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Abbreviations

d theta

d chemical shift (ppm)

° degree

°C degree celsius

pL microliter

A Angstrom

cod cis-1,5-cyclooctadiene

DTA differential thermal analysis

EDX energy-dispersive X-ray spectroscopy
equiv. equivalent

FT-IR fourier transform infrared spectroscopy
g gram

GC gas chromatography

h hours

K Kelvin

m?/g square metre per gram

min minute

mL milliliter

mmol millimol

MS mass spectrometry

NLDFT nonlocal density functional theory
nm nanometre

NMR nuclear magnetic resonance

NPs nanoparticles

PCS polycarbosilane

Pd/C palladium at charcoal

PDCs polymer derived ceramics

PE polyethylene

PXRD powder X-ray diffraction

rpm revolutions per minute

SiC silicon carbide

SICN silicon carbonitride

TEM transmission electron microscopy
TGA thermogravimetric analysis

THF tetrahydrofuran
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1. Summary/Zusammenfassung

1.1 Summary

Robust heterogeneous catalysts based on polymer derived non-oxide ceramics
(SIC/SICN) with integrated late transition metal (Ni, Pd) nanoparticles (NPs) were
designed, characterized and tested for their catalytic potential. For the decoration of
SICN support with metal NPs, a molecular approach was applied which makes the
use of amido metal complexes [Mx(Ap™°),] (M: Transition metals, Ap'"°H: 4-MethyI-
2-((trimethylsilyl)amino)pyridine) for the chemical modification of the preceramic
polymer (commercially known as HTT 1800, Clariant Advanced Materials GmbH,
Sulzbach, Germany) by the transfer of metal to its nitrogen functions (scheme 1.1).
The modified polymer was transformed to an amorphous SiCN material containing
metal NPs by controlled pyrolysis under an inert atmosphere. By following
aforementioned approach, Cu@SiCN materials (non-porous) have already been

developed in our research group.
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Scheme 1.1 The synthesis of M@SICN ceramics.

In present thesis, attempts were made to fabricate porous SICN/SiC materials with
good accessibility of metal (Ni and Pd) NPs. Firstly, the synthesis of palladium
containg SICN materials by the pyrolysis of palladium modified polysilazane was
attempted. It was found that during polymer to ceramic transformation, palladium
reacts with silicon to form intermetallic palladium silicide (Pd,Si) particles. The
materials were characterized (TGA, FT-IR, NMR, PXRD and TEM) and applied in
catalytic hydrogenation reactions. The activity of the catalysts was found low

because of the silicidation of metal and non-porous SiCN support.
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The issues of the low porosity of SICN ceramics and the formation of metal silicides
were addressed in the synthesis of Ni@SICN materials. Controlled pyroylsis of Ni
modified polysilazane at 600°C provided microporous Ni@SIiCN materials, whereas
at 1100°C the formation of nickel silicides in non-porous SiCN matrix was observed.
Ni@SICN materials were characterized by solid state NMR, FT-IR, PXRD, TGA, N;-
physisorption and TEM. Hyperpolarized ***Xe NMR was used to study the effect of
nickel loading and annealing time on pore structure. The microporous materials
showed good thermal stability and activity in selective hydrogenation of aryl
acetylenes but as polymer to ceramic conversion was not complete at 600°C, the
materials possessed low hydrothermal stability at higher temperatures due to the
hydrolysis of Si-N bonds.

In order to replace Si-N bonds with more stable Si-C bonds, a commercial
polycarbosilane was used to fabricate SiC materials with integrated Ni NPs by the
pyrolysis of nanostructured polycarbosilane-block-polyethylene (PCS-b-PE) polymer.
PCS-b-PE was synthesized by the reaction of PCS with PE-OH catalyzed by an
amido nickel complex followed by its nanostructuring via microphase separation
technique. The length of PE block affected the type of pores generated in SiC
material and the synthesis of highly porous materials with micro-, meso- and
hierarchical porosity was achieved. Ni@SiC materials were characterized by TGA,
PXRD, N,-physisorption and TEM. Hierarchically porous Ni@SiC selectively cleaves

aromatic C-O bond of aryl ethers in water and was found a reusable catalyst.
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Scheme 1.2 Synthesis of Ni@SiC ceramics.

Lastly, controlled pyrolysis of palladium modified polysilzane provided nanoporous
SiCN materials with very small and highly accessible Pd NPs. This shows the role of
SICN support whose nitrogen atoms have a stabilizing effect on small metal
nanoparticles. Moreover, SICN support ineracts nicely with the NPs leading to the
prevention of their leaching. In general, NPs have agglomeration tendencies with
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1. Summary/Zusammenfassung

increasing metal loading but in the case of PA@SICN, size of metal NPs remained
small even with a palladium loading of 14 wt%. Pulse titration with hydrogen showed
high accessibility of Pd. PA@SICN materials showed better activity than commercial
Pd/C catalyst in oxidation of alcohols in the absence of air or oxygen with the
evolution of hydrogen.

M@SICN/SIC materials may find applications in sustainable production of chemicals

and fuels from renewable sources, for instance, from lignocellulosic biomass.
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1.2 Zusammenfassung

Im Rahmen der Doktorarbeit wurden stabile heterogene Katalysatoren, bestehend
aus nicht oxidischen Keramiken (SIiC/SICN) mit integrierten metallischen
Nanopartikeln (NP) der Spaten Ubergangsmetalle (Ni, Pd) entwickelt, charakterisiert
und auf ihre katalytischen Eigenschaften untersucht. Das als Ausgangsmaterial
verwendete prakeramischen Polymer, kommerziell erhaltlich als HTT 1800 (Clariant
Advanced Materials GmbH; Sulzbach; Germany), wurde auf molekularem Wege
durch Metallibertragung auf die Stickstofffunktionen unter Verwendung von
Amidometallkomplexen [My(Ap™3),] (M: Ubergangsmetall, Ap™°H: 4-Methyl-2-
((trimethylsilyl)amino)pyridinat) (Schema 1.1) modifiziert. Das mit Metall beladene
Polymer wurde anschliessend durch kontrollierte Pyrolyse unter
Inertgasbedingungen in ein amorphes, metallische NP enthaltendes SiCN Material
umgewandelt. Durch diese Vorgehensweise wurden bereits nichtporése Cu@SiCN

Materialien in unserer Forschungsgruppe entwickelt.
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Schema 1.1 Die Synthese von M@SICN Keramiken.

In der vorliegenden Arbeit wurden Bestrebungen unternommen porése SiCN/SiC
Materialien mit guter Zugénglichkeit zu den Metallischen NP (Ni, Pd) zu generieren.
Zunachst wurde die Synthese Palladium enthaltender SIiCN Materialien durch
Pyrolyse von Palladium modifizierten Polysilazanen untersucht. Dabei wurde
beobachtet dass wahrend der Umwandlung des Polymers in die Keramik Palladium
mit Silizium unter Bildung intermetallischer Palladiumsilizid-partikel (Pd,Si) reagiert.

Die Materialien wurden charakterisiert (TGA, FT-IR, NMR, PXRD und TEM) und in
Hydrierreaktionen als Katalysator eingesetzt. Die Aktivitat des Katalysators blieb
aufgrund von Silicidbildung des Metall und unporésen SICN Trager gering. Die
Problematik geringer Porositat der SICN Keramiken und die Bildung von

Metallsiliziden wurde mit der Synthese von NI@SICN Materialien studiert. Die
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kontrollierte Pyrolyse von Ni modifiziertem Polysilazan lieferte bei 600°C mikroporése
Ni@SIiCN Materialien wohingegen bei 1100°C die Bildung von Nickelsiliziden in einer
unporésen SICN Matrix beobachtet wurde. Die Ni@SICN Materialien wurden mittels
Festkorper NMR, FT-IR, PXRD, TGA, N»-Physisorption und TEM charakterisiert.
Unter Verwendung von hyperpolarisiertem '*Xe NMR Experimenten wurde der
Effekt von Nickelbeladung und Ausglihzeit auf die Porenstruktur untersucht. Die
Materialien zeigten gute thermische Stabilitdit und Aktivitat in der selektiven
Hydrogenierung von Arylacetylenen. Da aber die Umwandlung von Polymer zu
Keramik bei Pyrolysetemperaturen von 600°C noch nicht vollstéandig ist, besitzen die
Materialien aufgrund der Hydrolyse von Si-N Bindungen eine geringe hydrothermale
Stabilitat bei hoheren Temperaturen. Um die Si-N Bindungen durch stabilere Si-C
Bindungen zu ersetzen, wurde kommerzielles Polycarbosilan verwendet, um SiC
Materialien mit integrierten Ni NP mittels Pyrolyse von nanostrukturiertem
Polycarbosilan-block-polyethylen (PCS-b-PE) Polymer zu erzeugen. PCS-b-PE
wurde durch eine Amido-Nickel-Komplexkatalysierte Reaktion von PCS mit PE-OH
und anschlieBender Nanostrukturierung durch Mikrophasenseparationstechnik
synthetisiert. Die LaAnge des PE Blockes beeinflusst den im SiC Material generierten
Porentypus. Die Synthese hochporoser Materialien mit Mikro-, Meso- und
hierarchischer Porositat wurden erreicht. Ni@SiC Materialien wurden mittels TGA,
PXRD, Nz-Physisorptionsmessungen und TEM charakterisiert. Hierarchisch pordses
Ni@SIC spaltet selektiv aromatische C-O Bindungen von Arylethern in Wasser bei

guter Wiederverwendbarkeit.
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Schema 1.2 Synthese von Ni@SiC Keramiken.

Zum Schlul® lieferte die kontrollierte Pyrolyse von Palladium modifiziertem
Polysilazan mikropordse SICN Materialien mit sehr kleinen und gut zuganglichen Pd

NP. Dies zeigt die Bedeutung des SICN Tragers, dessen Stickstoffatome einen
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stabilisierenden Effekt auf kleine Metall NP haben. Dartiber hinaus wechselwirkt der
SIiCN Trager gut mit den NP und verhindert so deren Herauslésen (Leaching).

Im Allgemeinen besitzen NP die Tendenz mit steigender Metallbeladung zu
agglomerieren. Jedoch bleiben Metallischen NP im Falle des Pd@SIiCN auch bei 14
wt% stabil. Die Pulstitration mit Wasserstoff zeigt eine bessere Zuganglichkeit des
palladium als es fiur kommerzielle Pd/C Katalysatoren der Fall ist. Pd@SICN
Materialien zeigen ebenso in der Sauerstofffreien Oxidation von Alkoholen zu
Aldehyden und Ketonen, unter Bildung von Wasserstoff, eine bessere Aktivitat als
kommerzielle Pd/C Katalysatoren. M@SICN/SIiC Materialien kdnnten Anwendung in
der nachhaltigen Produktion von Chemikalien und Brennstoffen aus erneuerbaren

Quellen, wie beispielsweise lignocellularer Biomasse finden.



2. Introduction

We are living in an oil-based society where most of the fuels and major chemicals are
obtained from fossil resources (coal, oil and natural gas). Currently, the building
blocks for about 95% of all the carbon-containing chemicals that are required to
sustain our everyday lives are derived from crude oil.™ In fact, 70.6% of the crude oil
pumped out from earth is used for the production of fuels and 3.4% feeds the
chemical industry for the production of chemicals (Fig. 1).! Interestingly, both fuel
market and petrochemicals create revenues that roughly correspond to almost the
same amount of money in USA (385 billion US$).”” Unfortunately, oil reservoirs are
depleting tremendously and are currently available to provide fuels and chemicals for
a limited period of time.! Therefore, diminishing fossil resources together with

increasing oil prices and emission of green house gases demand alternate renewab-

OIL BARREL BREAKDOWN

Despite consuming a small fraction of US oil compared with fuel, petrochemical products are worth more

Liquified refinery gases 2.3 %
Miscellaneous products 0.4 %

| Stillgas4.1%
| Asphalt and road oil 3.0 %

Petroleum coke 5.0 %
Waxes 0.1 %

Lubricants 1.0 %

Special naphtha 0.2 %

Resicual fuel oil 3.8 %
Heavy fuel oil 6.1 %

~$375bn

Petrochemicals 3.4 % Pre-taxvalue of petrochemical
Including: products such as plastics,
cosmetics, pesticides, detergents,
paints and adhesives (excluding
pharmaceuticals)

$385bn

Fuels 70.6 % Pre-taxvalue of transportation
Including: motor gasoline, fuels

aviation gasoline,

kerosene-type jet fuel, diesel

naphtha, ethane,
ethylene, other oils

Figure 1. Production of fuels and chemicals from crude oil. Adopted from reference 1.



2. Introduction

-le feedstocks for the production of both fuels and chemicals.” Biomass, in this
regard is the only renewable and sustainable source for the production of both fuels
and chemicals.” Whereas there has been a strong focus on the use of biomass for
the production of fuels, much less attention has been given to its utilization as a
feedstock for organic chemicals.”® Replacement of petroleum-derived chemicals with
those from biomass will play a key role in sustaining the growth of the chemical
industry.l”) The US department of energy, in this regard, has set up a goal that by
2030, 20% of transportation fuel and 25% of chemicals will be produced from

biomass.®

Biomass is a myriad of complex substances that amount to ca. 170 x 10° tons per
year.”! Lignocellulosic biomass is the most abundant bio-resource available and
consists of three major components: Cellulose (40%), hemicelluloses (25%) and
lignin (20%).1° Non-edible biomass (lignocelluloses) offers advantages such as their
utilization will not compete with the food supply, their lower cost and faster growth as

compared to food crops.*!

Catalysts are the phil osopherya msst a ihe
industrial processes utilize them. Among others (molecules, enzymes) solid catalysts
dominate the chemical industry due to the ease of their separation after the reaction.
It is estimated that almost 80-85% of the processes use them™ including the
industrial production of fine chemicals.*® Other than biotechnological processes,*
chemical routes in general*® and heterogeneous catalysis in particular find potential
use in the efficient utilization of biomass for the production of fuels and chemicals.*®
The utilization of biomass as a substituent feedstock for crude oil would be a shift
from gaseous phase to liquid phase catalysis demanding additional special features
both from the catalyst and the support. As most of the biomass transformations are
carried out in aqueous or highly polar solvents, the catalyst needs to be stable
against dissolution and leaching in these media under different pH conditions.
Tunable porosity is another characteristic required as it would allow the effective
transport of substances for effective catalysis.*”! Therefore, design of solid catalysts
with tunable porosity, high surface area and hydrothermal stability is vital in the

efficient utilization of biomass for sustainable chemistry.

Polymer derived ceramics (PDCs) are versatile materials derived from organosilicon

8
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i Cross-linking ; Pyrolysis
Organosilicon ] | Preceramic Ceramics
polymer 100-300°C polymer 600-1100°C

Scheme 1. Synthesis of polymer derived ceramics from organosilicon polymers.

polymers (scheme 1) possessing high (hydro)thermal stability and can withstand
harsh chemical environment.'® These features make them suitable candidates as
support materials for catalytic biomass conversion. Due to the polymer route of
synthesis, PDCs offer several advantages over the conventional oxide ceramics
synthesized via solid state methods. Firstly, they have lower processing temperatures
and allow the fine tuning of structure at a molecular level. Secondly, the fabrication of
a wide variety of structures like films, fibers, sheets and coatings is facilitated.*®
Among other PDCs, SiCN ceramics are interesting in particular because of the
presence of nitrogen as a part of three dimensional covalent Si-C-N network.
Nitrogen functions, in first place, facilitate the transfer of metal ions from amido metal
complexes to silzane polymer. Secondly, they can stabilize small metal naoparticles
(NPs) anchoring them firmly with the support which in turn avoids the metal leaching.
The introduction of metal NPs can be achieved by the use of metal (oxide) powders,
coordination compounds or employing metal containing polymers. Our group has
developed a molecular approach in which amido metal complexes of transition
metals are used for the chemical modification of polysilazane which upon its pyroylsis
under an inert atmosphere provided M@SICN materials.”® Although Cu@SiCN
catalysts synthesized by this approach, showed appreciable catalytic activity in air
oxidation of alkanes, non-porous SiCN support afforded severe mass transport

constraints.

The present thesis focuses on the design of robust, porous and recyclable
M@SICN/SIC catalysts for sustainable chemistry applications. Due to broad
spectrum of catalytic applications offered by palladium, we decided to extend our
approach developed for Cu@SICN materials to synthesize palladium containing
SICN ceramics. Unfortunately, the activity of the catalysts was low due to the
formation of intermetallic Pd,Si phase instead of palladium NPs. Moreover the
catalysts possessed very low surface area which would have avoided effective mass
transport of materials through them. As nickel is an inexpensive metal finding
applications in a wide range of catalytic transformations, we tried to fabricate SiCN

9



2. Introduction

supported porous nickel catalysts. It was found that fine tuning of pyrolysis conditions
was crucial in addressing the porosity issues as well as in preventing the formation of
metal silicides. With slower heating rate (1K/min) and longer dwelling times it was
possible to get highly microporous nickel NPs containing SICN materials. Ni@SiCN
materials manifested appreciable thermal stability and good activity in selective
hydrogenation of aryl acetylenes. Unfortunately, Si-N bonds of the materials were
attacked by water at higher temperatures so it was decided to replace them with
more stable Si-C bonds. In order to tune the porosity of materials we made the use of
a cheap organic polymer synthesized in our group by the use of molecular catalysts.
A commercially available polycarbosilane was reacted with polyethylene having i OH
end groups which can react with Si-H group of the pre-ceramic polymer
(polycarbosilane) in the presence of an amido nickel complex to provide
polycarbosilane-block-polyethylene (PCS-b-PE) polymer. This block copolymer can
be self assembled into ordered structures which upon pyrolysis provided highly
porous Ni@SIC materials. The length of organic block greatly affected the type of
pores generated within the materials and it was possible to fabricate materials with
micro- meso- and hierarchical porosity. Selective hydrogenolysis of lignin model
compounds was carried out in water and catalysts were found to be selective and

reusable in the cleavage of aromatic C-O bonds.

Last part of the thesis discusses the role of nitrogen functions of SICN support in the
stabilization of very small metal particles. By controlled pyrolysis of polysilazane
modified with palladium, nanoporous SIiCN materials with very small, highly
accessible palladium NPs were achieved. PA@SICN materials were found active
catalysts in dehydrogenation of alcohols under anaerobic conditions. This reaction is
important in the sense that liquid alcohols can be transported easily and stored
hydrogen can be regenerated from them by the use of PA@SICN catalysts for its use
as a clean source of energy. Moreover, the dehydrogenation of alcohols is a key step

in sustainable synthesis.!
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3. Overview of Thesis

An overview and the interconnection of the publications presented in the thesis

(chapters 4-8) are described here.
3.1 Overview and the Interconnection of the Publications

For the development of robust heterogeneous catalysts for the sustainable
production of chemicals, polymer derived ceramics (PDCs: SICN/SiC) were chosen
as support materials. Polymer derived non-oxide ceramics modified with late
transition metals are reviewd in chapter 5. In addition to the main synthetic strategies
for modified SiC and SiCN ceramics, an overview of the morphologies, structures and
compositions of both, ceramic materials and metal (nano) particles, is presented.
PDCs can broadly be classified into SiC and SiCN ceramics. They are characterized
by high thermal stability, oxidation resistance and stability under harsh chemical
environment. The chemical modification of organosilicon polymers followed by their
pyrolysis can provide metal containing PDCs. For the modification of polymers, either
metal (oxide) powders or alternatively coordination complexes can be used, the later
being advantageous as they allow the control at a molecular level. Direct pyrolysis of
metallopolymers can also provide M@PDCs. The characterization of M@PDCs with
various analytical tools is also reviewed. In the applications part, magnetic, biological
and catalytic applications of the materials are discussed in depth (Fig. 3.1).

A 4

Magnetism

Figure 3.1 Flow chart of the synthesis and applications of PDCs modified with late transition metals.
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3. Overview of Thesis Results

For the introduction of active metal particles to SICN support, a molecular approach
utilizing the amido metal complexes was recently developed in our group. During the
reaction of metal complex with the polysilazane, metal is transferred to the the
nitrogen functions of the polymer providing a metallopolymer. The metal modified
polymer upon its pyrolysis under an inert atomosphere provides M@SICN materials.
Cu@SIiCN catalysts synthesized this way were used in the air oxidation of
cycloalkanes. Unfortunately, such catalysts offered low activity because of the non-
porous SICN support and low accessibility of the active metal particles.
Aformentioned approach was extended to other metals in order to synthesize
M@SICN composites for various catalytic applications. As palladium offers a wide
range of applications in catalytic hydrogenation, oxidation and coupling reactions, an
attempt to synthesize Pd@SICN robust catalysts was made (chapter 4). Amido
palladium complex (2) not only transferred the metal to N-functions of polysilazane
(1) but also initiated cross-linking of preceramic polymer by hydorsilylation and
dehydrocoupling reactions (Fig. 3.2). After pyrolysis of palladium modified polymer
(3) the formation of palladium silicide (Pd;Si) particles in a SICN matrix was
observed. As the preceramic polymer is rich in silicon (~ 50% Si), palladium reacts
with silicon at higher temperature (1100°C) to form palladium silicide. The size of the
Pd,Si was found dependent on the solvent used in the chemical modification of
polysilazane as smaller particles were generated in hexane than those formed with
the use of THF. The materials were characterized by NMR (*H and *3C), FT-IR, TGA,
PXRD and TEM. Pd,SIi@SIiCN materials were found active, selective and reusable
catalysts in the hydrogenation of aryl ketones to alcohols. Conversion increased with

increase in temperature keeping constant selectivity to alcoholic product. Overall

1) Metal transfer

HTT 1800
1

12 16 20 24 28 32 36 40 44 48

2) Cross-linking Pd,Si@SIiCN

Figure 3.2 Schematic presentation of the synthesis of Pd,Si@SiCN materials.

14



3. Overview of Thesis Results

conversion decreased both with the increase in alkyl chain length and its branching

at alpha carbon of the ketone.

As an inexpensive metal widely used for various catalytic transformations, nickel
containing SICN ceramics were planned to be synthesized (chapter 6). The issues of
non-porous SIiCN support and the formation of metal silicides were addressed in the
synthesis of Ni@SICN materials (Fig. 3.3). The pyrolysis of polysilazane (HTT 1800)
at various temperatures (300-1100°C) revealed that the surface area of obtained
SICN materials increased up to 500°C and then decreased to almost zero at 1100°C.
This transient porosity arises due to the emission of gases during pyroylsis and is lost
above 600°C. Thus, highly microporous Ni@SIiCN materials were obtained by the
pyrolysis of nickel modified polysilazane (HTT 1800) at 600°C and were
characterized by TGA, DTA, FT-IR, PXRD, N,-physisorption, TEM and solid state *C
and *°Si NMR spectroscopy. Nickel complex not only acted as a metal transfer
reagent but also catalyzed the cross-linking of polysilazane via hydrosilylation
reaction. Moreover, it catalyzed the formation of graphitic carbon within the materials
which provided mechanical strength to the materials leading to the retention of
porosity at 600°C. Slow heating rates and longer dwelling times were also found
useful in this regard. As investigated by **C and ?°Si solid state NMR, increase in Ni
amount increased the population of SiN4 sites and the graphitic carbon content within
the materials. The surface area, pore size and size of Ni NPs can be tuned. Pyrolysis
temperature had tremendous effect on both porosity and nature of particles formed in
SICN matrix. High temperature (1100°C) provided nickel silicide particles in
nonporous SICN matrix. When temperature was decreased to 600°C microporous

SICN materials with integrated Ni NPs were obtained. The materials showed shape

Hydrosilylation

— 260 240 220 200 180 160 140 120 100 80 60 40 20 0 -20

Dehydrocoupling et

Figure 3.3. Pictorial presentation of the synthesis and applications of Ni@SiCN materials.

15



3. Overview of Thesis Results

retention and thermal stability up to 600°C as investigated by TGA studies.
Continuous flow hyperpolarized ***Xe NMR spectroscopy was used to elucidate the
effect of nickel loading and annealing time on the pore structure of the materials. The
adsorption enthalpy was found independent of the particle size inclusion and partic-
les were located near the external surface and within the internal voids. The
composite materials were applied as catalysts in the selective hydrogenation of aryl

acetylenes which showed their potential as catalyst or catalyst support materials.

Porosity issues associated with SICN support as well as the formation of intermetallic
phases with noble metals (Ni, Pd, and Pt) were somehow solved by the pyrolysis of
chemically modified polysilazane at lower temperatures (600°C). Microporous
Ni@SICN materials in this way showed appreciable thermal stability but as the
pyrolysis was carried out at a temperature (600°C), where polymer to ceramic
conversion was not complete, the obtained materials suffered the problem of lacking
hydrothermal stability. It was found that Si-N bonds are attacked by water leading to
their hydrolysis so it was decided to replace them with more stable Si-C bonds. A
commercial polycarbosilane (SMP-10) was used in this regard to fabricate SiC
materials with integrated Ni NPs. As gaseous emissions at 450-550°C during the
pyrolysis of preceramic polymer generates porosity which could be retained in the
presence of nickel, addition of a sacrificial carbon source could be beneficial. Without
the addition of a sacrificial filler, controlled pyroylsis of Ni modified PCS provided
materials with low surface area (Sger: 100 m%g) but when a hydroxy-terminated
polyethylene (PE) was added, highly microporous Ni@SiC materials (Sger: 550 m?/g)
were obtained. Ni complex catalyzed the dehydrocoupling reaction between Si-H and
T OH bonds leading to the formation of a polycarbosilane-block-polyethylene (PCS-b-
PE). Chapter 7 discusses the synthesis of Ni@SIiC materials with tunable porosity
from the self assembly of (PCS-b-PE) polymer (Fig. 3.4). The block copolymer owing
to the covalent linkage between the two blocks could be self assembled into ordered
microdomains. The organic block was burnt off during pyrolysis under an inert gas
providing porous Ni@SIiC materials. Slow heating rates and long dwelling times
during pyrolysis were found beneficial in terms of structural retention. The length of
PE block greatly affected the types of pores generated and the fabrication of Ni@SiC
materials with micro-, meso- and hierarchical porosity was achieved. The materials
were characterized by PXRD, TGA, Nz-physisorption and TEM. Ni@SiC materials -
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Figure 3.4 Graphical abstract showing the structure and applications of Ni@SiC materials.

were applied as reusable catalysts for the selective hydrogenolysis of lignin model
compounds (aryl ethers). Hierarchical material was found to be the most active as
compared to the micro and mesoporous Ni@SIC in the selective cleavage of C-O

bond present in aryl ethers.

Inspired by all these investigations in which low temperature pyrolysis (~700°C) and
long dwelling times lead to highly porous materials, the reinvestigation of PA@SICN
was carried out. In a previous attempt to synthesize such materials, the formation of
nanoalloy Pd,Si particles in a non-porous SICN matrix was observed. Firstly,
Polysilazane (HTT 1800) was chemically modified with an amido palladium complex
(Fig. 3.5) and metal got transferred to the nitrogen functions of the polymer.
Secondly, controlled pyrolysis of the metallopolymer at 700°C with slow heating rates
and long dwelling times, provided nanoporous Pd@SIiCN materials. The loading of
metal was varied from 2-14 wt% and materials were characterized by PXRD, N.-
physisorption and TEM. Pd@SICN materials contained very small Pd NPs (~2.5 nm)
as investigated by TEM. The nitrogen functions of the SiCN network seemed to play
a vital role in the stabilization of very small palladium NPs. The preceramic polymer
stabilized Pd ions (Pd*?), at first place by their coordination to the nitrogen functions
of polysilazane. Once reduced to elemental Pd due to the reductive atmosphere
during pyrolysis, NPs are capped by N-atoms of the amorphous SiCN network in the
second place. In this way, stabilization of very small NPs was achieved which were
anchored firmly to the SICN support and avoided any possible metal leaching.
Despite of the agglomeration tendencies of NPs with increasing metal content, the
size of NPs remained small even when the metal loading was increased from 2 to 14

wt%. Hydrogen pulse titration was used to determine the metal dispersion. When
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fresh PA@SICN was heated at 90°C for 24 hours in methanol-water mixture, the
metal dispersion increased from 0.25% to 22% which is comparable to the
commercial Pd/C catalyst (20%). The activity of the catalysts was expected to be
high due to the highly accessible and small Pd NPs. Moreover Pd@SICN materials
possessed porosity and their surface area increased with an increase in metal
content. The materials were applied in acceptorless and base free dehydrogenation
of alcohols in water. At 90°C, a competitive hydrogenolysis reaction was found along
with the dehydrogenation which could be avoided by decreasing the reaction
temperature and the amount of water. The activity decreased with an increase in the
amount of water used. Both aliphatic and cyclic alcohols were successfully

dehydrogenated under mild reaction conditions.

Polysilazane (HTT 1800)

Pd modified polysilazane Nanoporous Pd@SiCN
I. Metal tranfer/Cross-linking, Il. Pyrolysis
Figure 3.5 The synthesis of PA@SICN and the stabilization of small Pd NPs are shown in the figure.

3.2 Individual Contribution to Joint Publication

The results presented in this thesis were gathered with the collaboration of others

and are either published, submitted or to be submitted for their publication as
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mentioned below. The contribution of co-authors to each publication is acknowledged

here. The asterick denotes the corresponding author(s).

3.2.1 Chapter 4

This work was published in J. Mater. Chem. 2011, 21,18825-1 8 8 31 wi t Thet he t i
Generation of Palladium Silicide Nanoalloy Particles in a SICN Matrix and Their

Catalytic Applicationsd

M. Zaheer, G. Motz, R. Kempe*

| synthesized, characterized and studied the catalytic applications of the materials
presented in this work. The paper was written by me while Ginter Motz and Rhett
Kempe were involved in scientific discussion and in the correction of the manuscript.

Rhett Kempe supervised this work also.

3.2.2 Chapter 5

This review article was published in Chem. Soc. Rev. 2012, 41, 5102-5116 with the
title olymer Derived Non-oxide Ceramics Modified with Late Transition Metalsé
M. Zaheer, T. Schmalz, G. Motz*, R. Kempe*

| wrote the review except the introduction which was written by T. Schmalz. G. Motz

and R. Kempe were involved in scientific discussions and manuscript correction.

3.2.3 Chapter 6

This work was published in Chem. Mater. 2012, 24, 3952-3963wi t h t Robust i t | e
Microporous Monoliths with Integrated Catalytically Active Metal Sites
Investigated by Hyperpolarized *°Xe NMR6

M. Zah*eer, C. D. Keenan, J. Hermannsdorfer, E. Roessler*, G. Motz*, J. Senker*, R.

Kempe

| synthesized the materials, did the catalytic experiments and wrote the manuscript.

C. D. Keenan performed solid state NMR experiments and wrote the part with *%° Xe

NMR. J. Hermannsdorfer took TEM images of the materials. E. Roessler, G. Motz, J.

Senker and R. Kempe were involved in scientific discussions and in the correction of

the manuscript. The work was planned under the supervision of R. Kempe.
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3.2.4 Chapter 7

This work was published in ChemCatChem wi t h t [Rebust Hetefogenedus
Nickel Catalysts with Tailored Porosity for the Selective Hydrogenolysis of Aryl
Etherso

M. Zaheer, J. Hermannsdoérfer, W. P. Kretschmer, G. Motz, R. Kempe*

The synthesis, characterization and catalytic studies of the materials were performed
by me as well as the writing of the manuscript. J. Hermannsdorfer analyzed the
materials by TEM while W. P. Kretschmer synthesized the polyethylene. G. Motz and
R. Kempe contributed in terms of scientific discussions and correction of the

manuscript. The work was supervised by R. Kempe.

3.2.5 Chapter 8

This work is to be submitted for publication wi t h t hRobustiNanogorows
Palladium Catalysts for Oxidant Free Dehydrogenation of Alcohols under Mild
Conditionso

M. Zaheer, G. Motz, R. Kempe*

The materials were synthesized and characterized by me. | did the catalytic studies
with the materials and wrote the manuscript. G. Motz and R. Kempe corrected the
manuscript and were involved in scientific discussions. The work was supervised by

R. Kempe.
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4. The Generation of Palladium Silicide Nanoalloy Particles

in a SICN Matrix and Their Catalytic Applications
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Published in: J. Mater. Chem. 2011, 21, 18825-18831.

Abstract: The synthesis, characterization and catalytic studies of single phase
palladium silicide nanoalloy particles supported by a polymer derived, non-oxide
SICN matrix (Pd,SI@SICN) is reported. Simultaneous chemical modification of a
polyorganosilazane as well as its cross-linking was achieved by the use of an
aminopyridinato palladium complex at room temperature. Cross-linking takes place
with an evolution of hydrogen and increases the ceramic yield by the retention of
carbon and nitrogen atoms. Liberation of ligand, as confirmed by H NMR
spectroscopy provides an indirect evidence of the transfer of palladium to the
nitrogen functions producing metal modified polyorganosilazane whose pyrolysis at
1100°C under nitrogen atmosphere provides Pd,Si@SICN. Powder X-ray diffraction
(PXRD) studies confirmed the presence of the hexagonal Pd,Si phase in the
amorphous SiICN matrix. The size of the particles formed depends upon the nature of
the solvent used in cross-linking step. The amount of palladium complex added
seems not to affect the size of particles formed but does increase their population
density. Pd,Si@SICN catalysts were found active for the hydrogenation of ketones.
The selectivity of the reaction towards alcoholic product remains very high. The
conversion of the reaction however, decreases both with increase in alkyl chain
length as well as its branching at alpha carbon. The recyclable Pd,Si@SiCN could be
a suitable choice for the catalytic transformations under harsh chemical environment

and at higher temperatures.
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4. The Generation of Pd,Si Nanoalloy Particles in a SICN Matrix, Catalytic Applications

4.1 Introduction

Nanoalloys, owing to their improved structural, electronic and optoelectronic
properties as compared to their (metallic) counterparts, find intensive applications in
many areas of technological importance.™™ For instance, bimetallic alloy nanoparticles
have been applied in light emitting diodes (LED)?® data storage devices*® and
thermoelectric devices.® A salient feature of nanoalloy particles is the superior
catalytic performance and their applications, in this regard, range from
electrochemical fuel cell reactions,”*? to various oxidation reactions,™**® and
renewable energy production.*"#!

Polymer derived ceramics (PDC) have been investigated intensively in the past two
decades.'® The PDCs based on SiCN ternary system are highly robust materials
possessing extraordinary high temperature properties?®? and oxidation resistance
up to 1600°C"*? without showing any prominent mechanical creep.?® On the account
of their polymer route synthesis, fabrication of fibers,?¥ fims*®! and coatings®®® is
facilitated. Introduction of metal not only improves the electrical®” thermal and
magnetic properties®® of these materials but also extends their application profile to
catalysis, where such robust systems have successfully been used as catalysts for
fuel reforming,'*” total oxidation of methane®® and the decomposition of ammonia."
In addition, metal containing SiCN ceramics have been reported to be selective
catalysts in the oxidation of alkanes using air as an oxidant.®? The synthetic
strategies for metal containing polymer derived ceramics can broadly be divided into
three categories. Firstly, the chemical modification of organosilicon polymers by the
use of metal powderst® or by metal oxides;*! secondly, modification at a molecular
level by the use of metal complexes®=® followed by its pyrolysis to obtain metal
containing ceramics. The third approach makes the use of metal containing
organosilicon polymers®’*” and their subsequent ceramization. We recently reported
a molecular approach utilizing amipyridinato transition metal complexes for the
chemical modification of polyorganosilazane!***? (HTT 1800) whose pyrolysis
provided metal particles containing SICN ceramics. This synthetic protocol is
advantageous in the sense that it avoids entry of any foreign element as the
aminopyridinato complexes contain the same elements as contained by the
polysilazane. Such complexes can be synthesized in good yields and are available
for almost all the transition elements.*? Moreover, the dispersion of metal within the
22
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ceramic is assured owing to the covalent linkages of metal with the nitrogen
functionalities of the polysilazane. This molecular approach for the synthesis of metal
containing SICN ceramics is (here) extended to the synthesis of so called
intermetallic nanoparticles (nanoalloys). The aminopyridinato complex of palladium
used here generates palladium silicide nanoparticles by the chemical modification of
the polysilazane. Moreover, it cross-links the polymer efficiently at room temperature
increasing the ceramic yield by the retention of carbon and nitrogen atoms within the
ceramic. Conventional synthesis of palladium silicides involves the annealing of
palladium on silicon substrates which, depending upon the stoichiometric ratio and
annealing temperature generates different silicide phases (deSiy).[43] Although the
growth and structure of palladium silicide has been studied extensively in past, there
are only a few reports on the nanosizing of palladium silicides.*? Here we report on
the synthesis of palladium silicide nanoparticles and their size control within a SiCN

support and their catalytic applications.

4.2 Experimental

4.2.1 General remarks

All reactions were carried out under dry argon using standard Schlenk and glove box
techniques. Solvents were dried and distilled from sodium benzophenone before use.
Deuterated solvents obtained from Cambridge Isotope Laboratories were degassed,
dried using molecular sieves and distilled prior to use. n-butyllithium, 2-amino-4-
picoline, chlorotrirmethylsilane, acetophenone, 1-phenyl-1l-ethanol (ACROS
Chemicals), dichloropalladium(ll) (Alfa Aesar) and polysilazane (HTT 1800, Clariant,
GmbH) were used as received without any further purification.

4.2.2 Ligand and complex synthesis

The starting material 4-methyl-2-((trimethylsilyl)Jamino)pyridine 1,*' dichloro(1,5-
cyclooctadiene)palladium(11)*®! and complex 2" were synthesized following reported
methods (Fig. 1).

4.2.3 Cross-linking, metal transfer and pyrolysis

Polysilazane HTT 1800 (3.218 g) was reacted with palladium aminopyridinato
complex 2 (Pd/Si 1/20, 1.16 g, 2.49 mmol; Pd/Si 1/40, 0.581 g, 1.25 mmol; Pd/Si 1/60
23
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Figure 1. Scheme for the synthesis of Pd,Si nanoparticles containing SiCN ceramics; a) synthesis of
complex 2 from the ligand 1; b) the polysilazane (HTT 1800) is chemically modified by its reaction with
the complex along with the liberation of the ligand; c) metal modified polysilazane 3 produces
dipalladium silicide nanoparticles supported SICN ceramics upon pyrolysis at 1100°C under nitrogen
atmosphere. n-BuLi: n-butyllithium; cod: 1,5-cyclooctadiene; HTT 1800: polyorganosilazane.

0.38 g, 0.83 mmol; Pd/Si 1/80, 0.29 g, 0.62 mmol; Pd/Si 1/100, 0.23 g, 0.5 mmol) in
tetrahydrofuran (THF) (5 mL) (Table 1). No cross-linking agent was added as the
complex itself acts as a cross-linking agent and changes the orange solution into a
black solid. The solvent was evaporated under vacuum and solid obtained was

pyrolyzed under nitrogen atmosphere at 1100°C (5 K/min; holding time: 30 min) to

get the ceramics.

Table 1. Designation of the samples synthesized by using different mounts of palladium complex
reacted with HTT 1800, respective palladium to silicon ratio and palladium loading in resulting
ceramics.

Sample ID Pd complex Pd/Si Pd loading™
(CL/FC®y  (wt % HTT 1800) (ratio) (calculated) (actual)
Pd20 36.0 1/20 8.17 6.91
Pd40 18.0 1/40 4.86 3.36
Pd60 12.0 1/60 3.32 2.50
Pd80 9.0 1/80 2.61 1.31
Pd100 7.2 1/100 2.09 0.74

Pd1000 0.2 1/1000 0.22 -

[a] Suffixes CL and FC correspond to the cross-linked and ceramic form respectively. [b] Palladium
loading in wt%.
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4.2.4 Characterization

Nuclear magnetic resonance (NMR) spectra were recorded using a Varian INNOVA
400 spectrometer. Chemical shifts are reported relative to deutrated solvent.
Ceramization was carried out under nitrogen in a high temperature furnace
(Nabertherm LH 60/14, Nabertherm, Germany). Gas chromatography (GC) analyses
were performed using an Agilent 6890N gas chromatograph equipped with a flame
lonization detector (FID) and an Agilent 19091 J-413 FS capillary column using
dodecane as internal standard. All X-ray powder diffractograms were recorded by
using a STOESTADI-P-diffractometer (CuKgr adi at i on, 12 bgéome@t§y
and with a position sensitive detector. Transmission electron microscopy (TEM) was
carried out by using a Varian LEO 9220 (200 kV) instrument. The sample was
suspended in chloroform and sonicated for 5 min. Subsequently a drop of the
suspended sample was placed on a grid (Plano S 166i 3) and allowed to dry.

Elemental analysis was performed by standard protocols employing digestion in
HNO3/HCI/H,O, and inductively coupled plasma optical emission spectrometry (ICP-
OES) usinga Varian, Vista-Pro radial. FT-IR-measurements were performed using a

Perkini Elmer FTIR-Spectrum 100 over a range of 4000 to 450 cm' *

4.2.5 Catalytic studies

1 mmol of ketone in toluene (0.4 mL) was taken in a glass tube along with a magnetic
bar and 60 mg of milled ceramics (particle size: <100 um) was added. This tube was
placed in a Parr autoclave under a hydrogen pressure of 40 bar. The reactor was
heated to the respective temperature within 20 min and stirring (400 rpm) was
continued at this temperature for 24 hours. Afterwards, reaction mixture was diluted
with THF and dodecane as internal standard was added. The conversion and

selectivity were determined by GC.

4.3 Results and discussion

4.3.1 Synthesis (palladium complex, metal modified polysilazane and ceramics)

Fig. 1a shows the schematic presentation of the synthesis of the palladium complex
(a), chemical modification of Si-H and vinyl-silicon groups containing HTT 1800 (b)

and the generation of dipalladium silicide nanoparticles supported by SICN ceramics
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(c). Polysilazane HTT 1800 was reacted with different amounts of palladium complex
2 (Table 1) to get the metal modified and cross-linked thermosets 3 whose pyrolysis
at 1100°C provided Pd,Si@SiCN.

Complex 2 was reacted with polysilazane HTT 1800 in THF (5 mL). Upon mixing of
the complex with polysilazane, an exothermic reaction takes place with effervescence
and solution gradually changes its color until it completely converts into a black solid.
The shape of the solid can be controlled by the amount of solvent added. With a
relatively small amount of solvent more volume expansion and foaming were
observed which could be avoided by the addition of more solvent. GC analysis of the
gaseous products of the cross-linking reaction shows predominance of hydrogen.
The Seyferth group had reported on the dehydrocoupling between Si-H bonds by the
reaction of Rus(CO), with alkylsilyl hydrides.!*®! On the basis of hydrogen evolved
during cross-linking we assume the same kind of dehydrocoupling between Si-H
functions (besides cross-linking via hydrosilylation and vinyl polymerization).“% FT-IR
studies of the reaction of HTT 1800 with the palladium complex (Fig. 3) show the
decrease in the intensities of the vibrations characteristic of vinylic (2998-3084 cm™),
Si-H (2150 cm™) and N-H (3300-3500 cm™) bonds. This supports the hydrosilylation
and dehydrocoupling cross-linking mechanisms to be operative and the formation of
palladium amides. Improved yields of the ceramics also support the dehydrocoupling
mechanism as it will result in the retention of carbon and nitrogen atoms within the
ceramics. The use of free radical initiators for the initiation of cross-linking could be
avoided by the use of the palladium aminopyridinato complex.

Kinetic studies of metal transfer reaction (cross-linking) were performed using *H
NMR. HTT 1800 was reacted with complex 2 in deuterated benzene (C¢Dg) and
spectra were recorded after every 2 min (Fig. 2a). The characteristic signals of the
complex gradually decrease in intensities until they are totally absent after 20
minutes of reaction time. At this time, the spectrum of the reaction mixture shows
only the characteristic resonance signals of the ligand (Fig. 2a and b). Moreover
resonance of the T NH- function, originally absent in the spectrum of the complex
again appears at 3.89 ppm confirming the evolution of free protonated ligand in the
reaction mixture. This liberation of ligand provides an indirect evidence of the transfer
of palladium to the nitrogen functions of polysilazane most probably due to the

availability of more coordination sites in the polymer. Based upon aforementioned
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Figure 2. a) '"H NMR spectra of the reaction mixture (HTT 1800 and complex 2 in benzene) at different
time intervals; b) schematic representation of metal transfer reaction which produces metal modified
polysilazane (4) by the reaction of palladium aminopyridinato complex 2 with HTT 1800 3. The
palladium is transferred to the nitrogen functions of the polymer with the liberation of protonated ligand
1.

observations, it may be concluded that the palladium complex chemically modifies
the polysilazane by coordination of palladium to its nitrogen atoms. The solvent free,

metal modified and cross-linked polylsilazane was then shifted to a furnace for
pyrolysis.
4.3.2 Pyrolysis and ceramization

The metal modified cross-linked polymers were heated under nitrogen atmosphere in
a furnace with a heating rate of 5 K/min upto 1100°C to get an amorphous metal

containing SiICN ceramics.
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Figure 3. FT-IR spectrum of HTT 1800 before and after the addition of complex. The decrease in the
intensities of Si-H and CH,=CH- vibrational was observed upon the addition of the palladium complex.

4.3.3 Characterization of Pd,Si@SiCN

4.3.3.1 Thermogravimetric analysis (TGA)

TGA analysis of the cross-linked precursors was carried out with a heating rate of 5 K
/ min upto 1100°C under nitrogen atmosphere (Fig. 4). Major mass loss (21-26%)
occurs between 100-730°C and may be attributed to the loss of gases (methane,

591 Above 730°C, the observed mass loss was only 1.2-1.5

ammonia and hydrogen).
% giving ceramic yields of 78% (Pd100-FC, curve b) and 73% (Pd20-FC, curve a).
Theoretically speaking, a total yield of 65% was expected in the case of Pd20-FC
assuming the total loss of ligand and complete retention of palladium during
ceramization. An increase in yield by 8% suggests that ligand is not totally lost during
ceramization and contributes towards ceramic yield. This may be attributed to the
retention of silicon and palladium atoms contained by the ligand during pyrolysis.
Moreover, the evolution of hydrogen during cross-linking reaction suppresses the em-
-ission of methane and ammonia (at 300-500°C) gases resulting in the retention of
carbon and nitrogen atoms. The loss of oligomers in the temperature regime of 100-
300°C is avoided owing to the efficient cross-linking of polysilazane by the palladium
complex. It is evident from TGA data (Fig. 4) that as expected, ceramic yield

decreases with the increase in the amount of the complex.
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Figure 4. TGA analysis of Pd20-FC (8 wt% Pd) in comparison with Pd100-FC (2 wt% Pd); major mass
loss occurs between 100-730°C giving ceramic yields of 78% for Pd100-FC (b) and 73% for Pd20-FC

().

4.3.3.2 Powder X-ray diffraction (Powder XRD)

Powder XRD of palladium containing SICN ceramics was carried out to confirm the
amorphous nature of the matrix as well as the presence of the metallic phase. The
reflection pattern of cubic phase of palladium was totally absent in the diffractograms
and reflections characteristic of hexagonal phase of Pd,Si were observed. Powder
XRD data of dipalladium silicide (Pd,Si) were assimilated from the single crystal XRD
data®" and were used as reference for the interpretation of Powder XRD results (Fig.
5). The peaks at 2d value of 38.1°, 41.4°, 42.4°, 48.5° in Pd20-FC (8 wt% Pd) can be
assigned to the reflections of (201), (210), (300) and (110) planes of hexagonal
Pd,Si. With the decrease in the amount of metal within the support, only the most
intense peaks at 38.1°, 41.4° and 42.4° can be seen in the diffractograms of all the
Pd,SI@SICN composites synthesized. Reflection patterns corresponding to other
silicide phases (PdSi and Pds;Si), as evident from the phase diagram of Pd-Si
system, are not found in powder XRD. Reflections at 20.8°, 26.8° and 36.5° may
be assigned to quartz. The formation of quartz may arise because of the exposure of
thermosets to air during their transfer to furnace for pyrolysis. Palladium rich -Pd,Si
is stable in the temperature regime of 1090-1404°C above which it melts congruently
and below 1090AC, it transf o-Pds). Thedormatios
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Figure 5. PXRD of ceramics (pyrolyzed at 1100°C under nitrogen atmosphere) in comparison with the
assimilated PXRD pattern of hexagonal Pd,Si, the most intense peaks at 38.1°, 41.4° and 42.4°
correspond to (201), (210) and (300) planes. * Reflections at 20.8°, 26.8° and 36.5° may be assigned
to quartz.

of hexagonal Pd,Si phase could be the result of the interaction of amorphous SiCN
with palladium at pyrolysis temperature of 1100°C. In our previous report,®
formation of metallic phase instead of metal silicide phases was confirmed by powder
XRD and solid state copper NMR studies. In fact, formation of copper silicide requires
much higher amount of loaded copper (>80 wt%) within the system!® which is very

unlikely at a maximal copper loading of 13.7% in Cu@SIiCN system.*?

4.3.3.3 TEM Investigations

TEM micrographs of the samples provide further insight to the microstructure of the
supported palladium silicide nanoparticles (Fig. 6 and 7). The size of the particles
generated on the ceramic support depends on the cross-linking step. The two
samples pyrolyzed under same conditions but using different solvents (in cross-
linking step) generate particles with different sizes. On the other hand, samples with
different loadings of palladium but cross-linked under identical conditions give the
same size of the nanopatrticles (Fig. 6b and d). Thus, size can be controlled in terms
of the nature of the solvent used for the mixing the of palladium complex with

polysilazane. Since the palladium complex is highly soluble in THF, only a small

30



4. The Generation of Pd,Si Nanoalloy Particles in a SiCN Matrix, Catalytic Applications

amount of the solvent (5 mL) was enough for its complete dissolution. A much faster
exothermic reaction takes place upon the addition of palladium complex solution to
the polymer resulting in an immediate cross-linking along with the chemical
modification of polysilazane. The metal modified polymer upon its pyrolysis generates
palladium silicide particles with an average size of 18 nm (Fig. 6d) with a uniform
distribution over the surface (Fig. 6¢). In the case where hexane was used as solvent,
palladium complex requires relatively large amount of solvent (15 mL as compared to
5 mL of THF in the first approach) for its dissolution. The nanoalloy particles
generated in this case are 5-6 nm in size (Fig. 7c) and are homogeneously
distributed over the support with the population density comparable to those

synthesized using THF as solvent (Fig. 7a-d). When the amount of THF was incre-

Figure 6. TEM micrographs of ceramic materials. a) SiCN ceramic without palladium loading does not
show any particles on the surface; b) lower loading of palladium (0.2 wt%, Pd1000-FC) decreases the
density of particles on the surface keeping their size in the same regime; c) Pd,Si particles uniformly
distributed over the surface of Pd20-FC (8 wt% Pd); d) dipalladium silicide nanoparticles on the
surface of Pd20-FC with particles size distribution.
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