulk and supported Nip>MnygO catalysts, carbon deposition on the
surface of the catalyst is not a sincere problem in the DRM reaction. Instead, Ni’°NPs
agglomeration could be the major problem which causes the catalyst deactivation.

In order to obtain dynamic information about the formation of Ni° clusters or NPs, PXRD
patterns of the catalyst Nig2MnogO_cp-SiO,, after 1 h, 10 h and 40 h in the DRM reaction are
performed, presented in Figure 4.18.
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Figure 4.18 XRD patterns of Nip2MnogO cp-SiO, after 1 h, 10 h and 40 h over the DRM
reaction at a reaction temperature of 525 °C. The symbol denotes diffraction peaks of () — Ni°
phase.
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From Figure 4.18, one can see that after 1 h reaction just very weak peaks for Ni° can be
identified, while after 10 h these peaks become more noticeable and finally become the most
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prominent features in the diffractogram after 40 h reaction. Besides the relative intensity, the
average size of the Ni° crystallites also increases with prolonged reaction time. Thus indeed the
agglomeration of Ni° clusters to larger Ni® NPs is the main reason for the catalyst deactivation.

To verify the effect of the reaction temperature on the formation of Ni® and therefore the stability
of the supported solid solution catalyst, a LTM using Nig2MnogO_cp-SiO, is conducted at
500 °C and 550 °C separately, shown in Figure 4.19.
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Figure 4.19 The long term stability of Nip2MnggO cp-SiO, in the DRM reaction. CH,
conversioln als a function of time on stream. m¢,; = 100 mg, CH4:CO,:N;:He = 1:1:0.5:7.5, GHSV
=40Lh™g".

As expected, also at 550 °C, the catalyst is deactivating rather fast, here even from the beginning
of the reaction and reaches a steady state just after 45 h. At least, afterwards the catalyst is
showing stable performance still at relatively high level. Beside the formation of large Ni® NPs,
BET measurements reveals that in the surface area of Nip2MnogO_cp-SiO, decreases from 221
m?/g to 128 m%g at 550°C after 65 h reaction, while just negligible changes are observed at
500°C. Thus for the catalyst at 550°C structural changes of the support or particle sintering can
be an additional reason for the observed deactivation. At 500 °C the catalyst shows remarkable

stability during the whole course of the reaction even after 60 h.
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Indeed PXRD of the catalyst after the LTM in Figure 4.20 verifies the assumption that no larger
Ni® NPs are formed at this temperature, instead, just very weak and broad peaks which can be
attributed to the formation of Ni® are observed. Additionally the catalyst is investigated by
elemental analysis. After 60 h at 500 °C only a trace amount of carbon is observed (0.21%). Thus
one can conclude that at relative low temperature, the reduction velocity of Ni** to Ni° is
restricted and Ni® can be highly dispersed on the surface of the ternary oxide, by that the
agglomeration of small Ni° clusters to larger particles can be suppressed, therefore the formation
of carbon deposition is suppressed, which ensured the stability of the catalyst.
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Figure 4.20 XRD patterns of Nig2MnygO_cp-SiO, after 60 h LTM at 500 °C.

4.3.3.3 Long time stability at 675 °C

In order to inhabit carbon formation on the surface of the catalyst, a LTM with the catalyst
Nig2MnggO_cp-SiO; is measured at 675 °C and the fraction of carbon dioxide is raised to 0.67,
presented in Figure 4.21B. The reaction conditions are similar as the LTM with the bulk catalyst
Nig2MnggO_cp (Figure 4.21A).
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Figure 4.21 A LTM of Nig>MnygO_cp-SiO, (down, B) for the DRM reaction at 675 °C. Molar
fraction of all components changes with time on stream. (GHSV = 30 L h™ g, feed gas
CH4:CO2:N, = 1:5:1.5, Note that N is excluded from molar fraction calculation.) For comparison,
Figure 4.8 (upper, A) is presented together.
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From these two LTMs, overall speaking, the SiO, supported catalyst Nig2MnggO_cp-SiO, shows
similar catalytic performance as the bulk catalyst Nip2MnggO_cp: the molar fraction of CO,, CO
and H,O over the 1% point is discrete from that of the following points; the first points of molar
fractions show a complete consumption of CHy, little or no conversion of CO, and a low yield of
CO,; as the reaction time proceeds, the molar fraction of CH, and CO;, is increasing, in parallel the
yield of H, and CO is decreasing. However, these are also some different phenomena in these

two experiments:

1. In case of the first point (the reaction starting point), there is no H,O formation over the
catalyst Nip2MnggO _cp-SiO,. In contrast, H,O formation is relatively high over the catalyst
Nig2MngsO_cp. From the view of the whole reaction range, the molar fraction of produced H,O
also shows large differences in these two catalysts. Over the bulk catalyst, the fraction of H,O is
between 0.01 and 0.05 during the whole reaction; oppositely, over the supported catalyst, only a
neglectable amount of H,O is produced. This means that the RWGS reaction is stronger inhibited
over the supported catalyst Nig2MnggO_cp-SiOs.

2. Nip2MngsO_cp-SiO; is stable in the beginning and starts deactivation after 7 h reaction. After
65 h reaction, the catalyst shows very low activity with the molar fraction of H, and CO 0.01 and
0.05, respectively. The activity somehow achieves a steady state. In case of the bulk catalyst
Nio2MngsO_cp, the catalyst shows deactivation right after the start of the DRM reaction and the
deactivation rate slows down after around 15 h but it has not approached the steady state yet after
65 h reaction. In the end, the molar fraction of H, and CO is 0.08 and 0.23, respectively, which is
much higher than that over the supported catalyst Nig2MnygO_cp-SiOs.

3. With the supported catalyst, the molar ratio of CO/H, remains at a value of 1.1 during the first
10 h reaction and increases up to 5.5 with time on stream because of the low yield of H,. With the
bulk catalyst, the molar ratio of CO/H; is fluctuating between 1.8 and 3.0 along the whole
reaction time. This indicates that the rates of CH, decomposition reaction and the Boudouard
reaction differ over the bulk and the supported catalysts.
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Figure 4.22 XRD patterns of Nip>MnosO_cp-SiO, before and after 1 h, 80 h reaction at 675 °C.
(Note that the additional SiO, phase of the catalyst after 80 h reaction is from the external
mixture of SiO, beads in order to dilute the catalyst.)

Nig2MnggO_cp-SiO; after the LTM at 675 °C is characterized by XRD to obtain information
about the deactivation mechanism. In Figure 4.22, XRD of Nig2MnsO_cp-SiO, before, after 1 h
and 80 h in the DRM reaction (at 675 °C) are presented. As mentioned above, before the reaction,
Nig.2MnggO _cp-SiO, is composed of a solid solution of Nip2MnggO phase (marked as *). After 1
h reaction already a significant phase change has occurred. The solid solution phase disappeared,
instead Mn,SiO,4 (marked as o) and Ni® (marked as A ) phases are formed. After 80 h reaction, the
catalyst presents a relative higher intensity of Mn,SiO, and an extra phase of NigMnOg (marked
as A). This shows that the net content of Ni° is decreasing during the reaction caused by the
transition of Ni° to NigMnOg phase. Therefore, one can conclude that NigoMnosO_cp-SiO,
catalyst is less stable than Nig2MnogO_cp at higher temperatures (> 600 °C) due to the phase
transition of Nip2MnggO to Mn,SiO, and NigMnOg phases. In contrast, at lower temperatures (<

550 °C), Nig2MngsO_cp-SiO, shows impressively high stability as well as high activity.
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4.3.4 NigsMng gs0O/SiO; calcined at high temperature

In Chapter 4.3.2 and 4.3.3, it is shown that the solid solution Nig2MnggO is highly active for the
DRM reaction. However, this catalyst suffers from the fast deactivation. There are two main
reasons for the catalyst deactivation, particle sintering and carbon deposition individually. The
former one is dominant in the beginning of the reaction causing an exponential decay of the
activity and this effect becomes weaker or even disappears as reaction time proceeds; the latter
one is a relative minor factor, leading to a slower and linear deactivation during the whole

reaction time period.

A simple method to inhibit the effect from particle sintering during reaction applications is
calcining the catalyst at high temperature or decreasing the loading of Ni. During high
temperature calcination particles have sintered, therefore this effect will not further disturb the
catalytic behavior of the catalyst during the reaction applications. Based on this idea, a new
catalyst of NigosMnggsO_cp-SiO; is prepared. It is calcined at 750 °C for 4 h. The obtained
material is investigated by TPR. Afterwards this material is reduced under H; at 750 °C for 4 h
and investigated by XRD. It is named as NigsMnggO_cp-SiO,_750.

In Figure 4.23, H,-TPR profile of as synthesized NigosMnggs0_cp-SiO,_ 750 (before reduction)
shows a dominant peak at 577 °C and a small peak in the range of 706-730 °C. Considering the
large difference of area, these two peaks are most probably attributed to the reduction sequence
from Mn*" to Mn?" and from Ni®* to Ni°. This is different from the TPR profile of as synthesized
Nig2MngsO_cp-SiO,_500, in which two peaks occurring between 200-250 °C and 300-350 °C
respectively with similar area are attributed to the reduction sequence from Mn** to Mn** and
finally to Mn?. The appearance of peaks at much higher temperature indicates that

Nig.0sMng.9s0_cp-SiO,_ 750 is much more difficult to reduce.
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Figure 4.23 H,-TPR profile of Nig0sMng9s0_cp-SiO, 750 before reduction.

Compared to NixMn1.xO_cp-SiO,_ 500, NiposMnogsO_cp-SiO,_750 is more difficult to reduce.
This phenomenon is also observed in case of the solid solution catalyst Nigo3sMgoe70.” The
calcination of this catalyst proceeded at 850 °C and the following reduction process required the
same high temperature. Therefore, NigesMnggsO _cp-SiO,_ 750 is reduced at 750 °C for 4 h
before the catalytic applications. Figure 4.24 shows the XRD patterns of NigosMnggsO_cp-

SiO,_750. It indicates that a solid solution phase is formed.
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Figure 4.24 XRD patterns of NiggsMnggsO_cp-SiO,_750.
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Figure 4.25 A: CH, and CO; conversion as a function of time on stream with the catalyst
Nig.0sMng.9sO_cp-SiO, 750, B: the zoom into plot A between 500 and 575 °C, in the DRM
reaction for 5 days. Reaction conditions: me; = 50 mg, GHSV =80 L h* g™.

Nig.0sMng9sO_cp-SiO,_750 is applied to the DRM reaction. Figure 4.25 shows the catalytic
performance of this catalyst in the DRM reaction. The reaction temperature starts from 500 °C
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and is increased in steps of 25 K/h to 600 °C. Between 500-575 °C, each temperature is held for 5
h and afterwards the reaction is settled at 600 °C for 100 h. (the screening results shown here
were provided by Patrick Littlewood.)

From Figure 4.25 some interesting information can be deduced:

1. Between 500 - 575 °C, NigsMnggsO_cp-SiO,_750 shows very similar catalytic behavior as
Nig2MngsO_cp-SiO, 500 (Figure 4.15). This catalyst is stable at 500 °C but deactivates fast over
500 °C, and the activity increases as ramping reaction temperature. Since the catalyst is calcined
at 750 °C for 4 h, it is doubtful that the fast deactivation is caused by particle sintering. The later
activity jumping at 575-600 °C also can prove that the fast deactivation between 500-575 °C

could not be caused by particle sintering since this effect is not reversible.

2. Between 500 - 525 °C, especially at 500 °C (the starting stage of the reaction), conversion of
CH, is much higher than that of CO,, which indicates that the rate of CH, decomposition (eq. 9,
AgH® = 75.6 kiJ/mol) is higher than that of the reverse Boudouard reaction (eq. 10, AgH® = 172
kJ/mol) in this temperature range. This is reasonable because CH,4 decomposition is much less
endothermic than the reverse Boudouard reaction which makes CH, decomposition much more
preferable at low reaction temperature. Due to the predominant CH4 decomposition reaction,
carbon species are not able to react with CO, and to be removed completely from the surface of
the active sites, which causes the fast deactivation between 500-575 °C. As the reaction
temperature increases, the reverse Boudouard reaction is accelerated. Therefore, the surface
carbon is removed fast by that the deactivation is inhibited and the activity of the catalyst is

recovered.

3. When the reaction temperature increases to 600 °C, NigosMnggsO _cp-SiO, 750 shows
dramatically increasing activity and achieves highest activity in several hours. The reaction
achieves TDE with only 50 mg catalyst and high value GHSV 80 L h™ g™ This catalyst is
relative stable and the conversion of CH, or CO; remains over 50% after 5 days running. Since
structural change is avoided by the high calcination temperature, the occurred weak deactivation
at 600 °C is most probably a result of surface carbon deposition (due to a slighter higher CH,4
conversion compared to CO, conversion) or a phase transition. A further characterization can

help to find the answer.
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Figure 4.26 XRD patterns of NigsMnggsO_cp-SiO,_ 750 (after 5 days running at 600 °C) and
Nig.2MnggO_cp-SiO,_500 (after 80 h running at 675 °C).
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Figure 4.27 Raman spectra of NigosMnggs0O_cp-SiO,_ 750 after 5 days running at 600 °C.
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Nig.0sMno9sO_cp-SiO,_750 after the reaction is investigated by XRD. Figure 4.26 shows the
XRD pattern of this catalyst after 5 days operation at 600 °C. For comparison, the XRD pattern
of Nip2MnggO_cp-SiO, 500 (after 80 h running at 675 °C) is also presented. Two patterns are
very similar, phase transition occurred to both samples during the LTM reaction. The Raman
spectrum of NigsMnggesO_cp-SiO,_ 750 after the reaction is shown in Figure 4.27, indicating the

formation of multi-walled carbon nanotubes.

From the difference of catalytic performance between the catalysts Nig2MnogO_cp-SiO,_500 and
Nig.0sMng9s0_cp-SiO,_750, one can obtain some detail information about the impact of material
structure on the catalytic properties:

1. In the reoxidation experiment, the catalyst Nip>MngsO cp-SiO, 500 is deactivated due to
particle sintering and surface carbon deposition. Particle sintering is most pronounced in the
beginning of the reaction, however, the particles become stable after reaching a certain size.
Compared to particle sintering, surface carbon deposition is a minor factor but it can occur during
the whole reaction. In case of the catalyst NigosMnggsO_cp-SiO, 750, the catalytic deactivation
starts after 68 h running at 600 °C. It strongly indicates that the deactivation is caused by surface
carbon deposition, not related to particle sintering. This is reasonable since high calcination
temperatures induce larger stable particles therefore particle sintering will not further occur

during the following catalytic applications.

2. NigsMng9s0_cp-SiOy is stable for 68 h at 600 °C. However deactivation starts afterwards. It
is observed that this catalyst shows phase transition from a solid solution of NiMnO to a mixed
phase of Mn,SiO4 and NigMnQg after the reaction. It is rational to infer that the phase transition is
the direct reason for the catalyst deactivation. When the solid solution phase NiMnO disappears,
the activity of the catalyst is decreased therefore more surface carbon is deposited which further
weakens the activity of the catalyst. As a result, this can explain the accelerated deactivation
during the last 40 h of the 5 days experiment. Therefore, one can conclude that the solid solution
NiMnO is the catalyst which inhibits surface carbon deposition during the DRM reaction.

3. At relative low temperatures, the rate of the reverse Boudouard reaction is too low to remove
the surface carbon from CH, decomposition therefore causes severe surface carbon deposition
and fast catalyst deactivation. At relative high temperatures, a phase transition will occur and the

catalyst is no longer a solid solution of NiMnQO, so that the activity of the catalyst will decrease
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which slows down the reverse Boudouard reaction and causes surface carbon deposition and
subsequent fast catalyst deactivation. In conclusion, a suitable reaction temperature is crucial for
maintaining the extraordinary stability as well as activity of a NiMnO catalyst. The reaction
temperature between 575-600 °C is the optimal temperature for a NiMnO catalyst to maintain its
best catalytic performance.
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4.4 Summary and conclusion

The DRM project describes the synthesis and characterization of a solid solution catalyst
NixMn14xO and its catalytic performance in the DRM reaction. The highlight of this project is the
utilization of NiyMn;xO for the first time for catalytic applications, and the extraordinary high
activity of this catalyst in the DRM reaction. NixMn1.4O is chosen as the model catalyst for the
DRM reaction due to SMSI between Ni and MnO, the identical crystal structure of NiO and MnO
(NaCl type), the low cost and abundance of Ni and Mn elements, and a strong CO, adsorption
property of MnO.

By a combined co-precipitation and sol-gel process, NixMn.xO nanocrystallites are formed and
highly disperse on an amorphous silica support. The presence of silica has no impact on the
formation of the solid solution of NixMn;O. By varying the pH, the velocity of metal
precipitation and silica precursor gelation is controlled so that the metal precipitates are highly
dispersed into the silica network. Compared to other tedious methods, one-pot synthesis is
efficient and scalable. In addition, the herein used silica precursor is sodium metasilicate (water
glass), which is much cheaper than common silica precursors, e.g. with the price of only 0.2% of
TEOS or TMOS.

During the catalytic applications, NixMn;O exhibits extraordinary high activity for the DRM
reaction and the TDE of the reaction has been achieved for the first time at the reaction
temperature below 600 °C. A summary of this project is presented in Figure 4.28. Taking all
information presented into consideration, one can draw detailed conclusion how preparation
methods and structural changes influence the catalytic performance of NixMn;.O for the DRM

reaction:
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Figure 4.28 The overview of the project Amorphous silica supported NiMnO nanocrystallites for
the DRM reaction.

A solid solution of NiyMn;.,O with varied Ni/Mn composition can be obtained by the co-

precipitation method. Due to the co-reactant NaHCOs, the obtained NixMn1.O catalyst shows a

high surface area of 150-170 m?/g. The bulk catalyst Nig-MnosO_cp is very active for the DRM

reaction. It can be activated at a low reaction temperature and shows already some activity at

400 °C. Compared to Nig2MgosO_cp prepared by the same method under identical conditions,
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Nig2MngsO_cp exhibits a significantly enhanced activity in the DRM reaction. Since both
catalysts have a similar surface area and a solid solution structure, the activity promotion of
Nip2MnogO cp is most probably attributed to SMSI between Ni and MnO which is absent
between Ni and MgO. Due to SMSI, the adsorption of CO and H; to the surface of the catalyst is
strongly suppressed, which accelerates the DRM reaction to the production of synthesis gas.
When Ni loading is controlled at 10 mol%, the catalyst shows the best performance. The fast
deactivation during the beginning of the DRM reaction is mainly caused by metal/metal oxide
particle agglomeration, which is irreversible. After a certain reaction time, when the structure of
the catalyst becomes stable, surface carbon deposition is the main reason for the further slow
deactivation which can be recovered by a reoxidation reaction.

A silica supported catalyst, Nig2MnogO _cp-SiO,, can be obtained by a combined method of co-
precipitation and sol-gel process. This silica supported catalyst shows significant improvement in
stability as well as in activity compared to the bulk catalyst, which is due to the formation of
small and highly dispersed nanocrystallites of NiMnO. This causes easier formation of small Ni°
clusters on the surface of the catalyst during the reduction process. Nip2MnggO_cp-SiO; exhibits
a different catalytic behavior with different reaction temperatures. At 500 °C, Nip2MnogO_cp-
SiO; is highly stable. After 40 h time on stream, no deactivation is observed, and no structure or
phase change is detected. When the reaction temperature is increased to 550 °C, deactivation is
observed due to Ni° particles growing and sintering. The solid solution phase remained, however,
an increase in the size of nanocrystallites is observed. At 675 °C, the catalyst shows severe
deactivation after 10 h time on stream, and it shows almost no activity after 65 h. Because of the

high temperature, the solid solution NixMn1.xO phase converts to Mn,SiO, and Ni,MngOg phases.

After a further optimization by decreasing Ni loading (5 mol%) and increasing the calcination
temperature (750 °C), the silica supported catalyst shows significantly improved stability. It is
highly active with higher than 50% of CH,/CO, conversion even after 5 days time on stream at
600 °C.

Many factors influence the catalytic performance of silica supported NiMnO nanocrystallites.
Besides the preparation methods and structural change, reaction conditions are also studied. At
low temperatures, the rate of the Boudouard reaction is too low to remove the surface carbon

from CH,4 decomposition therefore surface carbon deposition is caused and the catalyst is fast
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deactivated. At higher temperatures, a phase transition will occur and the catalyst is no longer a
solid solution of NiMnO, so that the activity of the catalyst is decreased which slows down the
reverse Boudouard reaction and causes surface carbon deposition and subsequent fast catalyst
deactivation. 575-600 °C is an optimal reaction temperature for a silica supported NiMnO

catalyst to maintain its best catalytic performance.
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5. Mesoporous silica supported NMNPs for catalytic applications

5.1 One-pot synthesis of silica xerogel supported Pd NPs for catalytic

applications

Recently, it was shown that a hyperbranched polymer polyglycerol block poly(ethylene glycol)
(hPG-b-mPEG) can be used as a template for the preparation of mesoporous silicas.*® In this
project, hPG-b-mPEG is used as a stabilizer to avoid Pd NPs agglomeration during
immobilization process. In this procedure, the stabilizer is allowed to be washed out completely
by water extraction, instead of being removed and thus destroyed by calcination, an important
prerequisite for up-scaling the catalyst preparation. Thus, in the next step the polymer can be
reused as NP stabilizer for the preparation of the next batch of catalysts, so that the here shown
process is highly material efficient.

The conditions of the sol-gel process which have strong influence on the specific surface area of
silica gel and the accumulation of Pd NPs are investigated, and also the reactivity of the catalyst
in the hydrogenation of cyclooctadiene (COD) is studied. The advantage of the strategy shown
here is that preformed Pd NPs are used, which are stabilized by a water soluble polymer (hPG-b-
mPEG) with core-shell structure. Thus the control of the particle size of Pd is ensured, compared
to the direct reduction of metal salts in the sol-gel process. On the other hand, the support is
synthesized in presence of the stabilized NPs ensuring embedding and stabilization of the metal
inside the pores, instead of loading NPs into a preformed support in a subsequent step, which
would constrict the applicable porous architectures as the particles have to diffuse through the

porous system.

Chapter 5.1 shows the 1% project, “the one-pot synthesis of silica xerogel supported Pd NPs for catalytic
applications”. In this project, | cooperated with Ms. Sabrina Nowag (AG Haag, FU Berlin), who provided preformed
Pd metal sol solution stabilized by core-shell architecture hyperbranched polyglycerol block poly(ethylene glycol)
(hPG-b-mPEG). The 2™ project shown in chapter 5.2 is “One-pot synthesis of Pt NPs supported on SBA-15 for
catalytic applications”. In this project, | worked together with Dr. Junjiang Zhu (a former colleague in AG Thomas,
TU Berlin, currently a Professor in South-central University for Nationalities, Wuhan, China). My work was mainly
focused on the catalytic investigations and the synthesis method of SBA-15 supported NMNPs.
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5.1.1 Synthesis and characterization of silica xerogel supported Pd catalysts

The synthetic scheme for the silica xerogel supported Pd material is presented in Figure 5.1. In
the Pd sol, Pd NPs are stabilized by a core-shell architectured polymer hyperbranched
polyglycerol-block-poly(ethylene glycol) (hPG-b-mPEG), which inhibit Pd NPs agglomeration
during the following sol-gel process. After gelation the stabilizer copolymer hPG-b-mPEG is
completely removed by water ultrasonication and can be reused for the next preparation of the

metal sol.
o Pd nanoparticles #@c hPG-b-mPEG silica xerogel
F] L

TMOS o ted
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Figure 5.1 A schematic representation of the sol-gel process for immobilizing Pd NPs to a silica

xerogel.
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The key process for the stabilization of Pd NPs in the procedure is the coordination of Pd with a
core-shell architectured water soluble copolymer hPG-b-mPEG. It will be later shown that in the
here presented process the copolymer hPG-b-mPEG does not influence the structure of the
formed xerogel but is homogeneously dispersed into a silica monolith after condensation. This is
different to the recently reported templating approach where the porosity of the silica was

exclusively generated by the polymeric stabilizer.'*"'%?

It should be noted that the presence of hPG-b-mPEG stabilized Pd NPs sets certain demands on
the sol-gel process. It is found that there is a competition between the hydrolysis of TMOS and
the precipitation of Pd NPs. When the proton concentration is higher than 3.5 mol/L, the
hydrolysis of TMOS dominates the process and Pd NPs are homogeneously distributed into the
silica before they can precipitate. After adding the silica precursor to the acidified solution of the
metal sol, the black solution shows fast increasing viscosity until it forms a gel with uniform gray
color. In contrast, under lower acidic conditions, the precipitation of Pd NPs surpasses over the
hydrolysis of TMQOS, which is easily observed as the black solution become colorless and Pd
precipitate to the wall of the flask, before a gel is being formed.

For a first evaluation of the effect of different pH values, two silica xerogel samples are prepared
at the same temperature but under different acid concentrations, S1 in 5.0 mol/L and S2 in 3.6
mol/L, respectively. Figure 5.2A shows the nitrogen adsorption isotherms of the silica xerogels.
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Figure 5.2 (A) Nitrogen adsorption isotherms and (B) BJH pore size distribution plots of 2 silica
xerogels (Sland S2 individually) and 2 Pd/silica xerogels (S-Pd 1 and S-Pd 2 individually).
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Both samples exhibit mesopores with an average diameter of around 3.0 nm, and high BET
surface area. Compared to the sample S2 with surface area of 753 mg, the sample S1
synthesized at higher acidic conditions shows higher surface area of 865 m?%g. The detailed
information about the xerogels is presented in Table 4.

Table 4 Structural properties of silica xerogels and Pd/silica catalysts.

Sample name [H*]2 Pd content Surface area Pore diameter®
(mol/L) (wt%, ICP) (m?/g) (nm)
S1 5.0 --- 865 3.6
S2 3.6 --- 753 32
S-Pd 1 5.0 0.25 598 4.3
S-Pd 2 3.6 0.50 532 10.0
S-Pd 1¢ --- 0.24 340 ---

The acid concentration during the sol-gel process,
®Average pore diameter from the BJH desorption branch,
“The catalyst S-Pd 1 after 10 runs of COD hydrogenation.

In the following study, two Pd/silica xerogels are prepared at different acidic conditions and
different Pd loading, named as S-Pd 1 ([H'] = 5.0 mol/L, Pd loading 0.25 wt%) and S-Pd 2 ([H']
= 3.6 mol/L, Pd loading 0.50 wt%) respectively. To observe if the polymer stabilizer can be
washed out completely, S-Pd 1 is analyzed by solid state NMR during the water extraction
process. Figure 5.3 shows the *C NMR spectra of the aqueous metal sol Pd/hPG-b-mPEG, as
synthesized S-Pd 1 after 2 times and 3 times water extraction respectively.

The *C NMR spectra of hyperbranched polyglycerol (hPG) show 7 main peak regions between
60 and 85 ppm.*®® In the solid state **C NMR spectra, due to a lower resolution, not all peaks are
observable. The *C NMR spectra of linear PEG show a unique peak at & 72 ppm,*® which

overlaps one of the peaks from hPG. In Figure 5.3, it is noticeable that during the washing
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process, the peaks of hPG-b-mPEG are disappearing. After 3 times (3 x 15 min) washing, no
peaks are observed, which means that the polymer is washed out completely by water extraction.
The obtained polymer solution from extraction process can be reused for the next preparation of
Pd sol.

C NMR CP/MAS NMR, 10 kHz MAS

aqueous Pd/hPG-b-mPEG
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Figure 5.3 *C NMR spectra of Pd/hPG-b-mPEG, as synthesized S-Pd 1 after 2 times and 3 times
water extraction respectively.

The nitrogen adsorption isotherms and pore size distribution of the Pd/silica xerogels are also
shown in Figure 5.2. Compared to the silica xerogels, the Pd/silica xerogels show a lower surface
area of 500-600 m?/g. On one hand, the loading of Pd increases the density therefore decreases
the gravimetric surface area of the obtained xerogel; on the other hand, the possible interaction
between the OH groups on hPG-b-mPEG and TMOS disturbs the gelation of TMOS and
therefore decreases the specific surface area of the obtained xerogel. With 0.25 wt% of Pd

loading, the Pd/silica xerogel possesses a very similar porous structure as the pure silica xerogel
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prepared under the same acidic conditions. However, when the loading of Pd increase to 0.50
wt%, both the surface area and the average pore size of the xerogel significantly change, due to a
relatively high Pd loading. The structural properties of all the prepared xerogels are summarized
in Table 4. The stability of Pd NPs during the catalyst preparation and the catalytic application is
confirmed by TEM measurements, shown in Figure 5.4.

Figure 5.4 TEM images of Pd NPs in (A) hPG-b-mPEG aqueous solution, (B) S-Pd 1, (C) S-Pd 2.

Figure 5.4A shows the TEM image of an aqueous solution of Pd NPs stabilized by hPG-b-mPEG.
One can see that Pd NPs are well dispersed in the aqueous polymer solution with the diameter of
3-6 nm, due to the stabilization of the PEG chain. Figure 5.4B and 5.4C are the TEM images of
the Pd/silica xerogels S-Pd 1 and S-Pd 2 respectively. The TEM images show that the loading
concentration of Pd influences its particle size. The sample S-Pd 1, with 0.25 wt% Pd loading,
shows a good dispersion with similar Pd particle size as the aqueous solution of Pd/hPG-b-mPEG.
In contrast, the sample S-Pd 2, with 0.5 wt% Pd loading, shows larger particles with the size of 4-

8 nm.

5.1.2 Catalytic application of silica xerogel supported Pd catalysts

In order to evaluate the reactivity of the Pd/silica xerogel catalysts, we have studied the
hydrogenation of COD with these catalysts. The kinetics of the hydrogenation reaction is
recorded for the catalysts S-Pd land S-Pd 2, shown in Figure 5.5. It is seen that both catalysts

show similar reactivity in the reaction, but S-Pd 1 presents a slightly higher activity which is due
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to a higher surface area of the xerogel and a better dispersion of Pd NPs. It is not surprising that
with the reaction time the rate of reaction decreases since the concentration of the reactant COD
is decreasing. In order to avoid the further conversion of cyclooctene to cyclooctane, the reaction

is stopped when COD conversion reached about 90%.
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Figure 5.5 Reaction rate of the Pd/silica xerogels S-Pd 1 and S-Pd 2 in hydrogenation of COD
reaction. (Note that the reaction rate is calculated basing on the overall amount of Pd.)

In a further study, S-Pd 1 is compared to the homogeneous Pd/hPG-b-mPEG catalyst of solution
and 2 commercial heterogeneous catalysts, noted as Pd/activated carbon powder (Pd/AC, 5 wt%
of Pd loading) and Pd/Al,O3 pellets (0.5 wt% of Pd loading, an egg-shell catalyst with 100 pm
active layer). Figure 5.6 presents the kinetics of the hydrogenation reaction with these 4 catalysts.
The homogeneous catalyst Pd/hPG-b-mPEG solution exhibits the highest activity. Among the
other three solid catalysts, Pd/Al,O3; shows lowest activity probably due to the large Pd particle
size. After 30 min reaction, S-Pd 1 and Pd/AC show comparable reaction rate as the
homogeneous catalyst Pd/hPG-b-mPEG, indicating the high activity of Pd NPs from these two

solid catalysts.
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Figure 5.6 Reaction rate of 4 catalysts: Pd/hPG-b-mPEG, S-Pd 1, Pd/Al,O3 and Pd/AC in COD
hydrogenation reaction. (Note that the reaction rate is calculated basing on the overall amount of
Pd.)
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Figure 5.7 Recycling of S-Pd 1, Pd/Al,O3; and Pd/AC in the hydrogenation of COD.

The detailed information about the long term stability of these catalysts is obtained from
recycling reactions. Figure 5.7 presents the turnover frequency as a function of the number of

recycles. It must be mentioned that, in spite of high activity, Pd/ hPG-b-mPEG could not be
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applied for recycling experiments, due to the infeasible separation. As for Pd/AC, since it is in the
shape of fine powder, it precipitates very slowly from the solution so that it is most time
consuming and durable during the recycling. Both S-Pd land Pd/Al,O3 are separated from the
system easily for further recycling. The recycling reactions are investigated under identical
conditions over the catalysts S-Pd 1, Pd/Al;O3 and Pd/AC. The mass of Pd is equal for all these 3
catalysts.

From the recycling results, Pd/Al,O3; shows much lower TOF than S-Pd 1 or Pd/AC. For this
catalyst the TOF decreases from 2 (in the first reaction) to 1.2 (after 10 hydrogenation recycles),
which indicates a decreasing activity. Pd/AC exhibits higher TOF than S-Pd 1 during the first
three runs. However the TOF dramatically drops during the recycling runs, which can be
explained by fast deactivation. In contrast, S-Pd 1 shows constant TOF with just a slight
fluctuation during the whole recycling experiments. After 4 runs, S-Pd 1 already has a higher
TOF than Pd/AC. It can be therefore concluded that although Pd/AC is a highly active catalyst,
the poor stability obstruct its performance. In contrast, S-Pd 1 shows an extraordinary stability as
well as activity, which indicates that Pd NPs are stably dispersed on silica xerogel.

In order to follow the change of Pd NP size during catalytic applications, TEM measurements are
obtained with the catalyst S-Pd 1 after recycling. Figure 5.8 shows the TEM images of S-Pd 1
after 2 runs (Figure 5.8A) and after 10 run (Figure 5.8B). Compared to the TEM image of S-Pd 1
before the reaction (Figure 5.4B), the particle size of Pd indeed increases to 10-20 nm, but
remains constant after another 8 recycles, which indicates that the Pd NPs are stable during the
recycling.

Figure 5.8 TEM images of the sample S-Pd 1 after catalytic recycles (A) after 2 runs and
(B) after 10 runs.
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The results from ICP measurements of S-Pd 1 are also in accordance to the TEM images, that is,
the concentration of Pd keeps constant after 10 runs of the hydrogenation reaction. Thus the here
presented catalyst is indeed highly active and stable as the immobilization of Pd NPs on the silica
xerogel prevents leaching of the metal during the catalytic reactions.

5.1.3 Conclusion

A mesoporous silica xerogel supported Pd NPs is synthesized by a simple sol gel process. Herein
a preformed sol of Pd NPs stabilized by a water soluble polymer hPG-b-mPEG is used for the
synthesis. Because of the interconnectivity of the pores, the stabilizer hPG-b-mPEG can be
washed out easily by ultrasonication and therefore be recycled, which is highly economical. In a
specific pH range the sol-gel process ensures uniform Pd stabilization and yields xerogels with
high surface area (up to 600 m?g). The Pd NPs are immobilized stably in the silica monolith,
which is confirmed by the TEM images and the ICP-MS data of this xerogel catalyst. During the
recycling experiments, no particle sintering or catalyst deactivation is observed. The Pd NPs
remain in the same size range between 10 to 20 nm after the recycling runs. Furthermore, ICP
analysis shows that the concentration of Pd is constant during10 runs of recycling. This xerogel
catalyst shows comparable reactivity and selectivity to the homogeneous catalyst Pd/hPG-b-
mPEG in the hydrogenation of COD, which is much higher than the commercial catalyst
Pd/Al,O3. This observation demonstrates that the Pd NPs maintain the activity after
immobilization in the silica xerogel. During the simple one pot synthesis, only minimal energy is
consumed and no mass loss is caused, which is an important prerequisite for up-scaling the
synthesis of the catalyst. Besides the simpleness and economic benefit of the synthesis, the high
reactivity and stability make the catalyst extraordinarily interesting for industrial application.
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5.2 Ultra high surface area SBA-15 supported Pt NPs for hydrogenation

reactions

SBA-15 has received a lot of attention since it was first reported, and it is now one of the most
widely used supports in catalysis, due to its easy accessibility and excellent textural properties,
such as high surface area, ordered pore structure, controllable pore size, high thermal stability, etc.
As the surface of SBA-15 is relatively inert, it is difficult to directly graft metal NPs on it. Hence,
additives or surfactants are often used to functionalize the SBA-15 surface before grafting the
metal NPs, and their deposition on the surface is usually carried out by a post-synthesis
method.*38:139165186 This |eads to formation of NPs lacking uniformity in size and shape.
Furthermore, the interaction between NPs and the support is not strong enough, and some NPs

167-170

can agglomerate or leach out'™*™*" during reactions. This is true in particular for NM

catalysts.

Recently, some efforts were made for in-situ incorporation of NMNPs into the SBA-15
structure. "% Richards et al'"* succeeded to confine Au NPs on the pore walls of SBA-15 by
adding HAuCI, solution directly to the synthesis process. However, the sample showed irregular
shapes and pores; Somorjai et al**® reported that Pt with particle size ranging from 1.7 nm to 7.0
nm can be deposited on SBA-15 in the presence of PVP, whereas the synthesis process is
complicated and severe conditions are required. Furthermore, the surface area and/or the pore
size of the sample prepared significantly decreased when compared to the pure SBA-15. This
leads to a negative effect on catalytic reactions, where surface area or pore size plays an

important role.

In this project, Pt NPs are immobilized on SBA-15 by a one-pot synthesis. PVA is used in the
synthesis process to stabilize in-situ formed Pt NPs. It is found that besides being a stabilizer,
PVA can create additional mesopore connectivity in the structure, enhancing the surface area,
while maintaining the same mesopore size. This is totally different from findings reported by

other authors, %1777

who reported that the surface area of SBA-15 always decreased after the
addition of Pt, no matter what the used additional agent was. The obtained catalyst Pt/SBA-15 is
applied for gas-phase CO oxidation and also for liquid-phase COD hydrogenation. The following

chapter will show the synthesis method and catalytic performance of this type of catalyst.
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5.2.1 Synthesis and characterization of SBA-15 materials

The pure SBA-15 is synthesized using a similar procedure as reported elsewhere.*® Based on the
reported method, additional PVA is used in our approach. It is expected that PVA creates
micropores between the mesoporous channels in SBA-15 therefore enhance the connectivity of
these channels. Moreover, in the next step, PVA is used as a stabilizer of a Pt sol during the sol-
gel process to immobilize Pt NPs on SBA-15.

To the reaction mixtures a freshly prepared 1 wt.% aqueous PVA (M,, = 130,000 g/mol) solution
is added in different amounts. Depending on the amount of PVA added, the samples are named
SBA-15-V (“V” is the volume ratio of PVA/TOES). Also, when referring to the aging
temperature, the samples are named as SBA-15-V-T. For example, “SBA-15-3-100°C” means
that SBA-15 is synthesized with 3 ml 1 wt.% PVA and 1 ml TEOS and is aged at 100 °C for 24 h.
All the samples are calcined at 500°C for 4 h to remove the template completely.

Figure 5.9 shows the XRD patterns of the samples synthesized with different amount of PVA. All
patterns show an intensive peak at 26 = 0.8 ~ 0.9 that corresponds to the (100) diffraction of the
2D hexagonal structure of SBA-15, indicating the presence of an ordered pore structure and
d(100) values of 10.0-10.9 nm. The well-resolved (110) and (200) diffraction peaks indicate that
there is no substantial change in the pore structure of the samples after PVA was added.

The ordered pore structure of the samples is further proven by TEM measurements, as shown in
Figure 5.10. The samples possess well-ordered hexagonal arrays of mesopores, whether PVA is
added or not. Thus it can be stated that the addition of PVA does not influence or even deteriorate
the order of the pluronic-silica composite.
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Figure 5.9 X-ray diffraction patterns of SBA-15 synthesized with different amount of PVA.
Aging temperature for all the samples is 100°C.

Figure 5.10 TEM images of (a) SBA-15, synthesized without PVVA and (b) SBA-15-3, with PVA.
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The nitrogen-adsorption isotherms of the samples synthesized with different amounts of PVA are
presented in Figure 5.11(a). The corresponding porous characteristics are listed in Table 5. All
samples show a defined step with a hysteresis loop corresponding to the filling of mesopores with
narrow pore size distributions. The BET isotherms show the surface area of 877 m?/g and total
pore volume of 1.15 cm®g for SBA-15, of 1177 m%/g and 1.43 cm®/g for the sample SBA-15-3,
respectively. However, despite the increase in surface area (~34%) and porosity (~24%), the pore
size of the mesopores generated from the block-co-polymer P123 is almost unvaried based on the
BJH method on the adsorption branch (shown in Figure VIII in Appendix A.).
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Figure 5.11 (a) and (b): Nitrogen adsorption isotherms for SBA-15-100°C synthesized with
different PVA contents and aging temperatures; (c) Pore size distribution derived from the BET
isotherms with micropore analysis (inset) and (d) cumulative pore volume for SBA-15 and SBA-
15-3-100 °C (both obtained using the NLDFT method).
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Further increase of the PVA content does not yield further significant enhancement of the surface
area or the pore volume. It can be concluded that the addition of PVVA does not influence the
mesopores created by polymer P123, thus the increase of surface area and porosity must be due to
the creation of additional smaller pores. To prove this, nitrogen adsorption isotherms for SBA-15-
100°C and SBA-15-3-100°C with additional micropore analysis are carried out. Pore size
distribution and cumulative pore volume (obtained from non-local density functional theory,
NLDFT) shown in Figure 5.11(c) and (d) indicate that there are indeed new, smaller pores
created in sample SBA-15-3-100 °C.

Table 5 Textural properties of SBA-15 synthesized under different conditions.

Sample SA (m¥/g)* Pa (nm)® PV (cm¥/g)*

SBA15-100 °C 877 9.7 1.15
SBA15-0.75-100 °C 986 9.7 1.48
SBA15-3-100 °C 1177 9.7 1.43
SBA15-5-100 °C 1124 9.7 1.58
SBA15-10-100 °C 1182 9.7 1.49
SBA15-3-80 °C 1248 8.7 1.41
SBAI15-3-150 °C 555 14.8 1.64

4 SA, Surface area, calculated by BET method,
b pa, Pore size, calculated from the adsorption branch,
“PV, Pore volume, calculated at p/po = 0.99.

The effect of aging temperature on the structural properties of SBA-15-3 is also investigated and
the results are shown in Figure 5.11(b) and Table 5. One can see that the surface area increases
and the pore size of SBA-15-3 decreases with decreasing temperature. As suggested by

Galarneau et al.}"®, this phenomenon is due to the aggregation of the PEO chains. However, this
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effects achieves the peak at 80 °C and a further lower temperature (e.g. 60 °C) yields materials
with lower surface areas (Figure IX in Appendix A.), which is explained by to the hydration of

the PEO chains.!"®

To verify that PVA can be used as a template to create porous silica, a silica sample is prepared
using exclusively PVA as porogen, while all other preparation conditions are unchanged. It
should be noted that for this control experiment a much higher amount of PVA is required (13 ml

1 wt.% PVA to 1 ml TEOS) to obtain an interconnected pore system.

The nitrogen adsorption and pore size distribution of obtained silica are presented in Figure 5.12.
One can see that mesoporous silica with a pore size of ~ 5.6 nm was formed in this sample. These
pores are rather big and are certainly absent in SBA-15-V samples prepared with the mixed
templates of P123 and PVA. Regarding the big size, the pores cannot be created by a template of
single PVA chains. Instead, replication of strands of PVA aggregates is much more likely. A

similar behavior was observed when pure PEO polymers was used as templates for porous

silicas.*®
600 .
(a) 1.6 Fu (b)
p-0-0-F=0-0-0-0
500- /n’ D/u}‘ / \
—_ /
[l — 1.2 o o
% 400- ”f/ E .:I
o / fc i
ME | v '® 0.8 i
% 300 E '
7 a
5 8 0.4 - &
S 200 /f o
0.0 m———
100 T T T T T T T T T T T T T T T M
0 5 10 15 20 25 30 35

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P )

Figure 5.12 (a) Nitrogen adsorption isotherms (b) the corresponding pore distribution of as
synthesized silica with the template PVA.

Pore diameter (nm)

The additionally created porosity of SBA-15-V samples indicates that the micelles of P123 do not
mix with PVA, even though both polymers are hydrophilic and water soluble, therefore PVA

98



Results and discussion

contributed to the additional porosity. It has been reported that aqueous blends of PEO and PVA
are immiscible with weak interactions between the polymers,'®! however PVA/PEO cast films
from aqueous blends show phase separation,*® which supports the here presented idea of the
formation of a second porosity in our SBA-15 materials. The role of PVA in the synthesis of

SBA-15 reported in this work can be simply illustrated by Figure 5.13.

P123 + PVA

P123

reated by PVA
Figure 5.13 Scheme of the role of P\VA in the formation process of SBA-15.

5.2.2 Synthesis and characterization of Pt@SBA-15 catalyst

As discussed above, PVA is used as a template to create secondary porosity to enhance the
connectivity of the channels in SBA-15 materials. Besides of being a template, PVA also can be
used as a stabilizer for the preparation of a metal sol and therefore to avoid metal NP
agglomeration during the following sol-gel process. In this work, a catalyst of Pt NPs
immobilized onto SBA-15 is obtained by employing a Pt sol stabilized by PVA. During the
synthesis, a metal sol is prepared first by reduction of H,PtClsin presence of PVA solution.
Instead of the pure PVA solutions, the obtained metal sol is added to the preparation of SBA-15.
The same amount of PVA as the sample SBA-15-3 is used in the metal sol. A SBA-15 sample
loaded with 0.3 wt% Pd is prepared, named 0.3%Pt@SBA-15. The obtained sample
0.3%Pt@SBA-15 is analyzed by ICP-MS and the concentration of Pt is 0.29 wt.%.

With a conventional method, after loading NMNPs, often the surface area of SBA-15 decreases
significantly.®% However, this is not the case with the sample 0.3%Pt@SBA-15. The N,
sorption isotherms in Figure 5.14 show that the surface area of 0.3%Pt@SBA-15 reaches 1137
m?/g. As mentioned in chapter 5.3.1, the surface area of SBA-15-3 is 1177 m/g. Surprisingly,
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after loading 0.3 wt.% Pt, there is no big change of the surface area. Moreover, no change in the
pore size is observed. TEM images of 0.3%Pt@SBA-15 in Figure 5.15 show that Pt NPs are
homogeneously dispersed on the support SBA-15, with a mean particle size of ~ 8 nm.
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Figure 5.14 N; sorption isotherms and pore size distribution of the catalyst 0.3%Pt@SBA-15.

Figure 5.15 TEM images of the catalyst 0.3%Pt@SBA-15.
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5.2.3 Catalytic application of Pt@SBA-15 catalyst

A series of Pt catalysts with different Pt loading are synthesized by the one-pot synthesis
described above. Since a high Pt loading could disturb the formation of an ordered pore structure
of SBA-15, the concentration of Pt is confined between 0.2 to 2.0 wt.%. The same concentration
of PVA (the volume ration of PVA/TEOS is 3) is employed for all Pt@SBA-15 catalysts
preparation, to obtain similar surface area of SBA-15.

In order to investigate their catalytic performance, these Pt catalysts are applied for both gas
phase CO oxidation reaction and liquid phase COD hydrogenation reaction. Figure 5.16 shows
screening results of CO oxidation over SBA-15 with varied Pt loading (from 0 to 2.0 wt.%). The
sample SBA-15 without Pt loading is also tested in this screening experiment. From Figure 5.16,
one can find that all the Pt catalysts show no activity below 200 °C. Besides, the catalyst 0.2%
Pt@SBA-15 shows similar catalytic performance as pure SBA-15.Their activity starts increasing
dramatically above 300 °C, except that with the former catalyst CO conversion achieves full
conversion at 350 °C. In contrast, with SBA-15, CO conversion has not achieved full conversion
until reaction temperature at 400 °C. The catalysts 0.5%, 1.0% and 2.0%Pt@SBA-15 show

almost identical catalytic behavior and CO conversion achieved full conversion below 300 °C.

1004 —m—SBA-15
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Figure 5.16 A screening experiment of CO oxidation, CO conversion as a function of reaction
temperature over Pt@SBA-15 with varied Pt loading and pure SBA-15.
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To obtain information about the catalytic stability, a LTM of CO oxidation is performed with the
catalyst 0.5%Pt@SBA-15, shown in Figure 5.17. In order to avoid the full CO conversion, the
reaction temperature of the LTM is set to 290 °C. It is obvious that CO conversion keeps constant
at 80% during the whole reaction time of 15 h, indicating a high stability of 0.5% Pt@SBA-15.
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Figure 5.17 A LTM at 290 °C, CO conversion as a function of reaction time over the catalyst
0.5%Pt@SBA-15.

Besides being applied in the gas phase CO oxidation reaction, the catalyst 0.5%Pt@SBA-15 is
also investigated in a liquid phase reaction, the hydrogenation of COD in heptane as solvent. This
hydrogenation reaction over Pt@SBA-15 catalysts proceeds fast and conversion of COD
achieves 90% after 30 min reaction, therefore the screening results are not presented. Figure 5.18
is the recycling results of COD hydrogenation over the catalyst 0.5%Pt@SBA-15. The
conversion of COD keeps constant over 6 runs. It is noted that the reaction is stopped before the
full conversion of COD in order to avoid over hydrogenation of COD to cyclooctane. Similar as
in CO oxidation reaction, the catalyst shows high stability in COD hydrogenation reaction,

suggesting a good reusability of the catalyst Pt@SBA-15 for different catalytic applications.
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Figure 5.18 Recycling of COD hydrogenation over the catalyst 0.5%Pt@SBA-15. Reaction
conditions: 1g catalyst + 1.13 ml COD + 60 ml heptane (solvent), 70 °C, Py, = 1.1 bar, reaction
time 35 min.

To check if any structural changes occur to the catalyst during catalytic applications,
0.5%Pt@SBA-15 after reactions is analyzed by BET, XRD and TEM, and compared to the as
synthesized catalyst. Figure 5.19 shows that there is no significant change both on the surface
area and pore size distribution of 0.5%Pt@SBA-15 before and after CO oxidation application.
The minor difference found in the surface area is within the experimental error (< 5%). However,
a slight decrease of the surface area and pore size is detected after COD hydrogenation

application.
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Figure 5.19 N, adsorption isotherms and the corresponding pore size distributions of the catalyst
0.5%Pt@SBA-15 as synthesized, after CO oxidation and after COD hydrogenation application
separately.

Figure 5.20 TEM images of the catalyst 0.5%Pt@SBA-15 (A) as synthesized; (B) after CO
oxidation and (C) after COD hydrogenation application separately.

TEM images of the catalyst 0.5%Pt@SBA-15 as synthesized, after CO oxidation and after COD
hydrogenation application are respectively shown in Figure 5.20. The highly ordered structure of
this catalyst states that the porous framework of SBA-15 is intact during the reactions.
Furthermore, the size of Pt NPs shows no observable increase after catalytic applications, even
after the gas phase CO oxidation performed at 300 °C. When NMNPs catalysts are applied in
liquid phase reactions, metal leaching is often a severe problem causing catalyst deactivation.
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This is not the case with the catalyst 0.5%Pt@SBA-15. After COD hydrogenation reaction, this
catalyst is analyzed by ICP, and the concentration of Pt shows no change, indicating that no Pt
leaching occurred during the reaction. Therefore, it can be concluded that the here synthesized
Pt@SBA-15 catalyst is highly stable as well as active.

5.2.4 Conclusion

A significant improvement on the porosity of SBA-15 by using amounts of PVA is achieved.
Without changing the size or architecture of mesopores, the surface area is enhanced from 877
m?/g (without PVA) up to 1177 m%g (with PVA). This can be explained by the formation of
additional pores created by the PVA template, connecting the larger mesopores formed from the
P123 template. Besides being a template, PVA can be further used to stabilize metal NPs. SBA-
15 supported Pt NPs are obtained through a facile one-pot synthesis, by adding a preformed Pt sol
stabilized by PVA. Compared to pure SBA-15, the surface area of this catalyst is improved, while
the mesostructure and pore size are unchanged. This high surface area Pt@SBA-15 catalyst
shows highly activity and stability during catalytic applications. Due to the high dispersion and
firm immobilization of Pt NPs onto SBA-15, this catalyst shows no aggregation at high
temperature gas phase CO oxidation and no Pt leaching in liquid phase COD hydrogenation

reactions.
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6. Summary and conclusion

Several one-pot approaches are applied to synthesize MONPs and NMNPs for catalytic
applications. Through simple and up scalable one-pot approaches, NiMnO nanocrystallites
supported on amorphous silica are obtained and applied for the DRM reaction, Pd NPs
immobilized on silica xerogel are synthesized and tested for the hydrogenation of COD, Pt NPs
immobilized on SBA-15 are synthesized and tested for both oxidation of CO and hydrogenation
of COD reactions. By tuning the conditions of preparation methods and the structure of the
materials, the catalytic properties of the obtained nanocatalysts are optimized for industrial
applications.

Chapter 4 describes the 1% part of my PhD work, amorphous silica supported NiMnO
nanocrystallites for the DRM reaction. There is a project from UniCat (Unifying of Catalysis), to
combine the OCM and DRM process. The concept is to use the heat generated from highly
exothermic OCM reaction, unreacted CH,4 and the main side product CO, from this reaction can
convert to syngas, which is the DRM reaction. The combined process will be efficiently energy
saving and also chemical saving. Considering the energy loss during the heat transfer, it is only
practical that the DRM reaction proceeds at lower temperature than the OCM reaction. Therefore,
my goal is to design a suitable Ni catalyst for low temperature DRM reaction (500 ~ 600 °C).
Unfortunately, most of Ni catalysts exhibit little or no activity below 600 °C yet. In addition, the
Boudouard reaction is favorable at low temperatures and therefore causes surface carbon
deposition and catalyst deactivation. Therefore, it is crucial for a catalyst to activate the DRM
reaction and meanwhile inhibit the Boudouard reaction at low temperatures. Considering the
SMSI between Ni and MnO, the possible formation of a solid solution NixMn;4O with varied Ni
and Mn compositions, the strong CO, adsorption property of MnO, and the abundant resource of
Ni and Mn, we choose a solid solution catalyst NixMn;.xO as the model catalyst for the DRM
reaction applications.

By using conventional co-precipitation method with reactant NaHCO;, a solid solution
Nio.2MnogO with a high surface area (up to 170 m?/g) and mesoporous structure is obtained. This
catalyst shows impressive activity in the DRM reaction. At 400 °C with a high GHSV value of 80
L h™* g?, Nig2MnogO catalyst has been activated and already achieved TDE between 500-550 °C,
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which prevails over the catalytic performance of any reported non-noble-metal catalysts. The
occurred deactivation of the bulk catalyst is caused by particle sintering or agglomeration. The
concentration of Ni has also influence on the catalytic behavior of this type of catalyst. Among a
series of NixMn;.,O samples, Nip1Mno O shows the best catalytic performance.

After optimization, porous silica supported Nip2MnggO catalyst is obtained by a simple one-pot
approach which is a combination of co-precipitation and sol-gel process. Due to the combining
approach, Nip2MnggO is highly dispersed on porous silica and nanocrystallites of NiMnO with
the size of ~10 nm are formed. Owing to the high dispersion and small size of NiMnO
nanocrystallites, Ni° is fast and easily formed on the surface of the oxide therefore
Nip.2MnogO/SiO, shows extraordinary activity for the DRM reaction. Compared to the bulk
Nio.2Mng g0, Nig2MnggO/SiO; catalyst exhibits improved stability as well as activity. The latter
one is stable at 500 °C and no deactivation is observed after 60 h running. Only a neglectable
amount of surface carbon (0.21 wt.%) is detected. When the reaction temperature increases to
550 °C, this catalyst shows deactivation due to Ni° cluster sintering.

It is found that between 575-600 °C, carbon deposition can be effectively suppressed due to the
similar rates of methane decomposition and the Boudouard reaction; the phase transition from
Nig2MnggO to Mn,SiO, and Ni,MngOg is also able to be avoided, therefore the catalyst shows
the best performance. The advantages of economical materials, simple synthesis, large scalability
and the distinctive catalytic performance bring a high potential to the NiMnO catalyst for

industrial applications.

Chapter 5 describes the 2™ part of my PhD work, which is about immobilizing NMNPs catalysts
onto porous silica materials for catalytic applications. Chapter 5.1 is about the synthesis of silica
xerogel supported Pd NPs for catalytic applications. In this project, a silica xerogel supported Pd
NPs catalyst is obtained through a one-pot approach. During the synthesis, a core-shell
architectured polymer hPG-b-mPEG is used to stabilize preformed Pd NPs, therefore the particle
agglomeration during the immobilization process can be effectively suppressed. Due to the water
solubility, hPG-b-mPEG can be easily removed out of the xerogel network by water extraction
and be further used for Pd NP stabilization. The obtained silica xerogel supported Pd catalyst
shows comparable activity as the aqueous Pd solution in the hydrogenation of COD. During the

recycling investigation, a constant COD conversion is achieved for 10 runs and no activation is
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observed, which indicated that Pd NPs are stabilized firmly onto silica xerogel by this one-pot

approach.

Chapter 5.2 presents a one-pot synthesis of Pt NPs supported on SBA-15 for catalytic
applications. A preformed Pt sol stabilized by PVA is used to avoid particle agglomeration
during the sol-gel process. Besides of being a stabilizer, PVA has an additional function of a
template. It is observed that the addition of PVA creates the connection between the larger
mesopores created by the other template P123. Therefore, after loading a certain amount of Pt
NPs, the surface area of SBA-15 shows only a negligible loss. Besides, no changes are observed
on the pore size and porous structure of SBA-15. The obtained SBA-15 supported Pt catalyst
shows a high activity in both liquid phase hydrogenation reaction and gas phase oxidation
reaction. During the recycling application, no catalytic deactivation or metal leaching is observed,
confirming that Pt NPs are effectively immobilized onto the support SBA-15.

In conclusion, the one-pot approach is a highly practical method to synthesize industrial catalysts.
By adjusting the preparation conditions, MONPs and NMNPs can be highly dispersed on
mesoporous silica materials. Due to the high accessibility of the mesoporous silica supports, the
high dispersion and strong stabilization of nanoparticles, the catalysts showed impressive
performance in some specific reactions. The easy procedure, up scalability and tunableness of the
one-pot approach make it interesting for synthesizing industrial catalysts.
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7. Outlook

Considering the simple synthesis, low cost of raw materials and impressive catalytic performance
especially the capability of inhibiting carbon deposition, the NixMn;O catalyst has significant
potential for industrial applications. However, there are still some interesting questions or aspects

requiring a clear answer and further investigation.

1. Silica supported NixMn;4O catalyst is a promising candidate catalyst for the DRM reaction in
the combined process of the OCM and DRM reactions. However, in a single process, the DRM
reaction is more practical to perform at 650-700 °C in order to obtain the balance between energy
saving and reaction efficiency. Concerning the phase transition problem occurring above 600 °C
from the support silica, it will be interesting to use another more thermal stable support, such as
alumina. However, the influence on the formation of a solid solution NixMn;xO should be
considered.

2. The role of Mn in the DRM reaction is still unclear. It will be very interesting to investigate
how Mn participates the DRM reaction through in-situ measurements, such as, in-situ IR. The
influence of the oxidation state of Mn on the catalytic properties of the Ni,Mn;.4O catalyst will be
also interesting to study.

Using a water soluble stabilizer to immobilize NMNPs onto porous supports is highly desirable
in industrial applications, due to the easy removal of the stabilizer by water extraction and the
avoidance of thermal treatment. In this method, the interaction between the stabilizer polymer
and NMNPs is an important factor to decide the dispersion of the supported NMNPs. A too
strong interaction, e.g. covalent bonding, causes difficult removal of the stabilizer, and even the
deactivation of the NMNPs. A week interaction, e.g. electrostatic interaction, results in an
inefficient stabilization especially in case of high NM loading, and particle sintering could occur.
In our method, the stabilizer hPG-mPEG has relative weak interaction with Pd NPs. Therefore,
optimizing the stabilizer or switch to another one to obtain a stronger interaction with NMNPs

will be highly desirable for efficient stabilization of NMNPs.
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Appendix A. Additional information

Amorphous silica supported NiMnO catalyst for the DRM reaction

In the DRM project, the bulk catalyst and supported catalyst are characterized before the
reduction. The detailed results are presented in Figure I-IV. Figure | shows the nitrogen
adsorption isotherms of both bulk catalyst Nig2MgosO_cp and Nig2MnggO_cp. From the

isotherms, both catalysts exhibit relative high surface area of ~ 200 m?/g with meso size porosity.
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Figure I Nitrogen adsorption isotherms of Nig Mg sO_cp and Nig2MnysO_cp before reduction.

Figure 1l and Il show the TEM images of Nip2MnegO _cp and Nip2MnggO cp-SiO, before
reduction individually. In Figure II, Large spheres in the range of 0.5-2 um are observed, which
are composed of small crystallites with a size of approx. 5-7 nm. Compare to Nig2MnosO_cp,
Nig2MnggO_cp-SiO, shows smaller spheres in Figure Ill, with porous silica surrounding the
spheres, and the nanocrystallites are better dispersed and more spherical.
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Figure 111 TEM images of Nig2MngsO_cp-SiO, before reduction.

XRD patterns of Nig2MnggO_cp and Nip2MnggO_cp-SiO, before reduction are presented in
Figure 1V. Both samples are composed of mixed phases of MnO, and NiMnQs. It confirms the
assumption from the TPR experiments that the two dominant peaks are attributed to the reduction
from MnO, to Mn,0O3 and from Mn,O3 to MnO separately.
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Figure IV XRD of Nip2MngsO_cp and Nig2MnosO_cp-SiO, before reduction. Symbols denoted
diffraction peaks of (®) — MnO>*® and (*) — NiMnOs™" ilmenite phase from database.
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Figure V XRD patterns of Nig2MnogO_cp-SiO,_750 after 4 h reduction at 500 °C. Symbols
denoted diffraction peaks of (e) — Mn3O,4 and (*) — Ni\Mn1.,O phase.
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Figure V shows the XRD patterns of Nig,MnogO_cp-SiO,_750 after 4 h reduction at 500 °C. The
sample is composed of a mixed phases of NixMn; 4O (x < 2) and Mn30,4, which means that this
sample is not completely reduced yet. However, under the same reduction conditions, all
catalysts calcined at 500 °C are reduced completely and formed a sole phase of Ni,Mn1.,O. This
indicates that the catalyst calcined at higher temperature is more difficult to be reduced. This
phenomenon is also observed in case of the solid solution catalyst NigosMgoe7O.” The
calcination of this catalyst proceeded at 850 °C and the following reduction process requires the
same high temperature.

Ultra high surface area SBA-15 supported Pt NPs for hydrogenation reactions

Figure VI shows the XRD patterns of SBA-15 samples aged at different temperatures. The
sample aged at 100 “C showed highest 20 value, which indicates

SBA-15-3-150 °C

SBA-15-3-10

Intensity (a.u.)

SBA-15-3-80.°C

T * T T ¥ T

12 14 16 18 20
20 (degree)

Figure VI XRD diffraction pattern of SBA-15-3 aged at different temperatures.
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Additional information

Figure VII TEM images of the samples (a) SBA-15-0.75; (b) SBA-15-5; (c) SBA-15-3-80; (d)
SBA-15-3-150. The scale bar is 100 nm for all the images.

The TEM images of the SBA-15 samples synthesized with different molar ratio of PVA/TEOS
are shown in Figure VII a-c. All TEM images exhibit similar well-ordered hexagonal arrays of
mesopores. This means that the addition of PVA does not influence the order of the pluronic-
silica composite. The pore size of the mesopores generated from the block-co-polymer is almost
unchanged based on the BJH method on the adsorption branch (Figure VI1II). Further increase of
the PVA content does not yield further significant enhancement of the surface area or the pore
volume.
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Additional information

(1): SBA-15-100 °C 12 (1): SBA-15-3-80 °C
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Figure VIII BJH pore size distribution plots of SBA-15 (calculated from the adsorption branch)
synthesized under different conditions.

Figure IX Low and high magnification TEM image of a Pt NP within the pore channel of Pt-
SBA-15-3.

High magnification TEM images of Pt-SBA-15-3 in Figure 1X show that the Pt nanoparticles are

located within the mesopores of SBA-15.
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Appendix C. Characterization methods

X-ray diffraction (XRD)

X-rays primarily interact with electrons in atoms. When x-ray photons collide with electrons,
some photons from the incident beam will be deflected away from the direction where they
original travel. If the wavelength of these scattered x-rays did not change (meaning that x-ray
photons did not lose any energy), the process is called elastic scattering (Thompson Scattering) in
that only momentum has been transferred in the scattering process. These are the x-rays measured
in diffraction experiments, as the scattered x-rays carry information about the electron
distribution in materials. Diffracted waves from different atoms can interfere with each other and
the resultant intensity distribution is strongly modulated by this interaction. If the atoms are
arranged in a periodic fashion, as in crystals, the diffracted waves will consist of sharp
interference maxima (peaks) with the same symmetry as in the distribution of atoms. Measuring
the diffraction pattern therefore allows us to deduce the distribution of atoms in a material.

The peaks in an X-ray diffraction pattern are directly related to the atomic distances in the
crystalline powder according to a mathematical relation called “Bragg’s Law”. Bragg reflection
occurs only when the angle of incidence (here measured between the incident direction and the

planes) is equal to a Bragg angle 0g that satisfies Bragg's law:
n) = 2d sin0
where n is an integer,
A is the wavelength of the incident X-ray beam,
d is the distance between atomic layers in a crystal, generating the diffraction and

0 is the diffraction angle of incidence.
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Figure i. Lattice planes in a crystalline and Bragg’s Law reflection. The diffracted X-rays exhibit

constructive interference when the distance between paths (2dsin®) differs by an integer number

of wavelengths ().

A and d are measured in the same units, usually angstroms. For a powder specimen in a
diffractometer having a statistically infinite amount of randomly oriented crystallites, diffraction
maxima (or peaks) are measured along the 20 diffractometer circle. The “angle” of the diffraction
(recorded as 20 by convention) is related to the interplanar spacing, d, by the Bragg law, and the
intensity of the diffraction maximum is related to the strength of those diffractions in the

specimen.

A coherent beam of monochromatic X-rays of known wavelength is required for XRD analysis.
Striking a pure anode of a particular metal with high-energy electrons in a sealed vacuum tube
generates X-rays that may be used for X-ray diffraction. By the right choice of metal anode and
energy of accelerated electrons, a known wavelength (i.e., energy) or group of wavelengths will
dominate the X-rays generated. Copper (Cu) X-ray tubes are most commonly used for X-ray
diffraction of inorganic materials. The wavelength of the strongest Cu radiation (Ka) is
approximately 1.54 angstroms (A). Other anodes commonly used in X-ray generating tubes
include Cr (Ka 2.29 A), Fe (Ka 1.94 A), Co (Ka 1.79 A), and Mo (Ko 0.71 A).

Powder Diffraction

Powder XRD (X-ray Diffraction) is perhaps the most widely used x-ray diffraction technique for
characterizing materials. As the name suggests, the sample is usually in a powdery form,

consisting of fine grains of single crystalline material to be studied. The technique is used also
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widely for studying particles in liquid suspensions or polycrystalline solids (bulk or thin film

materials).

The real meaning of the term 'powder" is that the crytalline domains are randomly oriented in the
sample. Therefore when the 2-D diffraction pattern is recorded, it shows concentric rings of
scattering peaks corresponding to the various d spacings in the crystal lattice. The positions and
the intensities of the peaks are used for identifying the underlying structure (or phase) of the
material. For example, the diffraction lines of graphite would be different from diamond even
though they both are made of carbon atoms. This phase identification is important because the
material properties are highly dependent on structure.

Powder diffraction data can be collected using either transmission or reflection geometry, as
shown in Figure ii. Because the particles in the powder sample are randomly oriented, these two
methods will yield the same data. In the MRL x-ray facility, powder diffraction data are
measured using the Philips XPERT MPD diffractometer, which measures data in reflection mode
and is used mostly with solid samples, or the custom built 4-circle diffractometer, which operates

in transmission mode and is more suitable for liquid phase samples.
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Figure ii. Geometry of XRD: (left) reflection mode; (right) transmission mode.

Transmission electron microscopy (TEM)

The TEM has been proved invaluable for examining the ultrastructure of metals. For example,
crystalline defects known as dislocations were first predicted by theorists to account for the fact

that metals deform under much lower forces than calculated for perfect crystalline array of atoms.
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They were first seen directly in TEM images of aluminum. With a modern TEM (resolution ~ 0.2

nm), it is even possible to image individual atomic planes or columns of atoms.

In a transmission electron microscope, electrons penetrate a thin specimen and are then imaged
by appropriate lenses, in broad analogy with the biological light microscope. The focusing of
electrons relies on the fact that, in addition to their wave like character, they behave as negatively
charged particles and are therefore deflected by electric or magnetic fields.

Early in the 20th century, physicists discovered that material particles such as electrons possess a
wavelike character. Inspired by Einstein”s photon description of electromagnetic radiation, Louis

de Broglie proposed that their wavelength is given by
A=h/p=h/(mv)

where h = 6.626 *10* Js is the Planck constant; p, m, and v represent the momentum, mass, and
speed of the electron. For electrons emitted into vacuum from a heated filament and accelerated
through a potential difference of 50 V, v ~ 4.2*10° m/s and A ~ 0.17 nm. Because this wavelength
is comparable to atomic dimensions, such “slow” electrons are strongly diffracted from the
regular array of atoms at the surface of a crystal, as first observed by Davisson and Germer.

Raising the accelerating potential to 50 kV, the wavelength shrinks to about 5 pm and such
higher-energy electrons can penetrate distances of several microns into a solid. If the solid is
crystalline, the electrons are diffracted by atomic planes inside the material, as in the case of X-
rays.

There are four main components to a transmission electron microscope: an electron optical
column, a vacuum system, the necessary electronics (lens supplies for focusing and deflecting the
beam and the high voltage generator for the electron source), and control software.

The electron column includes elements analogous to those of a light microscope. The light source
of the light microscope is replaced by an electron gun, which is built into the column. The glass
lenses are replaced by electromagnetic lenses. Unlike glass lenses, the power (focal length) of
magnetic lenses can be changed by changing the current through the lens coil. The eyepiece or
ocular is replaced by a fluorescent screen and/or a digital camera.
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The electron beam emerges from the electron gun (usually at the top of the column), and is
condensed into a nearly parallel beam at the specimen by the condenser lenses. The specimen
must be thin enough to transmit the electrons, typically 0.5 um or less. Higher energy electrons
can penetrate thicker samples. After passing through the specimen, transmitted electrons are
collected and focused by the objective lens and a magnified real image of the specimen is
projected by the projection lens onto the viewing device at the bottom of the column. The entire
electron path from gun to camera must be under vacuum (otherwise the electrons would collide

with air molecules and be scattered or absorbed).

Three main types of electron sources are used in electron micro-scopes including tungsten,
lanthanum hexaboride (LaBg), and field emission gun (FEG). Each represents a different
combination of costs and benefits. The choice of source type is an important part of the
instrument selection process. Perhaps the single most important characteristic of the source is
brightness, which characterizes the electron current density of the beam and the angle into which
the current is emitted (current density per steradian solid angle); and ultimately determines the
resolution, contrast and signal-to-noise capabilities of the imaging system. FEG sources offer
brightness up to 1000 times greater than tungsten emitters, but they are also much more
expensive. In some high current applications, LaBg or tungsten may actually work better than
FEG.

Contrary to what might be expected, most specimens are not adversely affected by the electron
bombardment as long as beam conditions are controlled judiciously. When electrons impinge on

the specimen, they can cause any of the following:

Some of the electrons are absorbed as a function of the thickness and composition of the

specimen; these cause what is called amplitude (or mass thickness) contrast in the image.

Other electrons are scattered over small angles, depending on the composition and structure of
the specimen; these cause what is called phase contrast in the image.

> In crystalline specimens, the electrons are scattered in very distinct directions that are a
function of the crystal structure; these cause what is called diffraction contrast in the image.
» Some of the impinging electrons are deflected through large angles or reflected (back

scattered) by sample nuclei.
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» The impinging electrons can knock electrons from sample atoms which escape as low energy
secondary electrons.

» The impinging electrons may cause specimen atoms to emit X-rays whose energy and
wavelength are related to the specimen’s elemental composition; these are called
characteristic X-rays.

» The impinging electrons cause the specimen to emit photons (or light); this is called
cathodoluminescence.

> Finally, transmitted beam electrons can be counted and sorted by an energy loss spectrometer
according to the amount of energy they have lost in interactions with the specimen. The
energy loss carries information about the elemental, chemical, and electronic states of the

sample atoms.

In a standard TEM, mass thickness is the primary contrast mechanism for non-crystalline
(biological) specimens, while phase contrast and diffraction contrast are the most important

factors in image formation for crystalline specimens (most non-biological materials).

One limitation of the TEM is that, unless the specimen is made very thin, electrons are strongly
scattered within the specimen, or even absorbed rather than transmitted.

Nitrogen sorption measurements

In physical adsorption study, the experimental information of dominant importance is the
adsorption isotherm which is a plot of equilibrium amounts adsorbed (n, in mmol g*) against the

relative pressure (p/p°) of the adsorbate.

Isotherms from Na-sorption measurements of catalysts contain specific information on the
porosity of the particles. Information about the substance can be concluded already from the
isotherm type. Such isotherms are classified into six shapes by IUPAC, shown in Figure iii.

Type-1 isotherms reach a maximum value of adsorption without inflections and are characteristic
of carbons containing only microporosity (very few materials do). The gradients of the initial part

of the isotherm, with p/p° values between 0 ~ 0.05, are indicative of the dimensions of the
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microporosity, the steeper the gradient the narrower are the micropores. Type 11 isotherms show
an inflection in the region of p/p® 0.1, and at high relative pressure, p/p®> 0.9, where extents of
adsorption rise very rapidly. Such isotherms are characteristic of adsorption on open surfaces
with multilayer formation occurring in the final stages of the process. Type Il isotherms also
describe adsorption in mixed situations of micropores and open surfaces. Type Il isotherms are
convex, looking upwards, and are characteristic of adsorption at sites of low adsorption potential,
as is the case for adsorption on surfaces of organic polymeric systems. Type IV isotherms
resemble Type Il isotherms but additionally, instead of adsorption on open surfaces at high
relative pressures, adsorption takes place in mesoporosity. Such isotherms may exhibit hysteresis
when the mechanism of filling by capillary condensation in mesopores differs from that of
mesopore emptying. Type V isotherms are those of a low energy, homogeneous solid surface
possessing mesoporosity. Type VI isotherms are of surfaces with an extremely homogeneous
structure (e.g. pyrolytic graphite) using, for example, argon and methane as adsorbates (but not
nitrogen).

IV \Y% VI

Amount of gas adsorbed (mmolg?) —

Relative pressure of adsorbate p/p,

Figure iii. Classification of the isotherm types by IUPAC.
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The Langmuir isotherm and Langmuir equation

The Langmuir isotherm was developed by Irving Langmuir in 1916 to describe the dependence
of the surface coverage of an adsorbed gas on the pressure of the gas above the surface at a fixed
temperature. There are many other types of isotherm (Temkin, Freundlich ...) which differ in one
or more of the assumptions made in deriving the expression for the surface coverage; in particular,
on how they treat the surface coverage dependence of the enthalpy of adsorption. Whilst the
Langmuir isotherm is one of the simplest, it still provides a useful insight into the pressure
dependence of the extent of surface adsorption.

Assumptions used for the Langmuir isotherm are:

Gaseous molecules behave ideally.
Only one monolayer forms.
All sites on the surface are equivalent.

No adsorbate — adsorbate interactions.

o & 0D

An adsorbate molecule is immobile.

Concentration of solute in stationary phase

1 2 3 Rl 5 6

Concentration of solute in mobile phase
Figure iv The Langmuir isotherm.

/p° 1 /10
LangmuirEquationp P — — + p 5
na bnm nm

133



Characterization methods

Where p = equilibrium vapor pressure (Pa), p° = saturation vapor pressure (Pa), n* = amount
adsorbed (mmol g*), n%= monolayer capacity (mmol g™).The Langmuir equation is a plot of n?
against p/p® and provide a value for n% (amount of adsorbate which forms a monolayer), which
interprets the Langmuir isotherm.

The Langmuir isotherm gives us a wonderfully simple picture of adsorption at low coverage and
is applicable in some situations. At high adsorbate pressures and thus high coverage, this simple
isotherm fails to predict experimental results and thus cannot provide a correct explanation of
adsorption in these conditions. What is missing in the Langmuir treatment is the possibility of the
initial overlayer of adsorbate acting as a substrate surface itself, allowing for more adsorption
beyond saturated (monolayer) coverage. This possibility has been treated by Brunauer, Emmett,
and Teller and the result is named the BET isotherm. This isotherm is useful in cases where
multilayer adsorption must be considered.

The BET isotherm and BET equation

The BET isotherm predicts that the amount of adsorption increases indefinitely as the pressure is
increased since there is no limit to the amount of condensation of the adsorbate, which allows for
multiple nitrogen molecules to adsorb to each stationary site.

The assumptions used to drive the BET isotherm are:

1. Gaseous molecules behave ideally.

2. Multiple nitrogen molecules can be adsorbed to each site.

3. Each adsorbed molecule provides a site for the adsorption of the molecule in the layer above
it.

4. All sited on the surface are equivalent.

5. No adsorbate — adsorbate interactions

6. An adsorbed molecule is immobile.

7. Nitrogen in the second and higher layers is assumed to be liquid like.
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Figure v. The BET isotherm

BET Equation (pﬁ_p) = Vic + i/:cll))f:

Where V = amount adsorbed in volume STP (cm*g), Vm = monolayer capacity in volume STP
(cm®g), which interprets the BET isotherm. Similar as the Laugmuir equation, the BET equation
also provides a value for n%,. The parameter ¢ of the BET equation is indicative of the energetic
of the adsorption process. The BET equation does not describe the entire isotherm from the
relative pressure p/p® of 0.0 to 1.0. It is recommended by Rouquerol et al. (1999) that the best

linear fit should include Point B of the isotherm. Point B is the position of ng,.

The BET isotherm is accurate when the relative pressure p/p° is between 0.05 ~ 0.3, at which
pressures only a few complete layers have formed. At low pressures the BET isotherm does not
do a good job at describing adsorption because in deriving the isotherm it was assumed that all
the sites on the adsorbent surface are equivalent. This is not really the case and when only a few
molecules have adsorbed, effects from inhomogeneities in the surface become more important.
At high pressures, the cracks and roughness of the surface cause the BET isotherm to fail. This is
especially true for very porous materials where the indents have a width of only a few
monolayers. This is because the cracks can only hold a few monolayers and as the cracks fill up,
the effective surface area of the solid where the nitrogen adsorbs can change.
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The adsorption equations (the Langmuir equation and the BET equation) mentioned above
predict values of monolayer capacity (n% in mmol/g) which can be converted to an apparent
surface area (A in m? g™) provided that the area effectively occupied by an adsorbed molecule
(am in m? molecule™) can be estimated. Values of a, are obtained from density data:

AS = ngnNaam

where N, is the Avogadro constant, 6.013 x 10%.

N, sorption measurement

Before each measurement the sample surface is being cleaned of water and low simmering
organic compounds which might be adsorbed on the surface. For this surface cleaning (the so-
called “out-gassing”) the sample is annealed under vacuum above 100 °C for a certain time (the
appropriate temperature and time depend on the material).

Afterwards the measurement is performed. The measuring cell containing the sample is being
evacuated and cooled down to the temperature of liquid nitrogen (T = 77 K). At this temperature
the N-sorption-isotherm is measured. For this, small amounts of the nitrogen gas (adsorptive) are
injected into the cell step-by-step, which is being absorbed on the solid material’s (adsorbent)
surface. This is a physisorptive interaction between nitrogen molecules and the sample surface,
which is characterized by lower binding energy as opposed to the chemisorption. Dependent on
the amount of the adsorbed nitrogen the pressure related to a specific introduced nitrogen-volume
will decrease. During the measurements different pressures (expressed as relative pressure p/p°,
Po is atmospheric pressure) are controlled and the amount of nitrogen introduced to reach this
pressure is appointed. Therefore, the adsorption isotherm gives a plot of the volume of nitrogen
(related to 1g of material) as a function of the relative pressure p/p°.

At first a mono layer is formed on the surface of the solid material. By controlling larger relative
pressures (adding more nitrogen) multi layers are forming. Parallel to the multilayer formation
capillary condensation in the pores can occur. This process is described by the Kelvin-equation
and correlates the pressure. In the last step of the measurement nitrogen is being desorbed step-

by-step again until a specific relative pressure is reached.
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Inductively coupled plasma mass spectrometry (ICP-MS)

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an analytical technique used for
elemental determinations. The technique was commercially introduced in 1983 and has gained
general acceptance in many types of laboratories. An ICP-MS combines a high-temperature
Inductively Coupled Plasma (ICP) source with a mass spectrometer. The ICP source converts the
atoms of the elements in the sample to ions. These ions are then separated and detected by the

mass spectrometer.

The sample is typically introduced into the ICP plasma as an aerosol, either by aspirating a liquid
or dissolved solid sample into a nebulizer or using a laser to directly convert solid samples into
an aerosol. Once the sample aerosol is introduced into the ICP torch, it is completely desolvated
and the elements in the aerosol are converted first into gaseous atoms and then ionized towards
the end of the plasma. Once the elements in the sample are converted into ions, they are then
brought into the mass spectrometer via the interface cones. The interface region in the ICP-MS
transmits the ions traveling in the argon sample stream at atmospheric pressure (~ 1bar) into the
low pressure region of the mass spectrometer (<1 x 107 torr). This is done through the
intermediate vacuum region created by the two interface cones, the sampler and the skimmer (see
Figure vi).

skimmer cone vacuum sample cone

\ |/

— —
U I

lens shadow stop

Figure vi. The interface region of an ICP-MS.
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The interface region is one of the most critical areas of an ICP mass spectrometer. Its role is to
help the ions be transported efficiently and with electrical integrity from the plasma, which is at
atmospheric pressure (760 torr) to the mass spectrometer analyzer region at approximately 10
torr. The sampler and skimmer cones are metal disks with a small hole (~1 mm) in the center.
The purpose of these cones is to sample the center portion of the ion beam coming from the ICP
torch. A shadow stop (in Figure vi) or similar device blocks the photons coming from the ICP
torch, which is also an intense light source. Due to the small diameters of the orifices in the
sampler and skimmer cones, ICP-MS has some limitations as to the amount of total dissolved
solids in the samples. Generally, it is recommended that samples have no more than 0.2% total
dissolved solids (TDS) for best instrument performance and stability. If samples with very high
TDS levels are run, the orifices in the cones will eventually become blocked, causing decreased
sensitivity and detection capability and requiring the system to be shut down for maintenance.
This is why many sample types, including digested soil and rock samples must be diluted before
running on the ICP-MS.

The ions from the ICP source are then focused by the electrostatic lenses in the system.
Remember, the ions coming from the system are positively charged, so the electrostatic lens,
which also has a positive charge, serves to collimate the ion beam and focus it into the entrance
aperture or slit of the mass spectrometer. Different types of ICP-MS systems have different types
of lens systems. The simplest employs a single lens, while more complex systems may contain as
many as 12 ion lenses. Each ion optic system is specifically designed to work with the interface
and mass spectrometer design of the instrument. Once the ions enter the mass spectrometer, they
are separated by their mass-to-charge ratio.

The versatility of ICP-MS makes it a good analytical technique for a wide variety of applications.
This versatility is due not only to the large number of elements that can be determined rapidly at
trace levels but also to the wide variety of sample types that can be analyzed using the ICP-MS
technique.
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1. Junjiang Zhu, Xiao Xie, Sénia A. C. Carabineiro, Pedro B. Tavares, José L. Figueiredo,
Reinhard Schomdcker and Arne Thomas, Energy Environ. Sci., 2011, 4, 2020-2024.

2. Junjiang Zhu, Kamalakannan Kailasam, Xiao Xie, Reinhard Schomaecker and Arne
Thomas, Chem. Mater., 2011, 23, 2062-2067.

3. Xiao Xie, Torsten Otremba, Patrick Littlewood, Reinhard Schomécker and Arne
Thomas, ACS Catalysis, 2013, 3, 224-229.

4. Xiao Xie, Sabrina Nowag, Rainer Haag and Reinhard Schomaecker, One-pot synthesis of

silica xerogel supported Pd nanoparticles for catalytic applications, manuscript submitted.

Oral and poster presentations

1.

Xiao Xie, Sabrina Nowag, Rainer Haag, Arne Thomas, Reinhard Schomdacker. One-pot
approach synthesized Pd NPs supported on silica xerogel for catalytic applications, NCCC
XI1-Netherlands Catalysis and Chemistry Conference, poster presentation, 2010, Amsterdam,
Netherland.

Xiao Xie, Riny Parapat, Arne Thomas, Reinhard Schomécker. Loading noble metal
nanoparticles into oxide supportes by different methods and application in hydrogenation

reactions, poster presentation, 2010, Weimar, Germany.

Xiao Xie, Torsten Otremba, Reinhard Schomécker,Arne Thomas. Synthesis of porous
NiMnO and its application in dry reforming of methane, International Symposium on
Relations between Homogeneous and Heterogeneous Catalysis, oral presentation, 2011,

Berlin, Germany.

Xiao Xie, Torsten Otremba, Arne Thomas, Reinhard Schomacker, A solid solution catalyst
NiMnO for dry reforming of methane, 6th Asia Pacific Chemical Reaction Engineering
Symposium, poster presentation, 2011, Beijing, China.
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Appendix E. Curriculum Vitae
Xiao Xie
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Research Group Prof. Dr. Arne Thomas & Prof. Dr. Reinhard Schoméacker
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12249 Berlin

Experiences
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Die DFG-Begutachtung von UniCat (Unifying of Catalysis) in Bonn 02.2012
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PhD Workshop (International PhD Programs for Top Graduate Students) 10.2009

Representative assistant, responsible for delivering information about funding application
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students.

Technical University of Berlin 10.2008-03.2009

Lab assistant in the group of Chemical Engineering and Catalysis.
Project: “Application of membrane reactor for catalyst separation and recycling in liquid phase
reactions”.
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